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Preface and Acknowledgments

One of the most fascinating developments in the fi eld of neuroscience in the 
second half of the twentieth century was the discovery of the endogenous 
capacity of the brain for reorganization during adult life. Morphological and 
functional mechanisms underlying brain plasticity have been extensively 
explored and characterized. However, our understanding of the functional 
signifi cance of these plastic changes is still fragmentary. I have attempted to 
approach this question by the examination of the cross talk between the brain 
and the endocrine glands. I had two main aims in writing this book. Th e fi rst 
was to show that brain plasticity plays an essential role in the regulation of 
hormonal levels. Th e second aim was to propose that hormones orchestrate 
the multiple endogenous plastic events of the brain for the generation of ade-
quate physiological and behavioral responses in adaptation to and prediction 
of changing life conditions.

To adequately address these aims, some conceptual clarifi cations are 
 necessary. Th e fi rst one is on the concept of brain plasticity. Originally, brain 
plasticity was thought to represent the manifestation of neuronal plasticity, 
either morphological, functional, or both. However, new advances in the 
understanding of the communication between neurons, glial cells, and blood 
vessels call for a reconsideration of nonneuronal cells in the plastic mechanisms 
of the brain. We know today that functional and morphological modifi cations 
of glial cells and endothelial cells are essential to sustain the plastic changes of 
neuronal and neuroglial networks during physiological and pathological con-
ditions. In addition, another important conceptual change has been promoted 
by the discovery of the capacity that certain regions have in the adult brain to 
generate new neurons from neuronal precursors. Together with the known 
capacity of the adult brain to generate new glial and endothelial cells, the 
result is that adult nervous tissue is composed by cellular elements that are not 
permanent, but replaceable. Transient generation and elimination of neurons, 
glial cells and endothelial cells sustain transient building and demolishing of 
specifi c neuronal–glial networks and specifi c brain structures. Metaplasticity, 
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the plasticity of plasticity, is another concept used and  elaborated in the book. 
Plastic changes in the central nervous system, including cellular replacement, 
are not linear and are subjected to many regulations and modifi cations over 
time that may impact on future manifestations of plasticity. Th erefore, the 
hormonal regulation of a specifi c form of brain plasticity in a given moment 
may aff ect the regulation of this specifi c form (and of other forms) of brain 
plasticity in the future.

To develop these arguments, I have organized the book into ten chapters. 
Th e fi rst is an introduction in which the conceptual backgrounds of the book 
are presented. Chapter 2 is devoted to the analysis of the role of brain plasticity 
in the regulation of the activity of endocrine glands. Chapters 3 to 5 examine 
diff erent hormonal infl uences on brain plasticity. Th en, Chapters 6 to 10 cover 
the interactions of hormones and brain plasticity along the life cycle under 
physiological and pathological conditions. Because of space limitations, I have 
restricted my analysis to vertebrates, with particular emphasis on mammals. 
In addition, the infl uence exerted on brain plasticity by pheromones and by 
environmental endocrine disruptors, two topics partially related with the 
main theme of the book, have not been covered.

Th e initiative of this book corresponds to the Behavioral Neuro-
endocrinology Series, edited by Gregory Ball, Jacques Balthazart, and Randy 
Nelson. In  particular, I have to acknowledge the persistent insistence of 
Jacques Balthazart, who convinced me to accept the challenge. Th is book 
has been also possible thanks to the fruitful discussions with my students, 
collaborators and colleagues. Special mention is due to Frederick Naft olin, 
who introduced me to the topic of hormones and brain plasticity more than 
25 years ago. Without him and his endless new ideas and thoughts, I would 
never have been able to write this book. Parts of the manuscript were also read 
at some stage by Iñigo Azcoitia, Julie Ann Chowen, Muriel Darnaudery, Javier 
DeFelipe, Lydia L. DonCarlos, Miguel Garcìa-Diaz, Ana Guadaño-Ferraz, 
Tamas L. Horvath, Janice M. Juraska, Roberto C. Melcangi, Arpad Parducz, 
Vincent Prevot, Antonio Ruiz-Marcos, Carmen Sandi, José Luis Trejo, Marìa 
Paz Viveros, and Catherine Woolley. I am extremely grateful to all of them 
for their precious comments, corrections, and improvements. I want also to 
credit and acknowledge George Barreto, Gloria Patricia Cardona-Gomez, 
Tamas L. Horvath, María Llorens-Martín, Arpad Parducz, Vincent Prevot, 
Dionysia T. Th eodosis, José Luis Trejo, Catherine Woolley, and Josué G. 
Yague, who provided original images from their work to illustrate the book. 
I am also extremely grateful to Catharine A. Carlin and Nicholas Liu from 
Oxford University Press, for their excellent editorial assistance and to Newgen 
Imaging Systems for careful editing of the text. Finally, the most important 
and heartfelt thanks are due to my wife Paz, without whose love, enthusias-
tic support, and permanent encouragement, this work could never have been 
completed.
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Chapter 1

Hormones and the Mutable Brain

INTRODUCTION: ENDOCRINE GLANDS, BRAIN PLASTICITY, HOMEOSTASIS, 
ALLOSTASIS, AND HOMEODYNAMICS

One of the most fascinating problems in evolutionary biology is the origin of 
multicellular organisms. While it is relatively easy to imagine the generation 
of multicellular colonies formed by the association of individual cells with the 
same morphological and functional characteristics, it is much more diffi  cult 
to defi ne the steps necessary for the origin of an organism formed by multiple 
cell types organized in specialized tissues and organs. However, there is no 
doubt that among other essential evolutionary acquisitions, the generation of 
adequate systems of intercellular regulation is indispensable for the viabil-
ity of a multicellular organism. Th ese systems should integrate information 
originated from diff erent cell types within a tissue, diff erent tissues within an 
organ, and diff erent organs within the organism to maintain a coordinated 
activity and the equilibrium of the internal environment.

Th e concepts of homeostasis and homeodynamics are essential for the 
arguments in this book. Th e term “homeostasis” (from Greek: “homoios”—
similar, like—and “stasis”—fi xed, immobile) was introduced by Walter 
Bradford Cannon (1878–1945) to defi ne the maintenance of the constancy and 
stability—or steady state—of the internal environment (Cannon, 1929), which 
for Claude Bernard (1813–1878), the founder of experimental medicine, was 
an indispensable condition for life (Bernard, 1878, 1879). Several mechanisms 
have evolved to maintain homeostasis in multicellular organisms, including 
cells that move from one organ to another, such as red blood cells or immune 
cells; chemical intercellular signals; and nerve communication. Th ese mecha-
nisms involve numerous modifi cations in the structure and function of cells, 
body tissues, and organs, not only to compensate for the changing condi-
tions in daily life to maintain body constants but also in the prediction of 
future changes in life conditions. Th erefore, homeostasis is achieved through 
change. Peter Sterling and Joseph Eyer, in 1988, proposed the term “allosta-
sis” to refer to the maintenance of stability of body function through body 
changes in response to and in prediction of the changing conditions of daily 
life (Schulkin, 2003; Sterling, 2004; Sterling and Eyer, 1988). Furthermore, 
stability does not mean immutability. Biological systems are dynamically 
stable: their stability is dynamic (Yates, 1994). Th e so-called physiological 
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constants in fact show fl uctuations in adaptation to changing life conditions. 
For instance, body temperature changes in many animals in adaptation to 
 external temperature, and heartbeat adapts as a consequence and in predic-
tion of physical activity. In addition, stable body conditions are diff erent dur-
ing fetal development, early postnatal life, puberty, adult reproductive life, 
and aging, not to mention adaptive alterations in body conditions associated 
with pathology. Th erefore, the steady state of the internal environment is not 
fi xed and immobile, but rather dynamic. In consequence, it has been proposed 
that the term “homeodynamics” (Lloyd et al., 2001; Yates, 1994) refl ects the 
process of maintenance of satiability of body function with more precision 
than the term homeostasis.

Although homeostasis is an accepted term, I will preferentially use the 
term homeodynamics in this book. In my opinion, homeodynamics refl ects 
with more accuracy the result of the plastic structural and functional modi-
fi cations that the organism undergoes in adaptation and in prediction of new 
life events to maintain stable, but not immutable, internal environmental 
conditions. Th ere is no doubt that most molecular, cellular, and physiological 
regulations are based on homeostatic mechanisms. However, considering the 
whole organism, the stability of the internal environment implies predictions 
of future changing conditions; the result is a dynamic and not static equilib-
rium. In this book, I will focus on two main homeostatic and homeodynamic 
regulators: the endocrine and the nervous systems. Many chemical signals, 
including growth factors and cytokines, are involved in cell-to-cell and tissue-
to-tissue communication to generate homeostatic mechanisms that maintain 
body homeodynamics. Th ese molecules may act by means of autocrine or para-
crine actions within a given organ. In addition, long- distance communication 
by chemical messengers integrates the function of diff erent organs. Some of 
these long-distance chemical messengers are called “hormones” and are pro-
duced by specialized organs: the endocrine glands. Another main mechanism 
for long-distance communication, which is adequate for rapid responses, is the 
transfer of information by membrane depolarization in chains of intercommu-
nicated specialized cells that cover long distances with their cell bodies and cell 
processes. Th is is the mechanism used by the nervous system that, in addition, 
uses chemical messengers as well, called neurotransmitters, gliotransmitters 
(molecules released by glial cells that modulate synaptic function), and neuro-
modulators, for local cell-to-cell communication. Th rough evolution, the same 
molecules have been used for multiple functions, and sometimes it is diffi  cult 
to determine whether a molecule should be classifi ed as a hormone, a cytokine, 
or a neurotransmitter. For instance, the same molecule used for cell-to-cell sig-
naling by the nervous system may be used as a long-distance messenger by 
the endocrine system. We will see in several chapters of this book that this is 
an important cause of diffi  culty if we want to determine whether the action of 
some molecules, produced both by the brain and the endocrine glands, repre-
sents an autocrine, a paracrine, or an  endocrine action.
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Plants and animals use chemical signals called hormones, but their spatial 
range of action may be diff erent. In plants, the action of hormones may be 
limited in space by diff usion constraints, while in animals, hormones may 
reach diff erent organs in a relatively short time via the circulatory system. 
Animals also have a nervous system that allows for rapid communication 
between diff erent regions of the body and the generation of quick behavioral 
responses. In animals, hormones and the nervous system contribute to body 
homeodynamics with diff erent time ranges. Neuronal activity may change in 
milliseconds, while the more rapid hormonal actions may take minutes, and 
many hormonal actions, involving gene expression, may take hours or days. 
However, these diff erent time scales are integrated. Slow hormonal actions 
regulate plastic modifi cations in the nervous system that predetermine many 
aspects of quick neuronal activity. In turn, rapid changes in neuronal activity 
impact the function of endocrine glands, regulating plastic homeodynamic 
changes in hormonal release.

Although this book is about the interaction between hormones and the 
nervous system in vertebrates, this is not a text on neuroendocrinology. I will 
not cover neural mechanisms involved in the control of hormonal secretions. 
My aim is to specifi cally address the question of the interaction between hor-
mones, or endocrine glands, and the plastic properties of the neural tissue.

Evolutionary selection has provided the nervous system the capacity of 
adaptation to modifi cations in external temperature, food availability, social 
interactions, activity of predators, and many other external factors. In addi-
tion, the nervous system is also able to adapt its functional activity to the 
changing inner conditions of the organism. Th e adaptation of the nervous 
system to changes in the external and internal environments is achieved by 
modifi cations in the morphological and functional organization of  neuronal 
circuits and its associated glial cells and blood vessels. Hormones play a 
major role in the adaptation of the nervous system to new environmental and 
 internal situations by regulating brain plasticity. Th e interaction of hormones 
and the nervous system is essential for the regulation of basic homeostatic and 
homeodynamic mechanisms, including metabolism, body temperature, and 
immune responses. In addition, the cross talk between hormones and the brain 
impacts the higher levels of homeostatic regulation, such as drivers, motiva-
tions, emotions, and feelings (see Damasio, 2003, for a discussion on emo-
tions, feelings, and homeostasis), and aff ects cognition and behavior (Fig. 1.1). 
Using hormones as messengers, the body sends essential information to the 
brain, allowing an adequate neural response to challenging transformations 
of an inner and outer world that is in permanent mutation. Hormones infl u-
ence brain function and aff ect motivation, emotions, feelings, aff ection, learn-
ing, memory, and behavior. Hormones shape our personality, our capacity 
to interact with the external world, and also, very importantly, regulate the 
interaction of our brain with the internal milieu. Recent research fi ndings 
tell us that hormones exert these actions, at least in part, by regulating the 
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remodeling of the structure and function of the nervous system. In turn, feel-
ings, emotions, cognitive changes, and behavioral responses modulate hor-
monal levels by aff ecting brain plasticity (Fig. 1.1).

Brain and spinal cord remodeling during and aft er the developmental 
period is always accompanied by signifi cant hormonal changes. Hormones and 
the central nervous system maintain constant cross talk during the life span, 
and brain remodeling both regulates and is regulated by hormonal modifi ca-
tions (Fig. 1.1). Fetal development, early postnatal development, and puberty 
are periods of substantial brain remodeling and hormonal adjustments. In 
adulthood, brain remodeling and hormonal modifi cations are associated with 
a large variety of life events, including circadian, seasonal, and reproductive 
cycles; pregnancy; motherhood; lactation; feeding; social interactions; and 
behavioral performance. Furthermore, the interaction between brain remod-
eling and the activity of endocrine glands is modifi ed during pathological con-
ditions and with aging. In all these circumstances, brain remodeling aff ects 
hormonal secretions, and in turn, changing hormonal levels regulate brain 
remodeling. Th ere is, therefore, a continuous feedback between the endocrine 
glands and the brain to adjust the physiological homeodynamic equilibrium 
to each particular life event, and in the prediction of future events (Fig. 1.2). 
Th e adjustment may originate from changes in the brain or peripheral glands, 
and it may have exteroceptive or interoceptive causes, but it always involves a 
cross talk between the endocrine glands and the brain.

Brain
plasticity

Cognition

Feelings
&

Emotions

Hormones Behavior

Figure 1.1. Brain plasticity is considered to be a central element in the communica-
tion of the body and the brain. Hormonal signals carry information from the body to 
the brain and regulate brain plasticity. Hormonally regulated brain plastic modifi ca-
tions may then impact feelings, emotions, cognition, and behavior. In turn, changes 
in emotions, cognitive function, and behavioral responses contribute to the functional 
plastic regulation of brain regions involved in hormonal control.



Homeodynamic equilibrium

New homeodynamic equilibrium 

Brain
plasticity

Endocrine
glands

Brain
plasticity

Endocrine
glands

Brain
plasticity

Endocrine
glands

Adjustment

Figure 1.2. Th e cross talk between the brain and endocrine glands is in con-
stant readjustment in adaptation to the changing homeodynamic demands. 
Homeodynamics is reached by functional plastic modifi cations in the brain regions 
that regulate endocrine secretions. In turn, hormones released by the endocrine 
glands exert a constant regulation of brain plasticity and metaplasticity, adapting 
the threshold for brain plasticity during life to the precise homeodynamic needs of 
each moment and function to maintain the homoedynamic equilibrium. Alterations 
in the external environment and/or internal physiological conditions require a read-
justment of the communication between the brain and endocrine glands. Plastic 
reorganization of brain circuits interact with plastic modifi cations in the activity 
of endocrine glands, readjusting the brain–endocrine cross talk to sustain a new 
homeodynamic equilibrium.

7
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THE NERVOUS SYSTEM IS IN A CONSTANT STATE OF REMODELING: 
CELLULAR PLASTICITY AND CELLULAR REPLACEMENT

Th e major structural components of the nervous system (neurons, glial cells, 
and blood vessels) are in permanent structural reorganization in adaptation 
to the variable functional requirements of ever-changing external and inter-
nal environments during a life span. Many of the modifi cations that occur 
in the nervous system under physiological conditions are transient, and in 
some structural and functional aspects, reversible. Indeed, some neuroplas-
tic events are cyclic in nature, such as seasonal brain plasticity. However, the 
morphological and functional organization of the nervous tissue never goes 
back to previous states. Th e nervous system is never in the same structural 
and functional situation twice throughout life.

With no doubt, the formation of the nervous system itself during embryonic 
and early postnatal developmental stages is the period of the most prominent 
plastic reorganization of neural tissue. Th e developing brain and spinal cord 
are characterized by an incessant movement of cells and cellular processes 
that produce a continuous state of remodeling of the neural structure. Th ese 
changes are initiated with the folding of the neural plate in the ectoderm to 
form the neural tube and neural crest. Neuroepithelial germinal cells then 
proliferate and diff erentiate to produce neurons and glial cells. Th ese newly 
generated cells migrate to their fi nal destination, to be organized into mul-
ticellular anatomical and functional assemblies within the brain and spinal 
cord. Th e fi nal neuronal and glial cytoarchitectonics of the neural structures 
is the result of several waves of migrating cells, which are also accompanied 
by several steps of cellular replacement in transitory networks. Th erefore, the 
developing nervous system shows an incessant traffi  c of cells moving in dif-
ferent directions.

Unlike traffi  c on a highway, the movement of cells in the developing ner-
vous system is in three dimensions. Cells move according dorsoventral, lateral, 
and anteroposterior cues. In addition, there are cellular and regional specifi c 
temporal patterns for migration. Th us, diff erent cell groups have diff erent 
temporal and spatial migratory routes. In parallel to cell movements, axons 
and dendrites grow and retract while exploring the intercellular environment 
in search of adequate cellular partners to establish interneuronal contacts. 
Finally, functional synapses mature and then polarized neuronal circuits 
emerge. Th is activity is not linear, and in many cases there are transitory steps 
in the structural and functional organization of the nervous tissue that will 
be followed by phases of reorganization. For instance, cells may migrate to 
transient positions before reaching their fi nal destination, and axons and den-
drites may establish transient synaptic connections that will be replaced later 
by new ones. Th ese events of organization and reorganization represent the 
steps of an astonishing transformation of a small fragment of the ectoderm 
into the most highly complex and sophisticated biological machinery. Th e 
nervous system will never be as mutable as in the developmental period.
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Although the developmental period is when the nervous system has the 
highest capacity for mutability, the neural tissue maintains a remarkable 
capacity of reorganization during the life span of the individual. Th e struc-
tural modifi cations of neural tissue under physiological conditions in adult 
life may be subtle and consist of modest alterations in cell morphology, such as 
the reorganization of the branching of dendrites, receptive processes of neu-
rons, or small changes in the number, size, and form of synaptic terminals (the 
points where information is transmitted from one neuron to another). In the 
long run, these small modifi cations in the structure and function of neural 
cells may result in macroscopic changes, such as modifi cations in the recep-
tive fi elds of neurons or the reorganization of the functional specialization of 
the somatosensory or motor cerebral cortical regions. In addition to neurons, 
other cellular components are involved in the plastic reorganization of the ner-
vous system. Blood vessels experiment modifi cations to adapt regional blood 
fl ow to the changing neuronal requirements of glucose and oxygen. Changes 
in cell morphology of glial cells (oligodendroglia, astroglia, and microglia) in 
the brain and spinal cord, and Schwann cells in the peripheral nervous system 
also contribute to the remodeling of neural tissue. In addition, blood vessels, 
glial cells, and neurons maintain cross talk via diff erent chemical messengers 
that coordinate their plastic modifi cations.

Th e role of glial cells and neurons in the reorganization of neural tissue 
structure under physiological conditions in adult life is supported not only 
by their ability to extend and retract their cellular processes but also by their 
ability to migrate and proliferate. New neurons are generated during adult 
life in the brain of vertebrates. Adult neurogenesis is considerably active in 
the hippocampus, the olfactory bulb, and other brain regions in the mam-
malian brain, and it is even higher in the brain of some nonmammalian ver-
tebrates, including songbirds, reptiles, and fi sh (Zupanc, 2001). Indeed, the 
brain of these vertebrate groups maintains a considerable capacity for growth 
and regeneration in adult life. Th e new neurons generated during adult life 
integrate into functional neuronal networks, and may die and be replaced, 
maintaining these circuits in a continuous structural and functional state of 
remodeling (Fig. 1.3).

Microglia, astroglia, oligodendroglia, and Schwann cells maintain prolif-
erative activity during the life span and new glial cells are continuously gen-
erated from glial precursors and migrate to all regions of the nervous system. 
Glial cells die and are replaced by other glial cells during adult life as well. 
Endothelial cells also proliferate within the brain and contribute to the remod-
eling of blood vessels. Th erefore, cells within the nervous system are able to 
change not only in shape during adult life but also in number and position. 
Th us, new neurons, glial cells, and endothelial cells may be generated during 
adult life and replace previous cells in neuronal networks, glial networks, and 
blood vessels. Th is represents a diff erent form of brain plasticity that we may 
call “cellular replacement.” I use this term to indicate that diff erent cellular 
elements are replaced by other cellular elements in the nervous system.
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We may then distinguish at least two forms of brain plasticity or mutability 
in the nervous system (Fig. 1.4). One form of brain plasticity, cellular plastic-
ity, is provided by modifi cations in cell shape, in the extension of neuronal and 
glial cell processes, and in the number, location, and function of intercellular 
contacts. Another form of brain plasticity, cellular replacement, is provided 
by the capacity of neuronal, glial, and endothelial cell precursors to prolifer-
ate, change its position within the nervous system, integrate into preexisting 
cellular assemblies, and fi nally, be replaced by other cells. Both forms of brain 
plasticity—changes in cell shape and cellular replacement—contribute to the 
functional plasticity of the nervous tissue, including the functional modifi ca-
tions of synaptic function. I will consider in this book the terms “brain plas-
ticity,” “neuroplasticity,” and “mutability” as synonymous; and I will consider 
cellular plasticity and cellular replacement as two specifi c forms of morpho-
logical brain plasticity that fi nally result in functional plasticity of synaptic 
circuits. We will now briefl y consider the concepts of cellular plasticity and 
cellular replacement within a historical perspective.

Figure 1.3. Incorporation of new neurons in the granule cell layer of the dentate 
gyrus of the hippocampus. Th e fi gure corresponds to a young adult (4 months old) 
female mouse. Newly incorporated neurons are immunolabeled in red for doublecor-
tin (DCX), a cytoskeletal maker of immature diff erentiating neurons. Granule cells 
are immunolabeled in green for the prospero-related homeobox 1 gene (Prox 1), a 
granule cell–specifi c transcription factor. Th e colocalization of green and red label-
ing indicates that the newly incorporated neurons are granule cells. Scale bar, 10 μm. 
(Courtesy of María Llorens-Martín and José Luis Trejo. Based on Llorens-Martín 
et al., 2007.)
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The Classic Concept of Brain Plasticity: Cajal’s Heritage

All living cells and all living tissues are in a constant molecular, morphologi-
cal, and functional remodeling in adaptation to changing physiological condi-
tions. Th e nervous tissue is not an exception. However, we do place emphasis 
on brain plasticity since, for many years, it was considered that the structure 
of the central nervous system was in essence unalterable aft er the end of the 
developmental period. Although this view has dramatically changed only in 
recent decades, a prediction of the plastic activity of the brain was formu-
lated around the turn of the twentieth century in several papers from Santiago 

CELLULAR PLASTICITY CELLULAR REPLACEMENT

Neuronal
plasticity

Glial
plasticity
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Modification in
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Generation of new
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Figure 1.4. Diff erences between two forms of brain plasticity: cellular plasticity and 
cellular replacement. Cellular plasticity is the result of (i) modifi cations in dendritic 
branching, in the number of dendritic spines, in the growth of axons, and in the num-
ber and function of synapses (neuronal plasticity); (ii) changes in the shape and exten-
sion of glial processes and in functional modifi cations of glial cells (glial plasticity); 
and (iii) functional modifi cation in local blood fl ow. Cellular plasticity results in the 
morphological and functional modifi cation of preexisting neural networks. In con-
trast, according to the concept of cellular replacement, neuronal and glial networks 
and their associated blood vessels are not permanent unalterable structures integrated 
by the same cellular elements but are structures showing substitutions of their cellular 
components. Cellular replacement is provided by the capacity of neuronal precursors 
and glial cells to proliferate, to change its position within the nervous system, and to 
integrate into preexisting cellular assemblies to form new neural networks. Endothelial 
cells may also proliferate and new blood vessels may be formed (angiogenesis) accord-
ing to the metabolic demands of the new neural networks. Both forms of brain plastic-
ity, cellular plasticity and cellular replacement, are regulated by hormones.
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Ramón y Cajal, the founder of modern neuroscience. Using his poetic and 
metaphoric prose, beautifully translated to English by Javier DeFelipe and 
Edward G. Jones (DeFelipe and Jones, 1988), Cajal exposed in the Cronian 
Lecture of 1894 his vision on the plastic capacity of the brain:

 . . . the cerebral cortex is similar to a garden fi lled with trees, the pyramidal 
cells, which, thanks to intelligent culture, can multiply their branches, send-
ing their roots deeper and producing more and more varied and exquisite 
fl owers and fruits. (Ramón y Cajal, 1894)

Cajal considered that both the retraction and the growth of cellular pro-
cesses were involved in intellectual activity, learning, and sleep. He postulated 
that mental activity results in an enrichment of neuronal connectivity and 
promoted the growth of neuronal processes, dendrites, and axons, in a similar 
way as physical exercise promotes muscle growth:

It can be admitted as very probable that mental exercise leads to a greater 
development of the dendritic apparatus and of the system of axonal collater-
als in the most utilized cerebral regions. In this way, associations already 
established among certain groups of cells would be notably reinforced by 
means of the multiplication of the small terminal branches of the dendritic 
appendages and axonal collaterals; but, in addition, completely new inter-
cellular connections could be established thanks to the new formation of 
[axonal] collaterals and dendrites. (1894)

Th ese predictions of Cajal on the plastic modifi cation of dendritic arbors 
and axonal collaterals have been extensively confi rmed by more recent inves-
tigations. Th e dendritic arbors are indeed plastic, and dendrites grow and 
retract during normal physiological conditions (Purves and Hadley, 1985). 
Plastic changes in the structure of dendritic trees are functionally impor-
tant since, in addition to resulting in modifi cations in the space available for 
the formation of synaptic connections, they aff ect neuronal fi ring properties 
(Mainen and Sejnowski, 1996; Schaefer et al., 2003).

Further, Cajal considered that the growth and retraction of glial cell pro-
cesses could have an important impact in the regulation of blood fl ow, neu-
ronal activity, and neuronal interactions (DeFelipe, 2006; Garcia-Marin et al., 
2007; Garcia-Segura, 2002). Th erefore, Cajal also recognized the importance 
of glial plasticity for normal physiological brain function. Indeed, it is well 
demonstrated that glial cells play an important physiological role providing 
metabolic support for neurons and regulating the functional cross-coupling 
between neuronal activity, blood fl ow, and neuronal metabolism (Magistretti, 
2006). In addition, glial cells form interconnected cellular networks and 
release glial transmitters that aff ect the activity of other glial cells, as well as 
the activity of neighboring neurons. Neuronal activity, on the other hand, via 
the release of neurotransmitters, aff ects the activity of glial cells. Th erefore, 
there is a bidirectional communication between glial cells and neurons that 
play an active role in the regulation of neuronal activity, synaptic transmis-
sion, and synaptic plasticity (Araque et al., 1999, 2001; Jourdain et al., 2007; 
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Ni et al., 2007; Perea and Araque, 2007; Volterra and Meldolesi, 2005; Wigley 
et al., 2007).

Both oligodendroglial and astroglial cells show diff erent forms of molec-
ular, morphological, and functional plasticity, including reversible modifi ca-
tions in the extension of their cellular processes in adaptation to neuronal 
metabolic demands, in response to functional modifi cations in neuronal 
activity and in parallel to neuronal morphological changes. Th e growth and 
retraction of astrocytic processes may infl uence the intercellular environ-
ment, including the extracellular levels of potassium and neurotransmitters, 
which in turn will aff ect neuronal excitability and synaptic transmission. In 
addition, growth and retraction of astroglial cell processes is associated with 
modifi cations in the glial coverage of the neuronal cell bodies and  neuronal 
processes and in the transient connection and disconnection of presyn-
aptic terminals on postsynaptic structures (Garcia-Segura et al., 1994a, b; 
Th eodosis et al., 2006a, 2008). Microglial cells, the macrophages of the brain, 
also show dramatic modifi cation in cellular form. Resting microglial cells have 
a highly ramifi ed phenotype, and aft er activation, cellular processes become 
thicker and retract, and fi nally the cell may acquire an amoeboid shape and 
a phagocytic function. Th ese morphological modifi cations are accompanied 
by marked changes in the levels of expression of diff erent membrane mol-
ecules and in the release of cytokines that aff ect the function of other cellu-
lar elements in the nervous  system and contribute to the regulation of plastic 
remodeling of neural  processes and synapses (Aldskogius et al., 1999; Bessis 
et al., 2007; Bruce-Keller, 1999).

A key contribution of Cajal, with important implications for synaptic 
plasticity, was the discovery of dendritic spines (Garcia-Lopez et al., 2007). 
Dendritic spines are small protrusions emerging from the neuronal dendritic 
processes and represent specialized postsynaptic structures. Using, aft er some 
improvements, the silver staining method invented by Camillo Golgi, the 
“reazione nera,” Cajal discovered in 1888 the presence of these small structures 
in the dendrites of Purkinje cells of the cerebellum (Ramón y Cajal, 1888). He 
confi rmed their existence in 1896, using another staining technique based on 
the use of methylene blue (Ramón y Cajal, 1896 a, b), and he showed that 
dendritic spines were present in the dendrites of many neuronal types. Cajal 
postulated that dendritic spines were points of contact between axons and 
dendrites and considered them as dynamic structures that grow and retract 
in association with modifi cations in neuronal function and neuronal activity 
(Ramón y Cajal, 1891, 1899).

Today we know that dendritic spines, which contain the contractile mole-
cule actin, are highly motile structures. Spines grow, split, change their form 
and volume, and retract in parallel with physiological plastic changes in syn-
aptic function (Alvarez and Sabatini, 2007; Cesa and Strata, 2005; Segal, 2005; 
Trachtenberg et al., 2002). In addition, the morphological modifi cations of 
dendritic spines are accompanied by a parallel reorganization of presynap-
tic elements (De Paola et al., 2003; Muller and Nikonenko, 2003). Plasticity 
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of dendritic spines occurs under many physiological and pathological condi-
tions, and these concepts will be frequently considered in this book.

One of the most important consequences of cellular plasticity is the gener-
ation of functional synaptic changes. Th erefore, in addition to the morpholog-
ical plasticity of dendritic spines and their associated presynaptic terminals, I 
will also consider diff erent forms of functional synaptic plasticity in the next 
chapters. Lorente de Nó (1933) proposed that reverberating closed neuronal 
circuits forming cell assemblies could be the substrates for memory traces. 
Donald O. Hebb elaborated on this idea and postulated that changes in syn-
aptic strength as a result of repeated coincidence in pre- and postsynaptic 
activity were the substrate for learning and memory (Hebb, 1949). Th e work 
of Eric Kandel and Ladislav Tauc in Aplysia (Kandel and Tauc, 1965) and of 
Terje Lømo and Tim Bliss in the hippocampus of rabbits (Bliss and Gardner-
Medwin, 1973; Bliss and Lømo, 1973) provided experimental  support to 
Hebb’s ideas, showing long-term changes in synaptic effi  cacy associated with 
repeated neuronal activity. Bliss and Lømo analyzed extracellular recordings 
of neurons in the hippocampal dentate gyrus in vivo aft er stimulation of aff er-
ent axons from the entorhinal cortex. Axons were stimulated in a region of 
the hippocampus named the perforant path and the amplitude of the pop-
ulation excitatory postsynaptic potential and the amplitude and latency of 
the population spike were recorded in the dentate gyrus. Th ey observed that 
high-frequency stimulation of the axons in the perforant path enhanced the 
postsynaptic response in the dentate gyrus to subsequent single-pulse stim-
ulation of the perforant path for several hours (Bliss and Gardner-Medwin, 
1973; Bliss and Lømo, 1973). Th is functional modifi cation in synaptic activity, 
which received the name “long-term potentiation of synaptic transmission” 
(usually refereed to as LTP), has been confi rmed by numerous studies and has 
been detected in diff erent brain regions (Malenka and Bear, 2004).

Some forms of long-term synaptic potentiation involve the intracellular 
traffi  c of highly mobile AMPA receptors, which are increased in the mem-
brane (Malinow and Malenka, 2002; Perez-Otano and Ehlers, 2005). However, 
other forms are independent of AMPA receptors (Kullmann and Lamsa, 2007; 
Malenka and Bear, 2004). Long-term synaptic potentiation is accompanied by 
an increased transmitter release and is thought to be essential for some forms 
of learning (Barnes et al., 1994; Brun et al., 2001; Gruart et al., 2006; Gruart 
and Delgado-García, 2007).

Another form of functional synaptic plasticity that will also be frequently 
mentioned in this book is long-term depression of synaptic function, which is 
also an activity-dependent form of plasticity that may be induced by the appli-
cation of a low-frequency train of synaptic activity (Artola et al., 1990; Artola 
et al., 1996; Artola and Singer, 1993; Malenka and Bear, 2004). Functional and 
morphological synaptic plasticity are probably interrelated, and changes in 
the shape and number of dendritic spines are associated with modifi cations 
in functional synaptic plasticity (Engert and Bonhoeff er, 1999; Harris et al., 
2003; Muller et al., 2002; Toni et al., 1999; Yuste and Bonhoeff er, 2001).
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Cellular Replacement: A New Concept

Th e concept of brain plasticity that we have inherited from Cajal is supported 
by modifi cations in cellular form, such as changes in the shape, length, num-
ber and position of axons, dendrites, dendritic spines, and glial cell processes. 
Although Cajal discovered the capacity of glial cells to proliferate in the adult 
brain (Ramón y Cajal, 1913), he considered that, unlike glia, neurons were 
unable to proliferate in the adult brain. Th erefore, for Cajal, the basic organi-
zation of neuronal circuits was immutable in the adult brain:

Cerebral gymnastics are not capable of improving the organization of the 
brain by increasing the number of cells, because it is known that the nerve 
cells aft er the embryonic period have lost the property of proliferation. 
(DeFelipe and Jones, 1988; Ramón y Cajal, 1894)

Th us, for Cajal, the main limitation of brain plasticity was that new neu-
rons are not generated during adult life, and therefore, new neurons cannot be 
incorporated into the existing neuronal circuits. Th is point of view was chal-
lenged by Joseph Altman, who in the 1960s detected evidence of neurogenesis 
in the brain of adult mammals (Altman, 1962). In the strict sense, Cajal was 
right: adult diff erentiated neurons do not divide, and therefore, diff erenti-
ated neurons do not proliferate during adult life. However, we know today 
that neuronal progenitors remain in the adult tissue and that new neurons 
are generated in several regions of the vertebrate brain throughout the life 
span (Cameron and Dayer, 2008; Gould, 2007). Th ese newly generated neu-
rons migrate to their fi nal destination and are incorporated into functional 
 synaptic circuits (Abrous et al., 2005; Christie and Cameron, 2006; Gould, 
2007; Nottebohm, 2002). For instance, neurons generated in the  subventricular 
zone in rodents migrate rostrally and are incorporated in neuronal circuits in 
the olfactory bulb. Th us, neurons, as glial cells, may also change in number 
and position in the adult brain.

Several examples of adult neurogenesis will be mentioned in next chap-
ters. Indeed, adult neurogenesis is one of the manifestations of brain plasticity 
that will be repeatedly appearing in this book. Adult neurogenesis is of func-
tional signifi cance—for instance, changes in the rate of adult neurogenesis in 
the brain of songbirds are correlated with the manifestation of song behav-
ior (Nottebohm, 2002) and changes in the rate of neurogenesis in the  dentate 
gyrus of the hippocampus in mammals are correlated with modifi cations 
in cognition and aff ection (Abrous et al., 2005; Dupret et al., 2007; Llorens-
Martín et al., 2007; Sahay and Hen, 2007; Trejo et al., 2007). Furthermore, 
spatial learning and spatial relational memory in rodents require hippocam-
pal adult neurogenesis (Dupret et al., 2007, 2008).

Th e role of adult neurogenesis is not simply to add new neurons to preex-
isting neuronal circuits but to induce a functional reorganization of these cir-
cuits by the addition and substitution of cellular elements (Lledo and Lazarini, 
2007). Th e reorganization of the synaptic circuits is transient, since many 
newly generated neurons will fi nally die. However, these transient synaptic 
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circuits are functionally relevant, and the selective elimination of neurons 
within the synaptic circuits may allow for their rapid functional modifi cation 
(Lledo and Lazarini, 2007). In addition, there is good evidence indicating that 
both addition and removal of new hippocampal neurons is necessary for spa-
tial learning (Dupret et al., 2007). Th us, adult neurogenesis represents a pro-
cess of neuronal replacement. Consequently, cellular replacement in the adult 
nervous system is limited not only to glial cells, but also to neurons, at least in 
specifi c neuronal circuits.

Since glial cells form functionally organized cellular networks that respond 
to changes in neuronal activity and that regulate synaptic transmission and 
synaptic plasticity (Araque et al., 1999, 2001; Perea and Araque, 2007), glial 
replacement may also potentially impact the processing of information within 
the nervous system. In addition, oligodendroglia replacement is essential for 
remyelination and reorganization of neuronal connectivity mediated by mye-
linated axons. Proliferation of endothelial cells and angiogenesis are also nec-
essary for the remodeling of blood vessels in adaptation to neuronal activity 
(Fig. 1.4). Th us, according to the concept of cellular replacement, neuronal 
and glial networks and their associated blood vessels are not permanent unal-
terable structures integrated by the same cellular elements but are structures 
showing substitutions of their cellular components. Th is form of plasticity 
may have important consequences for brain physiology and pathology.

ROLE OF HORMONES ON BRAIN MUTABILITY: PLASTICITY AND 
METAPLASTICITY

Th e nervous system is therefore mutable; but what are the causes of its muta-
bility? Brain plasticity is regulated by exteroceptive and interoceptive signals 
(Fig. 1.5). Incoming information from the external world is one of the factors 
that participate in the regulation of plastic modifi cations in the sensory neu-
ronal circuits and the associated glial cells and blood vessels. For instance, 
the confi guration of cortical representation maps is under the continuous 
infl uence of peripheral inputs. Th erefore, deprivation or stimulation of the 
information from one region of the skin results in the retraction or enlarge-
ment, respectively, of its representation area in the cerebral cortex (Kaas and 
Florence, 2001; Merzenich et al., 1983a, b). Another well-characterized exam-
ple of plastic modifi cations in the adult cerebral cortex in response to sensory 
stimulation is provided by the representation of whiskers in the barrel cortex 
of mice. Stimulation of whiskers, which are sensory organs, results in plastic 
modifi cations in their representation maps in the barrel cortex (Ferezou et al., 
2007; Kossut, 1998; Welker et al., 1992).

Th e visual cortex is also plastic during adult life, and visual cortex synap-
tic circuits in adult mammals are aff ected by perceptual learning and visual 
deprivation (Hofer et al., 2006; Karmarkar and Dan, 2006). Motor activity 
also impacts brain plasticity. Motor activity and the feedback information 
received from muscles and tendon sensory organs contribute to reorganize 
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the structure and function of neuronal circuits involved in motor control and 
physical exercise promotes the generation of new neurons in the hippocampus 
(Cotman and Berchtold, 2002; Kempermann et al., 2000).

Behavioral activity and the associated feedback information from the 
external environment provided by sensory organs contribute to regulate 
brain plasticity in the cerebral cortex and other brain regions. Th us, expo-
sure to an enriched physical and social environment increases the complex-
ity of dendrites and neuronal connectivity in the brain (Faherty et al., 2003; 
Mora et al., 2007; Rosenzweig and Bennett, 1996; Volkmar and Greenough, 
1972). Furthermore, there is evidence that behavioral activity engaged in by 
an individual feeds back to increase the probability that new formed neurons 
will survive in the high vocal center of the brain of songbirds (Li XC et al., 
2000). Th erefore, many external infl uences participate in the regulation of 
brain plasticity. Interoceptive signals from the body also aff ect brain plasticity 
(Fig. 1.5). Th ese infl uences are mediated by the autonomous nervous system 
and by  hormonal secretions. As we will see in the next chapters, many hor-
mones reach the brain and modulate neuronal and glial plasticity.

Although exteroceptive and interoceptive information aff ect brain plastic-
ity, this information does not seem to be the origin of plastic activity, since 
mutability seems to be an intrinsic property of the nervous system (Fig. 1.5). 
One of the theses of this book is that the brain and spinal cord are genetically 
programmed to be mutable and that their endogenous plastic activity is con-
stantly generating modifi cations in neuronal circuits and associated  cellular 
elements. According to this concept, the inner mutability of the  central ner-
vous system allows the adaptation of neuronal structure and function to 
provide adequate behavioral and inner regulatory responses to the chang-
ing external and internal conditions. For this purpose, the brain and spinal 
cord use the incoming information to organize its endogenous plastic activ-
ity. Exteroceptive and interoceptive information is therefore essential for the 
adaptation of endogenous brain plasticity to the changing social, biological, 
and physical context (Fig. 1.5), but it is not the cause of plasticity.

If the nervous system has an endogenous capacity for remodeling, the con-
sequence is that hormones are not necessary for the induction of brain plastic-
ity. Indeed, diff erent forms of plasticity, including modifi cations in the number 
and size of dendritic spines, the induction of long-term synaptic potentiation, 
or the induction of long-term synaptic depression, may be provoked in brain 
slices in vitro by experimental manipulations, in absence of hormonal infl u-
ences. Th is indicates that the brain does not need hormones to be mutable. 
Why is it then necessary to dedicate a book to the subject of hormones and 
brain plasticity? I consider this topic important because hormones play an 
essential role in the adjustment of the endogenous and permanent plastic 
capacity of the nervous system to the changing conditions in the body and in 
the external physical, biological, and social context. In other words, hormones 
do not induce brain plasticity but contribute to give “biological and contex-
tual meaning” to brain plasticity. In fact, hormonal signals allow the brain 
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to integrate external environmental information with the internal homeody-
namic needs of the organism to generate adequate plastic modifi cations in the 
nervous system. In turn, brain plasticity is essential to integrate exteroceptive 
and interoceptive signals with body homeodynamics by the regulation of hor-
monal secretions and behavior. Th erefore, the cross talk between endocrine 
glands and brain plasticity maintains a homeodynamic equilibrium in adap-
tation of body needs to an ever-changing external and internal environment 
(Figs. 1.2 and 1.5).

Another important point to consider is that hormones do not seem to regu-
late specifi c mechanisms of plasticity. Th ey appear to coordinate, in space (i.e., 
diff erent brain regions) and through time, plastic modifi cations in adapta-
tion to homeodynamic needs. A given hormone may facilitate the induction of 
long-term depression of synaptic transmission or reduction in the branching of 
dendritic arbors in a given brain structure, and at the same time may facilitate 
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Figure 1.5. Brain plasticity is regulated by signals from the external world (extero-
ceptive) and from the body (interoceptive). Hormones are among the interoceptive 
signals that regulate brain plasticity. Incoming exteroceptive and interoceptive infor-
mation is essential for the adaptation of endogenous brain plasticity to the chang-
ing social, biological, and physical context. Exteroceptive and interoceptive signals 
(including hormones) are not necessary for the induction of brain plasticity (which is 
an endogenous property of brain tissue), but they give biological or contextual “mean-
ing” to brain plasticity. Th e regulation of brain plasticity by exteroceptive and intero-
ceptive signals allow the maintenance of the homeodynamic equilibrium of the inner 
milieu (body homeodynamics) and the generation of adequate adaptive behavioral 
responses.
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the induction of long-term synaptic potentiation or growth of dendritic arbors 
in another brain region (Fig. 1.6). Even within the same brain region, a given 
hormone may facilitate one form of synaptic plasticity and repress another 
mechanism of plasticity. We will examine examples of this in the next chap-
ters. In addition, depending on the biological context, a given hormone may 
have diff erent eff ects on brain plasticity. Th erefore, hormones act as master 
regulators of brain plasticity, adapting endogenous mechanisms of plasticity 
to the immediate biological needs. Hormones, then, regulate plastic modifi ca-
tions of brain plasticity (Garcia, 2001, 2002; Kim and Yoon, 1998).

Th e term “metaplasticity,” the plasticity of plasticity, was introduced to 
defi ne the modifi cation in the ability of synapses to exhibit functional syn-
aptic plasticity in response to synaptic activity (Abraham and Bear, 1996; 
Deisseroth et al., 1995). Synaptic plasticity is dependent on the previous his-
tory of synaptic activity. For instance, previous N-methyl-d-aspartate receptor 
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Figure 1.6. Schematic representation of an example of the regulation of brain meta-
plasticity by hormones. An exteroceptive or interoceptive signal (a) facilitates the 
induction of a positive plastic event in brain region 1 (BR1) and a negative plastic 
event in brain region 2 (BR2). Another signal (b) facilitates the induction of a positive 
plastic event in BR2. Aft er a hormonal action (H), the plastic event elicited by the fi rst 
signal is modifi ed in BR1 but not in BR2. In addition, the hormonal action facilitates 
the induction of a plastic event in BR1 by the second signal that was not observed 
before. In contrast, the plastic event elicited by the second signal in BR2 is inhibited. 
Th us, hormones do not induce specifi c forms of brain plasticity but regulate brain 
plastic events in a specifi c regional and temporal manner. Th erefore, hormones regu-
late metaplasticity.
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activation may result in an inhibition of the induction of long-term synaptic 
potentiation and a facilitation of long-term synaptic depression. In contrast, 
prior metabotropic glutamate receptor activation may facilitate the induction 
of long-term synaptic potentiation (Abraham and Bear, 1996; Abraham and 
Tate, 1997; Deisseroth et al., 1995; Perez-Otano and Ehlers, 2005). Th erefore, 
metaplasticity is caused by a change in the threshold for the induction of syn-
aptic plasticity, which is caused by the previous history of synaptic activity. 
We may extend the concept of metaplasticity to morphological synaptic plas-
ticity and to neuronal and glial replacement and to the associated changes in 
angiogenesis, since the induction of these plastic events and its consequences 
for cognition, emotions, and behavior (Post et al., 1998) is also variable over 
long timescales and depends on the biological context and previous history of 
plasticity. We will see in this book several examples on how hormones regu-
late metaplasticity—adapting the threshold for brain plasticity during life to 
the precise homeodynamic needs of each moment.
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Chapter 2

Brain Plasticity Regulates Hormonal 
Homeodynamics

INTRODUCTION: BRAIN PLASTICITY REGULATES THE ACTIVITY OF 
ENDOCRINE GLANDS

As mentioned in the previous chapter, in the context of the cross talk between 
the brain and endocrine glands, we should consider not only the neuroplas-
tic actions that hormones exert in the brain but also the consequences that 
brain remodeling has for hormonal production and release. Exteroceptive 
and interoceptive signals, including hormones, regulate the plasticity of the 
nervous system. In turn, neuronal and glial plasticity in the brain centers 
involved in endocrine control is associated with the regulation of hormonal 
levels under physiological and pathological conditions (see Chapter 9 for the 
eff ects of pathological brain remodeling on hormonal levels). Th us, brain 
remodeling is a consequence and a cause of hormonal changes. Brain plastic-
ity contributes to the adaptation of the activity of endocrine glands to homeo-
dynamic needs and hormones participate in the interoceptive regulation of 
brain plasticity (Fig. 2.1).

Modifi cations of plasticity in cognitive areas or in brain regions involved 
in the modulation of emotions and feelings may regulate hormonal secretions, 
either by modifi cations of behavior or by the indirect innervation of the hypo-
thalamic regions controlling the release of pituitary hormones. For instance, 
alterations in plasticity in the prefrontal cortex and hippocampus may be the 
result and the cause of an impaired secretion of stress hormones (see Chapter 3). 
However, we have very limited information on the link between plasticity in 
these cortical regions and the control of hormonal release. Th erefore, here I 
will limit my analysis to plasticity associated with neuronal networks, which 
are known to be directly involved in the regulation of hypothalamic neurose-
cretory neurons.

Th e hypothalamic neurosecretory neurons constitute a very heterogeneous 
population of cells that may be classifi ed into two main groups: magnocellular 
and parvocellular. In addition to obvious diff erences in cell volume, which 
justify their names, the most important diff erence between the two types of 
neurosecretory neurons is that the axons of magnocellular cells transport 
their neurosecretory products to the neurohypophysis to be released into the 
bloodstream, while the axons of parvocellular neurons reach the median emi-
nence where the hormonal products are released into the hypophyseal portal 
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system, which connects the hypothalamus with the anterior lobe of the pitu-
itary gland. Magnocellular neurons release two important hormones, vaso-
pressin and oxytocin. Among other functions, vasopressin is involved in the 
control of water homeodynamics and blood pressure. Oxytocin regulates milk 
ejection, uterine contraction, and maternal behavior, and aff ects sexual behav-
ior. In addition, both oxytocin and vasopressin have cognitive eff ects and are 
involved in social behavior and in the regulation of aff ection. Parvocellular 
neurons release a variety of hormones, such as thyrotropin-releasing hor-
mone, corticotropin-releasing hormone (or corticotropin-releasing factor), 
gonadotropin-releasing hormone, growth hormone–releasing hormone, and 
somatostatin, among others. Th ese parvocellular hypothalamic hormones 
are released in the median eminence and reach the anterior pituitary through 
the portal blood to regulate the secretion of anterior pituitary hormones. 
Structural and functional plastic remodeling of neurons and glial cells associ-
ated with modifi cations in hypothalamic hormonal release has been detected 
in the hypothalamus, the neurohypophysis, and the median eminence. In this 
chapter, I will fi rst examine neuroglia and synaptic plasticity in the soma and 

Brain plasticity adapted
to homeodynamic needs

Hormonal levels adapted
to homeodynamic needs

Figure 2.1. Brain plasticity regulates hormonal levels and hormones regulate brain 
plasticity. Th e brain adapts its activity to the changing environmental and physio-
logical conditions with plastic modifi cations in neurons and glial cells, according to 
the information transmitted by a variety of exteroceptive and interoceptive signals, 
including hormones. In turn, the plastic reorganization of brain regions involved in 
hormonal control regulates the activity of endocrine glands to adapt hormonal secre-
tion to the changing homeodynamic needs.
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dendrites of magnocellular neurosecretory neurons in the hypothalamus and 
the associated neuroglial plasticity in the neurohypophysis. Th en, I will con-
sider plastic events in parvocellular hypothalamic neurons and the associated 
plastic reorganization of glia and parvocellular neurosecretory endings in the 
median eminence.

NEUROGLIAL REMODELING ASSOCIATED WITH HORMONAL SECRETION 
BY HYPOTHALAMIC MAGNOCELLULAR NEURONS

Studies on oxytocin and vasopressin magnocellular neurons located in the 
supraoptic and paraventricular hypothalamic nuclei have provided clear 
examples on how neuroglial plastic remodeling may participate in the regula-
tion of endocrine secretions (Hatton, 1990, 1997; Miyata and Hatton, 2002; 
Th eodosis, 2002; Th eodosis et al., 1995; Th eodosis and Poulain, 1987, 1993). 
Th is neuroglial remodeling is also a paradigm for the involvement of glial cells 
in morphological and functional synaptic plasticity. Cell bodies and dendrites 
of magnocellular neurons in the supraoptic and paraventricular nuclei are 
tightly packed. Under basal conditions, thin, lamella-like astrocytic processes 
separate the perikaryal and dendritic plasma membranes from adjacent mag-
nocellular neurons. In addition, the stimulation of magnocellular hormonal 
release produces a dramatic retraction of astrocytic processes in the supraop-
tic and paraventricular nuclei, allowing the direct juxtaposing of plasma 
membranes from adjacent neuronal somas and adjacent dendrites (Fig. 2.2). 
Th is synaptic and glial remodeling is transient and disappears when stimula-
tion ceases. Neuroglial and synaptic remodeling associated with magnocel-
lular neurons has been detected during diff erent physiological conditions 
associated with an increased hormonal demand, such as osmotic stimulation 
(Chapman et al., 1986; Gregory et al., 1980; Miyata et al., 1994a; Tweedle and 
Hatton, 1976, 1977), parturition (Hatton et al., 1984; Montagnese et al., 1987; 
Th eodosis and Poulain, 1984a), lactation (Hatton et al., 1984; Montagnese 
et al., 1987; Th eodosis et al., 1986a; Th eodosis and Poulain, 1984a), and chronic 
stress (Miyata et al., 1994b). I will present in this section a brief account of 
these studies.

In the early seventies, Glenn I. Hatton, from Michigan State University, ana-
lyzed the morphology and physiology of supraoptic neurons by dehydration 
and rehydration in rats. He was interested in parameters such as the number of 
nucleoli, cell volume, and cell fi ring rate that could be related to neurosecretory 
activity (Hatton and Walters, 1973; Walters and Hatton, 1974). Together with 
James K. Walters he found that fi ring rates and cell size increased in supraop-
tic neurons as a consequence of dehydration. Cell size changes in supraoptic 
neurons were measurable early in dehydration and continued as long as the 
deprivation conditions persisted (Hatton and Walters, 1973). By this time, 
Miguel Lafarga and collaborators in Barcelona, through electron microscopic 
studies, demonstrated interruptions in the glial wrapping of magnocellular 
perikarya in the supraoptic nucleus. Lafarga and collaborators proposed that 
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neuronal juxtapositions between contiguous cell bodies at sites where the glial 
wrapping was interrupted may be related to the synchronization of supraoptic 
nucleus neuronal activity for hormonal release (Lafarga et al., 1975). Th en, 
in collaboration with Charles D. Tweedle, Hatton performed a quantitative 
ultrastructural analysis of the nucleus circularis (a group of magnocellular 
elements arranged in a ring around a capillary bed) and supraoptic nucleus. 
Th ey studied rats under normal and water-deprived conditions and found 
that dehydration produced not only an increase in neuronal size but also a 

Figure 2.2. Glial and neuronal plastic remodeling in magnocellular neurons associ-
ated with the release of oxytocin in the adult supraoptic nucleus (SON). A: Under basal 
unstimulated conditions, neuronal somas are separated by multiple astrocytic pro-
cesses. B: Under conditions of high hormonal release, glial processes retract, and the 
proportion of magnocellular somas in juxtaposition with other somas (black arrows) 
is increased. Th ese plastic modifi cations are interpreted as a mechanism to facilitate 
synchronization of hormonal release by magnocellular neurons. When activity is back 
to basal conditions (red arrows), astrocytic processes again separate neuronal profi les. 
(Courtesy of Dr. Dionysia T. Th eodosis. Based on Th eodosis and Poulain, 1987.)

A

B
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retraction of fi ne glial processes located between the neuronal somas in these 
two nuclei. Th is was accompanied by an increase in the percentage of neurons 
with direct soma-somatic juxtapositions and an increase in the amount of 
plasma membranes of adjacent neuronal somas showing juxtapositions. Th ese 
fi ndings suggested that remodeling of specifi c hypothalamic structures could 
be involved in the control of water homeodynamics. Tweedle and Hatton 
detected that the morphological plasticity associated with magnocellular 
hypothalamic neurons was transient, since rehydration reversed the changes 
(Tweedle and Hatton, 1976, 1977). Further studies from Hatton’s laboratory 
revealed that the percentage of plasma membrane from neuronal somas in 
soma-somatic appositions increased in the primarily vasopressin-containing 
lateral portion of the rat paraventricular nucleus with 12 hours of dehydration, 
indicating that the neuroglial plasticity associated with water deprivation was 
also present in magnocellular paraventricular neurons (Gregory et al., 1980).

In 1981, Dionysia T. Th eodosis, Dominique A. Poulain, and Jean-Didier 
Vincent, working in a unit of the INSERM (Institut National de la Santé et 
de la Recherche Médicale) in Bordeaux, France, reported very similar plastic 
changes in the supraoptic nucleus of female rats during lactation. Th ese inves-
tigators were searching for a possible morphological basis for the synchro-
nized electrical activation of oxytocin neurons during suckling-induced refl ex 
milk ejections. Th e results of a detailed quantitative morphometric analysis of 
the supraoptic nucleus revealed that the proportion of magnocellular somas 
in juxtaposition with other somas or with dendritic profi les signifi cantly 
increased in lactating rats compared to normal male and virgin females. Th e 
supraoptic nucleus of lactating rats also showed a higher incidence of pre-
synaptic terminals contacting more than one postsynaptic element (Fig. 2.2), 
either soma or dendrite (Th eodosis et al., 1981). Th e double synapses were 
characterized, in subsequent studies, as being mainly GABAergic, but a cer-
tain amount were identifi ed as glutamatergic (El Majdoubi et al., 1996, 1997; 
Gies and Th eodosis, 1994; Th eodosis et al., 1986c). Th ese plastic morphologi-
cal changes were interpreted as a possible mechanism to facilitate synchroni-
zation of neuronal fi ring.

Th e fi ndings of Th eodosis and her colleagues were soon confi rmed by 
Hatton and Tweedle by an analysis of the ultrastructure of the supraoptic 
nucleus in virgin female rats, female rats at the last day of pregnancy, postpar-
tum rats, and 14-day lactating rats (Hatton, 1986; Hatton et al., 1984; Hatton 
and Tweedle, 1982). Th ey detected signifi cant increases in the percentage of 
magnocellular neuronal profi les in the supraoptic nucleus in soma-somatic 
apposition and in the amount of juxtaposed neuronal membranes by the 
last day of pregnancy and in lactating rats. In addition, Hatton and Tweedle 
reported a signifi cant increase in the percentage of supraoptic magnocellular 
neurons showing presynaptic terminals making synaptic contact with two 
postsynaptic neurons in lactating rats, and to a minor extent in postpartum 
rats (Fig. 2.2). As Th eodosis and her colleagues proposed, the double synapses 
were also interpreted as a mechanism of synchronization of oxytocin cells for 
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hormonal release. Formation and retraction of new synapses was also detected 
in the supraoptic nucleus by dehydration and rehydration (Tweedle and 
Hatton, 1984). In addition, neuroglial plasticity was also observed in the den-
dritic zone of the supraoptic nucleus, located in the ventral glial laminar area, 
aft er dehydration and during pregnancy, parturition, and lactation (Perlmutter 
et al., 1984, 1985). High hormonal demand was associated with (i) an increase 
in the number of dendrites with plasma membranes in direct apposition with 
adjacent dendrites, (ii) an increase in the amount of dendritic membrane in 
direct apposition, and (iii) an increase in the percentage of dendrites contacted 
by double synapses. Similar fi ndings were obtained by Th eodosis and Poulain 
(1984a) when they analyzed neuroglial changes in the supraoptic nucleus dur-
ing the transition from pregnancy to lactation. Th e percentage of neuronal 
profi les, either dendrites or somas, in direct apposition and the incidence of 
double synapses was low 2 weeks aft er the beginning of pregnancy but showed 
a striking increase the day prior to parturition and remained increased during 
lactation. Th e incidence of direct appositions and double synapses diminished 
gradually aft er weaning to reach, by 2 months aft er the end of lactation, the 
basal situation observed in virgin animals. Th ese fi ndings clearly demonstrated 
that neuroglial and synaptic plasticity in the supraoptic nucleus are associated 
with modifi cations of the pattern of neurosecretory activity of magnocellular 
neurons in response to changing physiological conditions.

Th ere is a point of controversy on whether the plastic changes are specifi c 
for a magnocellular population, the oxytocin neurons, or whether the changes 
aff ect both oxytocin and vasopressin cells. Th eodosis and Poulain, using pre-
embedding immunocytochemistry and electron microscopy, detected that the 
proportion of oxytocin neuronal profi les in juxtaposition and the incidence of 
double synapses on oxytocin neurons were higher in lactating rats compared 
to virgin rats. Th erefore, they concluded that the neuroglia remodeling in the 
supraoptic nucleus during lactation aff ects the magnocellular neurons secret-
ing oxytocin (Th eodosis and Poulain, 1984b). Further studies comparing the 
modifi cations of oxytocin and vasopressin immunoreactive neurons revealed 
that the plastic changes during lactation exclusively aff ect the oxytocinergic 
neurons (Th eodosis et al., 1986a). Furthermore, simultaneous increases in the 
number and extent of direct neuronal appositions and in the number of pre-
synaptic terminals contacting two neurosecretory cells as a result of osmotic 
stimulation were also observed to aff ect oxytocin but not vasopressin neu-
rons (Chapman et al., 1986). In addition, prolonged intracerebroventricular 
infusions of oxytocin and not vasopressin were able to induce the neuroglial 
and synaptic changes in the supraoptic nucleus associated with an increased 
oxytocin release (Th eodosis et al., 1986b). Th ese fi ndings, together with previ-
ous observations of synaptic contacts of oxytocin cells with other oxytocin 
cells within the supraoptic nucleus (Th eodosis, 1985), suggested that oxytocin 
enhances its own release by promoting structural plastic reorganization in the 
supraoptic nucleus and that the neuroglia and synaptic changes were specifi c 
to oxytocin neurons.



Brain Plasticity Regulates Hormonal Homeodynamics 27

Very diff erent results were reported by Hatton’s laboratory (Marzban et al., 
1992). Hatton and his colleagues used postembedding immunogold immuno-
cytochemistry to detect oxytocin and vasopressin immunoreactive neurons in 
the supraoptic nucleus at the electron microscopic level. Aft er chronic dehy-
dration, both vasopressin and oxytocin immunoreactive neuronal perikarya 
increased in size. Furthermore, both cell types showed an increase in soma-
somatic/dendritic membrane contact, indicating that both vasopressin and 
oxytocin cells undergo morphological changes during chronic dehydration. 
Th erefore, these fi ndings, obtained with a diff erent immunocytochemical 
approach, were clearly diff erent to those reported by the group of Th eodosis. 
Th e reason for this discrepancy is unclear. However, there are other evidences 
indicating that vasopressin and oxytocin neurons do not suff er the same mor-
phological plastic changes. Indeed, the analysis of dendritic trees of oxytocin 
and vasopressin neurons in the supraoptic nucleus has revealed a diff erent 
remodeling in these two cell types during lactation. Th e dendritic trees of oxy-
tocin neurons show a prominent reduction in dendritic branching and total 
dendritic length. In contrast, the dendritic trees of vasopressin neurons show 
an increase in branching and total dendritic length during lactation (Stern and 
Armstrong, 1998). Interestingly, functional synaptic plasticity is also diff erent 
on oxytocin and vasopressin neurons. Short-term plasticity, either synaptic 
facilitation or synaptic depression, has been detected on GABAergic inputs 
to magnocellular neurons. Short-term facilitation was observed preferentially 
in oxytocin neurons, while short-term depression was predominant in vaso-
pressin neurons (Baimoukhametova et al., 2004). Th e diff erent physiologi-
cal conditions are probably associated with a diff erent synaptic remodeling 
in vasopressin and oxytocin magnocellular neurons. Th us, the laboratory of 
Th eodosis using a morphometric analysis on semithin sections detected that 
lactation, which involves an increased secretion of oxytocin, is associated with 
an increased innervation of supraoptic and paraventricular oxytocin magno-
cellular somas by noradrenergic inputs (Michaloudi et al., 1997) and with an 
increase in the number of glutamatergic terminals making synaptic contact 
simultaneously onto two or more oxytocinergic elements (El Majdoubi et al., 
1996). In contrast, using confocal microscopy, Mueller and collaborators 
detected a decrease in the number of dopamine β-hydroxylase synaptic bou-
tons in apposition of vasopressin neurons of the supraoptic nucleus of juvenile 
rats upon salt loading, which involves an enhanced vasopressin release. Th is 
suggests that noradrenergic/adrenergic innervation decreased in magnocel-
lular vasopressin neurons under these conditions. In contrast, the number of 
GABAergic and glutamatergic inputs in apposition to vasopressin neurons 
increased (Mueller et al., 2005).

In addition to marked morphological plastic changes observed in the para-
ventricular and supraoptic nucleus, there are more subtle molecular changes 
in magnocellular neurons, which may underlie functional synaptic plastic-
ity. Th ese may include switches in GABA(A) receptor subunit composition 
around parturition (Brussaard et al., 1997) and in N-methyl-d-aspartate 
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(NMDA) receptor subunit composition aft er osmotic stress (Curras-Collazo 
and Dao, 1999). A variety of functional plastic changes have been detected 
in the supraoptic nucleus. I have already mentioned the induction of synap-
tic facilitation or synaptic depression on GABAergic inputs to magnocellu-
lar neurons (Baimoukhametova et al., 2004). Furthermore, chronic osmotic 
stimulation increases the frequency of spontaneous excitatory and inhibitory 
postsynaptic currents in magnocellular supraoptic neurons, an eff ect that is 
probably due to increased numbers of release sites. Moreover, chronic dehy-
dration induces a marked enhancement of the facilitatory eff ect of norepi-
nephrine on glutamate release and an inhibitory eff ect on GABA release (Di 
and Tasker, 2004). In addition, glutamate aff erents to the supraoptic nucleus, 
in particular those originating in the organum vasculosum of the lamina ter-
minalis, exhibit NMDA receptor-dependent long-term potentiation and long-
term depression (Panatier et al., 2006b).

As has been mentioned already, the morphological and functional remod-
eling associated with magnocellular neuronal stimulation is accompanied 
by gross morphological alterations in astroglia. I have already commented 
on the changes in the extension of glial processes between adjacent neu-
ronal somas and dendrites that are associated with an increased hormonal 
demand. In addition, during lactation, the increased physiological activation 
of magnocellular neurons results in a redistribution of astroglial cytoskeleton 
in the supraoptic nucleus, detected by a reduction in glial fi brillary acidic 
protein (GFAP) immunoreactivity (Salm et al., 1985). Similar changes have 
been detected in GFAP immunoreactivity in the supraoptic nucleus during 
dehydration and are reversible aft er rehydration (Hawrylak et al., 1998). Th e 
astrocytes of the ventral glial limitans also show marked plastic changes in 
the supraoptic nucleus aft er osmotic stimulation. Th e ventral glial limitans 
decreases in thickness, and astrocyte nuclei are detected at a closer distance 
from the pial surface in chronic dehydrated animals compared to controls. In 
addition, astrocytes were reoriented from a perpendicular to a parallel orien-
tation to the pial surface aft er dehydration. Th ese changes were reversed by 
rehydration (Bobak and Salm, 1996).

Morphological glial changes may have important consequences for syn-
aptic function. Th e studies by Th eodosis and colleagues have shown that the 
decreased extension of glial processes is always associated with an increased 
formation of new synapses on oxytocin neurons. Furthermore, modifi cations 
in the contact between glia and neurons may aff ect neuronal membrane prop-
erties. In addition, modifi cations in the extension of astrocytic processes in the 
supraoptic nucleus of lactating and chronically dehydrated animals may aff ect 
the uptake of neurotransmitters by glia, including glutamate, and may con-
trol the level of activation of presynaptic metabotropic glutamate receptors on 
glutamatergic terminals, which inhibit transmitter release (Oliet et al., 2006; 
Oliet and Piet, 2004). Furthermore, the morphological changes in the mor-
phology of astrocytes may aff ect the tortuosity of the extracellular space and 
the spatial local availability of neurotransmitters released by neurons, such as 
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glutamate and GABA, and of other factors released by neurons and glia that 
may regulate synaptic function. One such glial factors is d-serine, the endog-
enous ligand for the glycine-binding site of the NMDA receptor. Changing 
levels of d-serine modulate NMDA receptor activation, and astrocytes are the 
only source of d-serine in the supraoptic nucleus. Th erefore, long-term synap-
tic potentiation and long-term synaptic depression in glutamatergic aff erents 
to the supraoptic nucleus is controlled by the release of d-serine by astrocytes 
(Panatier et al., 2006a). Another factor released by astrocytes that may aff ect 
functional synaptic plasticity is ATP. Astrocytes release ATP in response to 
noradrenergic stimulation. ATP then acts on neurons, promoting the inser-
tion of AMPA receptors in postsynaptic membranes, which in turn increases 
postsynaptic effi  cacy (Gordon and Bains, 2006; Gordon et al., 2005).

Several cell adhesion molecules could participate in the mechanisms of 
glial and synaptic plasticity. For instance, cell surface molecules, and in par-
ticular those belonging to the immunoglobulin superfamily, appear to be 
involved in neuronal–glial interactions and in the establishment of neuronal 
connections. Th e best studied model is the family of neural cell adhesion mol-
ecules (N-CAMs), which are widely expressed by both neurons and glial cells. 
N-CAMs exist in a variety of isoforms, diff ering in the length of their cyto-
plasmic domain and/or their carbohydrate content, with these isoforms being 
diff erentially expressed according to the developmental stage and/or the cell 
phenotype.

In an embryonic brain, N-CAM contains more than 30% polysialic acid 
(PSA). During the perinatal and early postnatal periods, this embryonic 
N-CAM isoform (PSA-N-CAM) is gradually replaced by isoforms containing 
less PSA. However, expression of PSA-N-CAM persists in the adult rat in sev-
eral brain areas that maintain the capacity for neuroglial plasticity, such as the 
hypothalamo-neurohypohysial system, the arcuate nucleus, and the median 
eminence (Bonfanti et al., 1992; Th eodosis et al., 1991). PSA reduces cell adhe-
sion, allowing cellular morphological plasticity. Th us, it has been proposed 
that polysialylation is a permanent feature of certain brain areas that permits 
the cells in these areas to undergo morphological remodeling in response to 
the appropriate stimuli (Th eodosis et al., 1994). Glial and neuronal remodel-
ing in the supraoptic and paraventricular nuclei appears to be facilitated by 
the high expression of PSA-N-CAM in these structures. Th eodosis and her 
collaborators have shown that the specifi c enzymatic removal of PSA from 
N-CAM, by intracerebral microinjection of endoneuraminidase, blocks 
 neuroglial plasticity in magnocellular nuclei normally induced by lactation 
and dehydration (Th eodosis et al., 1999).

NEUROGLIAL REMODELING IN THE NEUROHYPOPHYSIS

Neuroglial changes associated with water deprivation and rehydration, 
similar to those observed in the hypothalamic regions where magnocellular 
 neurons are present, have been observed in the neural lobe of the rat pituitary 
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(Th eodosis and MacVicar, 1996). Th e neuronal lobe of the pituitary, also 
known as the neurohypophysis, is a central nervous system structure where 
the axons of magnocellular hypothalamic neurons release their content into 
the systemic blood circulation. Specialized glial cells of the neurohypophysis, 
the pituicytes, engulf neurosecretory axons from magnocellular hypotha-
lamic neurons and probably regulate the release of magnocellular hormones.

Tweedle and Hatton observed that the number of pituicytes that completely 
enclosed neurosecretory axons was dramatically decreased aft er 24 hours of 
water deprivation and returned to normal levels aft er 24 hours of rehydration 
(Tweedle and Hatton, 1980). Th is fi nding suggested that plastic remodeling of 
pituicytes could be involved in the physiological regulation of hormonal secre-
tions by magnocellular hypothalamic neurons (Hatton, 1988). Moreover, the 
observations of Tweedle and Hatton also suggested that a synchrony of neu-
roglial plasticity in the hypothalamus and pituitary is essential for the coor-
dination of magnocellular hormonal secretion. Th is was further supported 
by the observation that parturition, lactation, and all other stimuli leading to 
increased hormone release were also associated with a marked decrease in the 
number of pituicytes, with neurosecretory axons completely surrounded by 
their cytoplasm and by an increased occupation of the basal lamina by nerve 
terminals (Tweedle and Hatton, 1982, 1987).

Th e morphological plasticity of axons and glial processes in the hypothala-
mus and neurohypophysis can be reproduced in in vitro preparations. Th ese 
in vitro models have been used to analyze the mechanisms involved in the 
regulation of the plastic changes, such as the role of neurotransmitters (Langle 
et al., 2003; Luckman and Bicknell, 1990; Miyata et al., 1997) and cell adhesion 
molecules (Monlezun et al., 2005).

NEUROGLIAL REMODELING ASSOCIATED WITH PARVOCELLULAR 
HYPOTHALAMIC NEURONS

Th e hormonal products of parvocellular hypothalamic neurons reach the 
anterior pituitary, or adenohypohysis, and regulate the secretion of hormones 
by this key endocrine organ. In addition, the parvocellular neurons innervate 
broad areas of the brain. In contrast to magnocellular neurosecretory cells, 
the parvocellular neurons are a very heterogeneous neuronal population, hav-
ing only in common the fact that they release their hormonal secretions in 
the portal blood of the median eminence. Th e complete variety of hormonal 
products released by parvocellular neurons is still unknown. We expect that 
hormones secreted by parvocellular neurons may exceed in number the hor-
mones secreted by the anterior pituitary, since it is probable that the parvocel-
lular hormonal system secretes at least one inhibitory and one stimulatory 
hormone for each hormone produced by the adenohypohysis. Th erefore, the 
parvocellular hormones already identifi ed may represent only a fraction of 
the total hormonal production by parvocellular cells. Even for the parvo-
cellular hormones already identifi ed, we have limited information on the 
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mechanisms regulating their secretion. In particular, synaptic plastic events 
on  parvocellular neurosecretory neurons have not been studied with so much 
detail as has been the case for magnocellular neurons. A wide, unexplored 
fi eld is waiting for new innovative research projects.

One of the main problems in detecting plasticity associated with the 
 neurosecretory activity of parvocellular neurons is caused by the dispersion 
of parvocellular cells and by the fact that their morphology is not, in general, 
very diff erent from the surrounding neurons that are not neurosecretory. Th is 
problem may be solved by using specifi c promoters to drive the expression of 
genes that would allow the identifi cation of specifi c parvocellular neuronal 
populations. One example is the use of gonadotropin-releasing hormone 
(GnRH) promoter-driven transgenics in the mouse for the identifi cation of 
single, living GnRH neurons in acute brain slice preparation. Th is proce-
dure allows electrophysiological recordings and gene profi ling of GnRH cells 
(Clasadonte et al., 2008; Herbison et al., 2001) and has demonstrated to be a 
very valuable tool for the characterization of the morphology, physiology, and 
synaptic connectivity of GnRH neurons.

Th ese approaches will probably give much information in the future on the 
synaptic plastic changes associated with parvocellular neurosecretory activ-
ity. Today, the information available is limited to a few systems. One system 
that provides plastic responses in response to the neurosecretory activity is 
the hypothalamic pituitary adrenal axis. In the next chapter (and other chap-
ters of this book) I will analyze how stress aff ects plasticity in diff erent brain 
structures. Th ese plastic changes may in turn aff ect the ability of the central 
nervous system to properly regulate hormonal secretions.

Chronic stress may produce permanent alterations in the hypothalamic 
control of parvocellular neuronal secretions, and this may be associated with 
a remodeling of the circuits involved in such control. For instance, synaptic 
plasticity has been detected on parvocellular neurons secreting corticotropin-
releasing hormone and located in the paraventricular hypothalamic nucleus. 
Th ese neurons receive an abundant GABAergic innervation. Following 
adrenalectomy, which increases the synthesis and secretion of corticotropin-
releasing hormone, there is a marked increase in the number of GABAergic 
inputs to corticotropin-releasing hormone neurons (Miklos and Kovacs, 
2002). Th is suggests that the secretion of parvocellular neurosecretory cells 
may be controlled by plastic changes in their synaptic inputs. However, one of 
the best studied populations of parvocellular neurons in this regard is the one 
that produces the hormones that regulate the release of gonadotropins by the 
anterior pituitary. For instance, seasonal breeders show seasonal modifi ca-
tions in responsiveness of GnRH neurons to the negative feedback infl uence of 
gonadal steroids (see following text). Th is seasonal variation probably refl ects 
a plastic modifi cation of neuronal circuits controlling GnRH neurons.

Evidence from a number of diff erent species suggests that the brain is capa-
ble of undergoing annual synaptic remodeling in the GnRH system of sea-
sonal breeders (see also Chapter 8). Th e GnRH system exhibits a remarkable 
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degree of seasonal plasticity, especially in non-mammalian vertebrates such 
as birds. In songbirds, seasonal changes in brain GnRH immunoreactivity 
are associated to changes in song control nuclei volumes (Hurley et al., 2008). 
Th e GnRH system show also seasonal plasticity in mammals. In the ewe, 
the number of synaptic inputs to GnRH neurons shows seasonal changes, 
suggesting that neuronal plastic changes in GnRH-producing neurons may 
participate in seasonal changes in GnRH levels (Lehman et al., 1997). For 
instance, preoptic GnRH neurons in breeding season ewes receive more syn-
aptic inputs in somas and dendrites than GnRH neurons in anestrus animals 
(Jansen et al., 2003; Xiong et al., 1997). In particular, neuropeptide Y inputs 
to GnRH neurons increase during the breeding season, and β-endorphin 
inputs are increased during anestrus on GnRH somas and on GnRH den-
drites during the breeding season (Jansen et al., 2003). GABAergic inputs 
also show seasonal plastic changes—they increase during the breeding sea-
son in a subpopulation of GnRH neurons (Jansen et al., 2003). However, 
the proportion of GnRH neurons contacted by GABAergic inputs shows a 
decrease (Pompolo et al., 2003).

In addition, there are seasonal variations in the ewe brain involving the 
association between GnRH neurons and the cell adhesion molecule PSA-
N-CAM, which, as I have already mentioned, is involved in plastic neural 
remodeling (Viguie et al., 2001). Th e neuronal remodeling of synaptic inputs 
on GnRH cells is also associated with marked modifi cations in GFAP den-
sity and in the thickness of glial fi brils. Furthermore, GnRH proximal den-
drites are much more heavily associated with glia during the breeding season 
than during anestrus (Jansen et al., 2003). In addition to direct changes in 
neuropeptide Y, GABA, and β-endorphin inputs, dopaminergic cells located 
in the hypothalamus and estrogen receptor–containing cells in the arcuate 
hypothalamic nucleus, which project to the median eminence, may also reg-
ulate GnRH synaptic plasticity. Interestingly, the activity of these neuronal 
networks regulating GnRH also shows seasonal modifi cations (Lehman et al., 
1996; Stefanovic et al., 2000) and neuronal plasticity has been detected in the 
A15 dopaminergic cell group in the retrochiasmatic area, which mediate estro-
gen negative feedback to GnRH cells during anestrus. A twofold increase in 
synapsin- positive close contacts onto A15 neurons and a signifi cant increase 
in dendritic length have been detected in the anestrus period with confocal 
microscopy (Adams et al., 2006). Th is fi nding suggests that synaptic plas-
tic remodeling to control GnRH secretion involves not only direct inputs to 
GnRH neurons but also other neuronal components of the circuits controlling 
the activity of GnRH neurons.

Remodeling of synaptic inputs to GnRH neurons also appears to be 
involved in the regulation of GnRH release in nonseasonal breeders and may 
participate in the regulatory eff ects of gonadal hormones on GnRH secre-
tion (Garcia-Segura et al., 2008). In primates, the initiation of the pubertal 
increase in pulsatile GnRH release is associated with a decrease in the number 
of synaptic inputs to GnRH neurons (Perera and Plant, 1997). Furthermore, 
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a marked remodeling of the dendritic tree with puberty has been detected in 
GnRH neurons in mice (Cottrell et al., 2006), suggesting possible modifi ca-
tion in synaptic inputs on dendrites. Nitric oxide release by neuronal networks 
associated with GnRH neurons may regulate GnRH neuronal plasticity and 
synchronize GnRH release (Clasadonte et al., 2008; d’Anglemont de Tassigny 
et al., 2007). In adult primates, an ovariectomy increases the apposition of glial 
processes to GnRH neuronal perikarya and decreases the number of synaptic 
inputs to GnRH neurons, while ovarian hormone replacement has the oppo-
site eff ects, decreasing the glial ensheathment and increasing the innervation 
of GnRH neuronal somas (Witkin et al., 1991). In rats, astrocytes that are 
directly apposed to GnRH neurons in the rostral preoptic area show morpho-
logical changes associated with gonadotropin release. Th eir surface area and 
the number of their cell processes decrease from the morning of proestrus, 
before the initiation of the GnRH-induced luteinizing hormone surge, to the 
aft ernoon of proestrus. In the aft ernoon of proestrus, there is a signifi cant 
decrease in the surface area and the number of astrocytic processes in paral-
lel to the increase in luteinizing hormone concentration in plasma. Th e fol-
lowing day, on estrus, both the surface area and the number of processes per 
astrocyte return to levels similar to those seen on proestrus morning (Cashion 
et al., 2003).

As in seasonal breeders, synaptic and glial remodeling associated with 
the regulation of GnRH release is not limited to the direct inputs on GnRH 
neurons. Diurnal oscillation of GFAP immunoreactivity has been detected 
in a hypothalamic region, dorsal to the suprachiasmatic nucleus and close to 
the third ventricle. Th e oscillation is enhanced by estradiol administration to 
ovariectomized rats, which also causes an increase in luteinizing hormone 
rhythm (Fernandez-Galaz et al., 1999b). Th ese results suggest that the perisu-
prachiasmatic nucleus area could be an important locus for structural plastic 
remodeling, linking circadian rhythms with the estrogen-induced luteinizing 
hormone surge. In addition, in adult female rodents the hypotalamic arcu-
ate nucleus, which appears to be involved in the control of GnRH neurons, 
exhibits a natural phasic neuroglia and synaptic remodeling during the estrus 
cycle that is induced by estradiol and is linked to GnRH release (Olmos et al, 
1989; see Fig. 2.3 and Chapter 8). Th e surge of luteinizing hormone on the 
aft ernoon of proestrus is coincident with a decrease in the number of inhibi-
tory axosomatic synapses, an increase in glial coverage of neuronal somas, 
and an increase in the innervation of dendritic spines (Csakvari et al., 2007; 
 Garcia-Segura et al., 1994a, b; Parducz et al., 2002).

Similar neuroglia remodeling occurs in infundibular neurons of mon-
keys (Naft olin et al., 1993). Th e neurons aff ected by these plastic reorganiza-
tions may form part of the circuits controlling GnRH neuronal innervation. 
In addition, some of the neurons aff ected by the remodeling of axosomatic 
synapses induced by estrogen are dopaminergic neurons that project to the 
median eminence and, therefore, probably are parvocellular neurosecretory 
neurons involved in the regulation of the release of prolactin (Csakvari et al., 
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2008; Parducz et al., 2003; see Fig. 2.4). Indeed, plasticity of GABAergic and 
β-endorphin neurotransmission on tuberoinfundibular dopaminergic neu-
rons may, in part, be involved in the regulation of prolactin secretion (Racagni 
et al., 1984; Voogt et al., 2001).

NEUROGLIAL REMODELING IN THE MEDIAN EMINENCE

In parallel to the synaptic and glial remodeling in the GnRH neurons and 
in the arcuate nucleus, tanycytes in the median eminence suff er plastic mor-
phological and biochemical changes that may be linked to the regulation of 
GnRH release into the portal blood vessels of the median eminence (Fig. 2.5). 
Tanycytes are specialized bipolar glial cells, located in the arcuate nucleus 
and the median eminence, that play a key role in neuroendocrine regulation. 

A

B

Figure 2.3. Modifi cations in glial processes (highlighted in yellow) and axosomatic 
synaptic terminals (arrow) in the rat arcuate nucleus during the estrus cycle. Th e elec-
tron micrographs show two arcuate neuronal somas. (A) In the morning of proestrus, 
before the peak of estrogen in plasma. (B) In the morning of estrus. Th e number of 
axosomatic synaptic inputs decreases from proestrus to estrus. In parallel, there is 
an increased warping of arcuate neuronal somas by glial processes. Scale bar, 0.5 μm. 
(Microphotographs from the author.)
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Tanycytes share some properties with astrocytes, radial glia, and Schwann 
cells, and are oft en classifi ed as astroglia, but clearly constitute a distinct and 
specialized type of glia (Rodriguez et al., 2005).

Tanycytic processes are closely associated with GnRH fi bers in the median 
eminence (Baroncini et al., 2007; King and Rubin, 1994; Kozlowski and 
Coates, 1985; Saldanha et al., 2001; Silverman et al., 1991) and participate in 
the release of GnRH to the portal blood by providing diff erent signals to the 
GnRH neurons, including the excitatory neurotransmitter glutamate (Roth 
et al., 2006). In addition, tanycytes may contribute to the regulation of GnRH 
release by plastic extension and retraction of their end feet processes that 
are intermingled between GnRH synaptic terminals and the portal vascula-
ture in the median eminence (King and Letourneau, 1994; King and Rubin, 
1994; Kobayashi et al., 1972; Kozlowski and Coates, 1985; Prevot et al., 1999; 
Ugrumov et al., 1985, 1989). In rodents, tanycytic processes extend and retract 
following hormonal changes during the estrus cycle. Growth of tanycytic 
processes results in the ensheathment of GnRH terminals, preventing GnRH 
release. In contrast, during the preovulatory stage of the cycle, tanycytic pro-
cesses retract, allowing the contact of GnRH terminals with portal capillaries 
(King and Letourneau, 1994; Prevot et al., 1999).

Figure 2.4. Arcuate nucleus neurons that project to the median eminence are identi-
fi ed by retrograde labeling with the tracer fl uorogold. Th e tracer fl uorogold is injected 
in the median eminence, and arcuate neurons projecting to this structure are retro-
gradely labeled. Th is electron micrograph shows an arcuate neuronal soma from an 
ovariectomized rat injected with fl uorogold in the median eminence. Fluorogold 
immunoreactive precipitates (FG) are observed in the cytoplasm. Cell nucleus (N). 
Axosomatic synapses (arrows). With this method Parducz et al. detected estrogen reg-
ulation of synaptic connectivity in a specifi c subpopulation of dopaminergic arcuate 
neurons projecting to the median eminence. Scale bar: 1 μm. (Courtesy of Dr. Arpad 
Parducz; based on Csakvari et al., 2008, and Parducz et al., 2003.)
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Soluble factors such as epidermal growth factor–related peptides, neuregu-
lins, transforming growth factor α, and prostaglandin E2 are also involved 
in the regulation of morphological plastic changes of tanycytes (Prevot, 
2002; Prevot et al., 2007). For instance, estradiol increases the expression of 
transforming growth factor α in hypothalamic astrocytes in vitro (Galbiati 
et al., 2002). Furthermore, during the period encompassing the preovula-
tory surge of gonadotropins, there is an enhanced expression of transforming 
growth factor α on the hypothalamus, followed by an increase in the expres-
sion of prostaglandin E2 and transforming growth factor β (Ma et al., 1992). 
Transforming growth factor α released by astrocytes may act on tanycytes 
located in the arcuate nucleus and the median eminence. Vincent Prevot and 
his collaborators in the laboratory of Sergio Ojeda have shown that tanycytes 
in primary cultures respond to transforming growth factor α via the activation 
of erbB-1 receptor, by releasing prostaglandin E2. Neuregulins also induce the 
release of prostaglandin E2 by astrocytes, acting on erbB-4 receptors (Prevot, 
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Figure 2.5. Neuroglial plasticity associated with the release of gonadotropin releas-
ing hormone (GnRH) into the blood fl ow in the median eminence. Th e cellular pro-
cesses of tanycytes (T), specialized bipolar glial cells, are closely associated with 
gonadotropin-releasing hormone fi bers in the median eminence. Tanycytic processes 
extend and retract following hormonal changes during the estrus cycle in rodents. (A) 
Growth of tanycytic processes results in the ensheathment of gonadotropin-releasing 
hormone synaptic terminals (ST), preventing gonadotropin-releasing hormone release 
in the blood fl ow to the adenohypohysis. (B) Retraction of tanycytic processes during 
the preovulatory stage of the estrus cycle, allows the contact of gonadotropin-releasing 
hormone terminals with portal capillaries and the release of gonadotropin-releasing 
hormone to the blood fl ow.
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2002; Prevot et al., 2007). In turn, prostaglandin E2 induces the release of 
 transforming growth factor β1 by tanycytes. Prostaglandin E2, and transform-
ing growth factors α and β1 regulate the morphology of tanycytes. Prevot and 
his collaborators have shown that prostaglandin E2 causes acute cytoplasmic 
retraction in cultured tanycytes. In addition, cultured tanycytes respond to 
transforming growth factors α and β1 with opposite morphological plastic 
changes. Transforming growth factor β1 induces the retraction of tanycytic 
processes, while short exposure to transforming growth factor α increases the 
outgrowth of tanycytic processes and migration of tanycytes, which showed 
remarkable changes in motility, extending and retracting fi lopodia as they 

migrate outwardly from their initial site of seeding. However, prolonged 
exposure to transforming growth factor α, for more than 12 hours, results 
in the retraction of tanycytic processes, an eff ect mediated by transforming 
growth factor β1 (Prevot et al., 2003). Indeed, an antibody against transform-
ing growth factor β1 blocks the cellular retraction of tanycytes induced by a 
long exposure to transforming growth factor α. Th us, transforming growth 
factor α induces fi rst the cellular extension of tanycytes and the release of 
prostaglandin E2. Th en, prostaglandin E2 induces the release of transforming 
growth factor β1, and this factor fi nally induces the cellular retraction of tany-
cytes. Th erefore, transforming growth factor α may regulate the extension and 
retraction of tanycytic processes, by direct actions and by actions mediated by 
transforming growth factor β1, respectively, imitating the reversible morpho-
logical changes that occur in these cells during the estrus cycle (Fig. 2.6).

1 2

3

4

TGF α

Growth

1

PGE2

TGF β1
Retraction

2

3

4

TGF α

Figure 2.6. Transforming growth factor α (TGFα) regulates the extension and retrac-
tion of tanycytic processes in the median eminence in association with the release of 
gonadotropin-releasing hormone. TGFα fi rst induces the cellular extension of tanycytes 
and the release of prostaglandin E2 (PGE2). Th en, PGE2 induces the release of trans-
forming growth factor β1 (TGFβ1); this factor fi nally induces the cellular retraction of 
tanycytes. TGFα released by astrocytes acts on tanycytes (1) and induces the growth of 
tanycytic processes. Tanycytes also respond to TGFα (2) by releasing PGE2. In turn, 
PGE2 induces the release of TGFβ1 by tanycytes (3). Th en, TGFβ1 induces the retraction 
of tanycytic processes (4). (Based on Prevot, 2002; Prevot et al., 2003, 2007).
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As for the synaptic changes in magnocellular neurons, PSA-N-CAM may 
also be involved in the plastic changes on tanycytes and GnRH terminals, 
since PSA-N-CAM immunoreactivity increases in the median eminence in the 
proestrus phase of the cycle compared to the diestrus phase (Kaur et al., 2002; 
Parkash and Kaur, 2005, 2007). In addition, Sergio Ojeda and his collaborators 
(Mungenast and Ojeda, 2005; Ojeda et al., 2006) have identifi ed several addi-
tional adhesion molecules that may participate in neuroglia interactions in 
the median eminence. By using DNA microarrays to analyze genes expressed 
in the hypothalamus of the female rhesus monkey at diff erent phases of puber-
tal development, Ojeda and his collaborators have identifi ed three families 
of adhesion molecules, which may participate in the regulation of cell-to-cell 
adhesion and, at the same time, interact with intracellular signaling. Th ese 
molecules, which include components of the contactin-dependent neuronal–
glial adhesiveness complex, may regulate the remodeling of tanycytes and the 
associated GnRH terminals in the median eminence. In addition, using quan-
titative proteomics, Ojeda and his collaborators have identifi ed SynCAM, 
an immunoglobulin-like adhesion molecule required for synapse formation, 
as another important molecule involved in the communication of glial cells 
and GnRH neurons (Ojeda et al., 2006). SynCAM expression is decreased in 
DNerbB4 mice, which have delayed puberty. SynCAM molecules in the mem-
branes of glial cells may establish homophilic interactions with other SynCAM 
molecules expressed by adjacent neurons. In contrast, contactin expressed by 
GnRH neurons and axons may establish heterophilic interactions with the 
short form of the receptor protein for tyrosine phosphatase β located in glial 
membranes. Th is receptor activates intracellular signaling, and transmits to 
glial cells contact information aft er the interaction with contactin.

Other molecules that regulate cell-to-cell interactions may also be involved 
in the plastic changes in the median eminence during the estrus cycle. For 
instance, the activity of Zn2+ metalloproteinases varies in the median eminence 
during the estrus cycle, showing high levels of activity in proestrus, when cellu-
lar processes of tanycytes retract and GnRH terminals are in contact with por-
tal capillaries (Estrella et al., 2004). Zn2+ metalloproteinases may be involved 
in the interactions of GnRH terminals and tanycytic processes since the block-
ade of metalloproteinase activity abolishes the eff ect of transforming growth 
factor β1 on tanycytes (Prevot et al., 2003). Endothelial cells may also express 
molecules that regulate its interactions with GnRH terminals. For example, 
endothelial cells may play a role in the regulation of neuroglia plasticity in the 
median eminence by the release of Sema3A, a chemotrophic factor that binds 
its cognate receptor (neuropilin-1) expressed in GnRH nerve terminals, and 
that may regulate GnRH axon sprouting and/or collapse during the estrus 
cycle (Campagne et al., 2006). Th us, it seems that endothelial cells may play 
a role in the regulation of neuroglia plasticity in the median eminence by the 
release of Sema3A and the induction of the sprouting of GnRH terminals.

Further studies by Prevot and his collaborators at INSERM in Lille (Prevot 
et al., 2007) have shown that endothelial cells participate in the plastic 
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morphological modifi cations of tanycytes by releasing nitric oxide (Figs. 2.7 
and 2.8). Using co-cultures of endothelial cells from the median eminence and 
 tanycytes in a culture system in which both cell types are not in direct contact 
but share the culture medium, Prevot and his colleagues have found that endo-
thelial cells induce rapid morphological modifi cations of tanycytes. Th is eff ect 
is mediated by the release of nitric oxide by endothelial cells. Interestingly, 
estradiol causes a rapid retraction of tanycytic processes in co-cultures of 
tanycytes and endothelial cells from the median eminence, and the inhibi-
tion of nitric oxide with L-NAME blocks the eff ect of estradiol (De Serrano 
et al., 2004). Interestingly, Prevot and his colleagues have also shown that the 
administration of L-NAME in the median eminence in vivo blocks estrus 
cyclicity. Further studies have revealed that estrogen-mediated acute cellular 
retraction of tanycytes in co-cultures with endothelial cells from the median 
eminence requires eNOS activity, and that eNOS expression is increased by 
estradiol. In addition, estradiol increases the sensitivity of tanycytes to nitric 
oxide, an eff ect that is probably mediated by an increased expression of Cox-1 
and Cox-2 in tanycytes in response to the hormone (De Serrano et al., 2005).

Th e genomic and proteomic analyses carried out by Sergio Ojeda and col-
laborators have identifi ed several other genes that may potentially be involved 
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Figure 2.7. Endothelial cells (E) may also play a critical role in regulating the exten-
sion and retraction of tanycytic processes in the median eminence in association with 
the release of gonadotropin-releasing hormone (GnRH). Endothelial cells of the median 
eminence use nitric oxide (NO) to promote cytoarchitectural changes in tanycytes (T). 
Th e stimulatory eff ect of NO on tanycyte plasticity involves the participation of soluble 
guanylyl cyclase (sGC) and cyclooxigenase (COX) activities. NO released by endothe-
lial cells (1) acts on tanycytes (2), causes retraction of tanycytic processes (3), which 
enables GnRH nerve terminals to directly contact the pericapillary space (4). (Courtesy 
of Dr. Vincent Prevot. Based on De Seranno et al., 2004; Prevot et al., 2007).
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in the initiation of the structural and functional remodeling of the median 
eminence and GnRH neurons at puberty and during estrus cyclicity. Some of 
these genes may act as master genes or upper-echelon genes, which coordinate 
the expression of a network of other regulatory genes and maintain the hier-
archical structure of the network. Among the candidates to function as upper-
echelon genes, the laboratory of Sergio Ojeda has identifi ed Oct-2, thyroid 
transcription factor-1 (TTF-1), and enhanced at puberty-1 (EAP-1). Oct-2 is a 
transcriptional regulator of the POU-domain family of homeobox-containing 

genes, which may regulate transforming growth factor α and SynCAM tran-
scription. Th e expression of Oct-2 increases in the hypothalamus during juve-
nile development, and the blockade of Oct-2 synthesis delays the age at fi rst 
ovulation. In contrast, sexual precocity is associated with an increased hypo-
thalamic expression of Oct-2 (Ojeda et al., 1999, 2006). TTF-1, the  second can-
didate for upper-echelon gene, is, as Oct-2, a homeobox gene. TTF-1 enhances 
the transcriptional activity of genes required for the facilitatory control of 
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Figure 2.8. Activation of endogenous NO secretion in the media eminence induces 
structural changes, allowing gonadotropin-releasing hormone (GnRH) nerve termi-
nals to form direct neurovascular junctions. Representative electron micrograph of 
GnRH-immunoreactive terminals (large arrowhead, green) in the external zone of 
the median eminence in close proximity of the fenestrated capillaries (Cap, red) of the 
portal vasculature in absence (A) or presence (B) of L-arginine, the precursor of NO. 
(A) Under basal unstimulated conditions, GnRH nerve terminals (labeled with 15 nm 
gold particles) are entirely embedded in tanycytic end feet (Tan, yellow), which prevent 
them from contacting the pericapillary space (p.s., pink) delineated by the parenchy-
matous basal lamina (white arrow). (B) GnRH nerve terminals forming neurovascular 
junctions (i.e., directly contacting the pericapillary space; white arrow) in median emi-
nence explants aft er incubation for 30 minutes with L-arginine. Very few tanycytic 
processes (yellow) remain around GnRH nerve endings that have direct access to the 
pericapillary space (black arrows), suggesting that tanycytic end feet underwent retrac-
tion. Scale bar: 0.5 μm. (Courtesy of Dr. Vincent Prevot. Based on De Seranno et al., 
2004)
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puberty, such as GnRH, erbB2, and KiSS1, and suppresses the expression of 
genes inhibitory to the pubertal process, such as the preproenkephalin gene. 
TTF-1 is expressed by GnRH neurons and tanycytes, and its expression 
increases at puberty in the hypothalamus. TTF-1 disruption is associated with 
delayed puberty, disruption of initial estrus cyclicity, and decreased repro-
ductive capacity (Ojeda et al., 2006). Th e third candidate, EAP-1, encodes a 
nuclear protein expressed in GnRH neurons and in neuronal subpopulations 
involved in the control of GnRH release, such as glutamatergic, GABAergic, 
proenkephalinergic, and KiSS1 neurons. Hypothalamic EAP-1 mRNA levels 
increase in both monkeys and rats during female puberty. As with TTF-1, 
EAP-1 enhances the transcriptional activity of genes that facilitate the initia-
tion of puberty and suppresses the expression of genes that inhibit the pubertal 
process and its knocking down in the hypothalamus delays puberty and dis-
rupts estrus cyclicity (Heger et al., 2007; Ojeda et al., 2006). Acting as upper-
echelon genes, Oct-2, TTF-1, and EAP-1 may potentially coordinate the plastic 
functional and structural neuroglial reorganization of the median eminence 
and the hypothalamus, including the reorganization of synaptic connectivity 
in the arcuate nucleus, associated with GnRH release.

BRAIN PLASTICITY AND THE CONTROL OF HORMONAL 
HOMEODYNAMICS: A RECAPITULATION

Th e literature reviewed in this chapter indicates that neuroglial and synaptic 
remodeling may participate in the regulation of hormonal release by magno-
cellular and parvocellular hypothalamic neurons. Glial plastic remodeling may 
have diff erent consequences for the activity of neurosecretory cells by aff ecting 
the release or availability of diff erent factors involved in synaptic function and 
synaptic plasticity, by modulating neuronal membrane properties and ion chan-
nels, or by regulating in an active or permissive manner the number of excitatory 
and inhibitory synaptic inputs. As we have seen, this regulation may occur at 
diff erent levels. Synaptic and glial remodeling may involve neurons participat-
ing in the circuits controlling the aff erents to neurosecretory neurons, having an 
indirect eff ect on the activity of neurosecretory neurons. Neuroglia remodeling 
may also be directly associated with neurosecretory neurons, controlling their 
activity by the regulation of the number of synaptic inputs on their somas and 
dendrites. Finally, an important site for the regulation of hormonal release is 
the axon terminal of neurosecretory neurons. Th ere, in the median eminence 
for parvocellular neurons and in the neurohypophysis for magnocellular neu-
rons, morphological reorganization of glial cells coordinated to modifi cations 
in axonal retraction and extension are coupled to the release of diff erent factors 
by glia, and may play an essential role in the regulation of hormonal release.



This page intentionally left blank 



43

Chapter 3

Hormonal Infl uences on Brain 
Plasticity: I. Melatonin, Thyroid 
Hormones, and Corticosteroids

INTRODUCTION: A LARGE VARIETY OF HORMONES REGULATE 
BRAIN PLASTICITY

In the previous chapter, I have examined examples of how brain plasticity is 
involved in the regulation of hormonal secretions. We have seen that brain 
plastic changes participate in the control of body homeodynamics by safe-
guarding an adequate hormonal equilibrium. In turn, as has already been 
mentioned in the previous two chapters, hormones contribute to the regula-
tion of brain plasticity, regulating neuronal and glial activity, and promoting 
the remodeling of several neural structures. Th is is part of the mechanisms by 
which hormones contribute to homeodynamic regulation, acting on diff erent 
body organs, including the brain, spinal cord, and peripheral nervous system. 
Th us, brain plasticity regulates the activity of endocrine glands, which in turn 
relays feedback to the brain, at least in part via hormonal signals. Th is cross 
talk is in a continuous adjustment during a person’s lifespan (see Fig. 1.2) and 
integrates the information originating from multiple endocrine glands and 
multiple brain regions. Here, and in the next two chapters, I will focus my 
scrutiny on the endocrine feedback to the central nervous system and will 
consider the hormonal signals that have been identifi ed as modulators of neu-
ronal and glial plasticity.

Hormones regulate the expression or activity of ion channels, neurotrans-
mitter receptors, cytoskeletal proteins, adhesion molecules, growth factors, 
neuromodulators, neurotransmitters, and an additional variety of molecules 
participating in neural function in the central nervous system. Consequently, 
hormones aff ect neural and glial metabolic activity, glial and neuronal prolif-
eration, cellular morphology, intercellular communication, neuronal  fi ring, 
blood fl ow, and many other aspects of nerve cell biology in the brain and 
 spinal cord. In many cases, as a result of these hormonal actions, neural  tissue 
suff ers a considerable morphological and functional transformation. Th e hor-
monally regulated plastic changes in the adult central nervous system may 
include modifi cations in microvascular density, glial and neuronal density, 
the pattern of extension and ramifi cation of neuronal and glial processes, the 
pattern of neuronal connectivity, the rate of neurogenesis and gliogenesis, and 
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functional plasticity of synapses. Th ese modifi cations have many functional 
outcomes for neuronal activity that, in turn, determine new adjustments for 
the neural control of the internal milieu and the interactions of the individ-
ual with the external environment. Hormonally regulated brain remodeling, 
therefore, results in new patterns of hormonal release and in the initiation of 
new programs for the execution of specifi c behaviors. Hormonal eff ects on 
neural plasticity also have a considerable impact on emotions, motivations, 
learning, memory, and cognition.

For certain aspects, we have considerable information on how hormones 
modulate the endogenous functional and morphological plastic capacity of 
the central nervous system. Indeed, for some hormones and for some regions 
of the central nervous system we have a notable picture of the mechanisms of 
hormonal-induced plasticity, and we know that hormones may act as permis-
sive or modulatory factors for neural mutability. However, our information is 
also very limited in many other aspects. To begin with, not all hormones have 
been examined in relation to their possible eff ects on neuronal plasticity. For 
a minor number of hormones, such as sex steroids (see Chapter 4), we have 
considerable information on their plastic eff ects in the brain and spinal cord; 
for some hormones, we have a relatively less number of studies showing their 
capacity to regulate functional and morphological plastic changes in a small 
selection of brain regions; and for a considerable number of hormones, our 
information on their possible neuroplastic activity is nonexistent. Th erefore, 
today we cannot have a detailed picture on the impact of endocrine signals 
on neural remodeling. On the other hand, only a few brain regions have been 
examined as potential targets for hormonal plastic actions. Th e hippocam-
pus is one of the brain regions that have been studied with more detail in 
this regard, given its implication in cognition and its relatively well-known 
anatomy and physiology. Other brain regions have been selected for their 
implications of hormonal eff ects on behavior, emotions, neuroendocrine reg-
ulation, reproduction, feeding, energy balance, or motor control. However, 
many regions of the brain and the spinal cord remain unexplored as targets 
for plastic actions of hormones. In spite of this fact, we know that hormonal 
actions converge and diverge within the brain to coordinate brain plasticity 
(Fig. 3.1). Th us, multiple hormones may regulate a single plastic event in a par-
ticular brain region, while a single hormone may target multiple plastic events 
in multiple brain regions. In the next sections of this chapter and the follow-
ing chapters of this book we will see numerous examples of the integration of 
convergent and divergent regulatory actions of hormones on brain plasticity 
for the control of homeodynamics. In addition, this convergent and divergent 
regulation of brain plasticity by hormones over time results in a coordinated 
regulation of metaplasticity in diff erent brain regions.

Th e neurological consequences of pathological alterations in hormonal lev-
els are an important source of information on how endocrine secretions, act-
ing directly or indirectly, may aff ect the function and plasticity of the central 
and peripheral nervous system. Transient pathological defi cits in the levels 
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of some hormones are accompanied by transient modifi cations or impair-
ments in brain function and neural plasticity. In extreme conditions, chronic 
pathological modifi cations in endocrine secretions may represent a risk factor 
for the development of neurodegenerative diseases, such as Alzheimer’s and 
Parkinson’s diseases (see Chapter 9). Th e neurological eff ects of some hor-
monal defi ciencies are well known and have been studied for a long time. For 
instance, we know that the defi ciency in the function of thyroid glands dur-
ing development causes important neurological impairments and cognitive 
defi cits. Th ere is also substantial evidence of pathological neural alterations as 
a consequence of thyroid hormone alterations in adult life. Indeed, we know 
that pathological defi cits in the levels of thyroid hormone in adults have an 
important impact on neural function and may result in cognitive defi cits and 
depressive symptoms. We are now just starting to understand the cellular and 
molecular basis for the neurological consequences of these hormonal defi cits. 
For instance, we know now that the eff ects of hypothyroidism in adult life 
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Figure 3.1. Convergent and divergent regulation of brain plasticity by endocrine sig-
nals. Th e action of multiple hormones (H1–H8) may converge in a particular region 
of the brain to regulate a single neuroplastic event (NE1). In turn, a single hormone 
(H1) may regulate a variety of neuroplastic events (NE1–NE8) in a single region or in 
multiple regions of the brain. Th e integration of the convergent and divergent hor-
monal actions over time allows for the coordination of metaplasticity between brain 
regions.
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include an impairment of hippocampal neurogenesis and hippocampal mor-
phological and functional synaptic plasticity.

Another good example of how pathological alterations in hormonal secre-
tion and signaling may aff ect neural function and plasticity is diabetes. Insulin 
defi ciency or decreased responsiveness to insulin results in degenerative 
alterations in the peripheral and central nervous system. Neurodegenerative 
alterations in the retina are common in diabetes and are associated with a 
remodeling of dendrites. Diabetes may also impact brain cognitive regions, 
such as the hippocampus, causing impairments in memory, attention, and cog-
nitive skills. Remodeling of dendrites and synapses, alterations in functional 
synaptic plasticity, and impairment of adult neurogenesis in the hippocampus 
may all be involved in the cognitive eff ects of diabetes. In addition, diabe-
tes results in plastic remodeling in other central nervous system structures, 
including the hypothalamus and the spinal cord. Insulin therapy reverses 
some of the eff ects of diabetes in the nervous system and insulin is also able to 
modulate synaptic plasticity in nondiabetic animals.

Growth hormone is also an important regulator of brain plasticity by direct 
eff ects in the brain or by modulating the plasmatic and brain levels of insulin-
like growth factor (IGF-I).

Defi cits in growth hormone with aging are associated with cognitive 
decline, and growth hormone and/or IGF-I enhance cognition and modulate 
functional synaptic plasticity, regulate dendritic morphology, increase adult 
neurogenesis, and promote remodeling of brain microvasculature. IGF-I may 
mediate eff ects of physical exercise on brain remodeling and may interact 
with estradiol in the regulation of hypothalamic plasticity associated with the 
estrus cycle.

Another hormone that may induce remodeling of brain microvasculature, 
regulate dendritic plasticity, and promote adult neurogenesis is erythropoie-
tin. Th is hormone enhances red blood cell production when oxygen levels are 
low, and recent studies have shown that it protects the brain and spinal cord 
from ischemia and other pathologies. Hormones regulating food intake and 
energy balance, such as leptin and ghrelin, in part exert their actions by pro-
moting mutability and functional synaptic plasticity in the circuits control-
ling feeding. In addition, these hormones have an impact on cognition and 
promote plasticity in brain cognitive areas, such as the hippocampus.

Brain plasticity is also associated with circadian and seasonal rhythms 
and to specifi c life cycle conditions. Melatonin is an important modulator of 
circadian rhythms that may have an impact on circadian and seasonal neu-
ral plasticity. Other hormones, such as prolactin and sex steroids, may reg-
ulate brain plasticity in relation with diff erent reproductive and life cycles. 
Glucocorticoids and gonadal hormones are potent modulators of synaptic plas-
ticity. For these hormones, we have a much better knowledge of the behavioral 
correlates of their neural plastic eff ects than for other endocrine secretions. In 
addition, their cellular and molecular mechanisms of action have been also 
studied with more detail. Stress and glucocorticoids play an important role in 
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the association of emotions with memory consolidation and produce severe 
modifi cations in the structure and function of adult neuronal networks in 
several limbic and cortical regions. Acute activation of physiological stress 
produces transient synaptic plastic modifi cations and facilitates learning and 
memory. In contrast, chronic stress and chronic high glucocorticoid levels 
cause permanent synaptic alterations, dendritic and synaptic remodeling, and 
decreased adult neurogenesis. Th ese eff ects of chronic stress and glucocorti-
coids may result in impaired neural function and memory disturbances.

Sex hormones regulate synaptic plasticity in many regions of the brain 
and spinal cord, aff ecting dendritic morphology, number of dendritic spines, 
number of synapses, extension of glial processes, adult neurogenesis, and dif-
ferent forms of functional synaptic plasticity. Compared to other hormones 
analyzed in this chapter and in Chapter 5, we understand better the plastic 
eff ects and mechanisms of action of sex hormones because more studies have 
been devoted to their analysis and in a larger variety of anatomical localiza-
tions within the central nervous system. Th erefore, the analysis will be in some 
aspects more detailed for sex hormones than for other hormones. However, 
this longer extension does not imply that sex hormones have necessarily a 
stronger impact on brain plasticity than other hormones. Certainly, sex hor-
mones have an impressive capacity to induce the remodeling of neurons and 
glial cells in a large variety of central nervous system structures and during 
diff erent phases of the life cycle. However, we ignore whether other hormones 
exert similar extensive plastic actions. My personal opinion is that we still have 
too many aspects to discover on the actions of a variety of hormones on brain 
plasticity. Indeed, Chapter 5 presents evidence indicating that hormones that 
have so far received relatively poor attention for their neural plastic eff ects, 
such as gonadotropin-releasing hormone, insulin, growth hormone, IGF-I, 
leptin and ghrelin, are in fact powerful modulators of brain remodeling.

In this chapter I will analyze the impact on brain plasticity of three non-
peptide hormones: melatonin, thyroid hormones, and glucocorticoids. Th e 
next chapter will be completely devoted to sex hormones. Th en, in Chapter 5, 
I will consider the role of several peptide hormones on brain remodeling.

HORMONES OR PARACRINE FACTORS?

Before starting our analysis on hormonal regulation of brain plasticity, there is 
an important aspect that we need to consider: the duality of several molecules 
as hormones and local factors. We will see in the following pages that sev-
eral hormones aff ecting brain plasticity are also locally produced in the cen-
tral nervous system, acting as local paracrine or autocrine factors. Examples 
include peptide hormones, such as oxytocin, corticotropin-releasing factor, 
prolactin, insulin, IGF-I, growth hormone, and erythropoietin. For some of 
these molecules, the balance between their hormonal and local eff ects var-
ies with development and with physiological conditions. For instance, dur-
ing early embryonic and postnatal development, local production of IGF-I 
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by neurons and glial cells is probably the main source of the molecule for 
neural tissue. In contrast, the expression of IGF-I is dramatically reduced in 
the central nervous system in adults (Andersson et al., 1988; Garcia-Segura 
et al., 1991b ; Rotwein et al., 1988), with the exception of the hypothalamus 
and the median eminence where IGF-I levels increase with puberty (Dueñas 
et al., 1994; Garcia-Segura et al., 1996; Miller and Gore, 2001). Th erefore, in 
adult life, IGF-I acting in the brain may predominantly be hormonal IGF-I 
that cross the blood–brain barrier (Carro et al., 2000, 2001; Torres-Aleman, 
1999; Trejo et al., 2001).

A similar situation occurs for steroid hormones that are also locally pro-
duced by the nervous system, including estradiol and progesterone. For 
instance, local production of estradiol by the embryonic mouse neocortex 
stimulates progenitor cell division in the ventricular and subventricular zones 
(Martinez-Cerdeno et al., 2006), and local production of estradiol and proges-
terone by Purkinje cells in the cerebellum of postnatal rodents contributes to 
the development of its dendritic arbor, the growth of dendritic spines, and the 
formation of synaptic contacts (Tsutsui, 2006; Tsutsui et al., 2004). In Purkinje 
cells, progesterone is synthesized from pregnenolone, which in turn is syn-
thesized from cholesterol. Th erefore, we should assume that pure paracrine 
or autocrine actions are responsible for the developmental actions of proges-
terone on Purkinje cells. Testosterone, the precursor of estradiol, may also be 
locally produced from cholesterol metabolism in the cerebral cortex and cere-
bellum of rodents and other vertebrates. Th us, the action of estradiol in these 
systems may also represent a paracrine or autocrine eff ect. Local production 
of estradiol by the neural tissue may also aff ect brain plasticity in adult life. 
In addition, estradiol acting as a hormonal signal may regulate plasticity in 
diff erent brain regions. On the other hand, there are many evidences indicat-
ing that local conversion to estradiol and dihydrotestosterone is involved in 
the neuroplastic actions of testosterone in several regions of the rodent brain 
and spinal cord. Local production of active metabolites is also essential for 
the neuroplastic eff ects of thyroid hormones. Finally, some peptide hormones 
may aff ect brain plasticity by modulating the rate of steroid synthesis in the 
brain. For instance, gonadotropin-releasing hormone may regulate synaptic 
plasticity in the hippocampus by the modulation of local estradiol synthesis 
(see Chapter 5). Although autocrine, paracrine, and hormonal actions are not 
always easy to delineate, in this and the following chapters we will mainly 
focus our analysis to the hormonal regulation of brain plasticity, either direct 
or mediated by hormone metabolites.

MELATONIN

Animal behavior and most internal physiological processes in the body are 
adapted to light/dark daily cycles, as well as to the seasonal modifi cations in 
the duration of the light and dark periods (see also Chapter 8). In vertebrates, 
a specialized endocrine organ, the pineal gland, adjusts biological rhythms 
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to changes in environmental lighting by the secretion of the hormone mela-
tonin. Melatonin secretion is regulated by information provided by the mas-
ter clock located in the suprachiasmatic nucleus of the hypothalamus, which 
receives direct information from the retina (Chang and Reppert, 2001). Th e 
suprachiasmatic nucleus expresses several clock genes that play a key role in 
the generation of circadian rhythms. Both clock gene expression and neuronal 
activity show circadian rhythms with diff erent phases among diff erent genes 
and diff erent neuronal subpopulations (Schaap et al., 2001, 2003). Th is com-
plex multioscillator system controls the rhythmic daily secretion of hormones 
by several mechanisms. Neurons in this nucleus directly project to hypotha-
lamic neurosecretory neurons to control their activity. In addition, supra-
chiasmatic neurons set the phase of clock genes expressed by neurosecretory 
cells (Kriegsfeld and Silver, 2006). Furthermore, the suprachiasmatic nucleus 
controls body rhythms via the parasympathetic and sympathetic autonomous 
nervous system. Via the sympathetic system and the superior cervical ganglia, 
the suprachiasmatic nucleus controls the release of melatonin by the pineal 
gland. Melatonin, in turn, may modulate synaptic plasticity in the suprachias-
matic nucleus, aff ecting long-term synaptic potentiation. Long-term potenti-
ation of synaptic transmission can be induced in suprachiasmatic neurons by 
high-frequency stimulation of the optic nerve. Interestingly, Kohji Fukunaga 
and colleagues have found a potent inhibitory eff ect of melatonin on this form 
of long-term potentiation. Treatment with melatonin totally prevents long-
term potentiation in the suprachiasmatic nucleus of rats without changing 
basal synaptic transmission. Th e inhibitory eff ect of melatonin on synaptic 
plasticity appears to be mediated by a decrease in Ca2+/calmodulin-dependent 
protein kinase II autophosphorylation (Fukunaga et al., 2002).

Melatonin may also be implicated in brain plastic changes associated with 
annual reproductive cycles in vertebrates. Th e most dramatic of these changes 
reported so far are those occurring in several telencephalic nuclei involved 
in song learning and song production in songbirds. Th ese nuclei show sea-
sonal plasticity in coincidence with seasonal peaks in reproductive activity 
(see Chapter 8). Th ese reversible plastic modifi cations include changes in the 
number and volume of cells in the song nuclei, which are associated with 
modifi cations in the total volume of the nuclei. Seasonal increases in gonadal 
hormones, in particular testosterone and its metabolites, which promote the 
increase in the volume of song nuclei, are the main cause of these plastic mod-
ifi cations. In addition, other factors may also aff ect the volume changes of 
song nuclei. One of these factors is melatonin, which has been shown to be 
involved in this plastic remodeling of the song system and to exert an opposite 
eff ect of testosterone in the regulation of nuclear volume. As a consequence 
of the  circadian fl uctuations in melatonin, with high levels during the dark 
phase and low levels during the light phase, the levels of the hormone also 
vary in plasma during seasons. Short days of fall and winter are associated 
with longer durations of high melatonin levels, while long days of spring and 
summer are associated with shorter durations of high melatonin secretion. 
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In addition, song nuclei showing seasonal plasticity, such as the telencephalic 
high vocal center (HVC), the lateral magnocellular nucleus of the anterior 
nidopallium, the area X, and the nucleus robustus, express melatonin recep-
tors. George E. Bentley and colleagues assessed the role of melatonin in sea-
sonal brain plasticity of European starlings. Th e songbirds were castrated to 
remove the infl uence of gonadal hormones and were exposed to diff erent pho-
toperiods. As expected, changes in photoperiod caused volumetric changes 
in the HVC. Long days were associated with an increase in the volume of 
the HVC, and melatonin administration attenuated this eff ect (Bentley et al., 
1999). Th ese fi ndings strongly suggest that melatonin is involved, by direct or 
indirect mechanisms, in the seasonal remodeling of the brain song system in 
songbirds.

Melatonin and circadian rhythms may also infl uence synaptic plasticity 
in cognitive brain regions. Th ere is evidence that an endogenous circadian 
oscillator modulates functional synaptic plasticity in the hippocampus of 
mice (Chaudhury et al., 2005). In addition, hippocampal synaptic plasticity is 
aff ected by melatonin. Mice hippocampal pyramidal neurons exposed to mel-
atonin change their excitability in response to repetitive stimulation (El-Sherif 
et al., 2003), and melatonin perfusion of rat hippocampal slices prevents the 
induction of tetanically induced long-term potentiation of synaptic transmis-
sion recorded in the CA1 dendritic layer (Collins and Davies, 1997). Th e eff ect 
of melatonin on synaptic plasticity in the hippocampus is selective for some 
specifi c circuits. Th us, in mouse hippocampus brain slices, melatonin inhibits 
long-term synaptic potentiation in the Schaff er collateral-CA1 pathway but has 
a minor eff ect on synaptic plasticity in the mossy fi ber–CA3 synapses (Ozcan 
et al., 2006). Th e regulatory actions of melatonin on hippocampal synaptic 
plasticity appear to be mediated by melatonin receptors, in particular by the 
subtype MT(2), since mice lacking melatonin MT(2) receptors show impaired 
memory and altered hippocampal long-term synaptic potentiation induced 
by theta burst stimulation (Larson et al., 2006). A role for melatonin MT(2) 
receptors in the hormonal eff ects on hippocampal synaptic plasticity is also 
suggested by the studies of Wang et al. (2005), showing that the application of 
melatonin to mice hippocampal slices produced a concentration-dependent 
inhibition of the induction of long-term potentiation, measured by stimu-
lating the Schaff er collaterals and recording the fi eld excitatory postsynaptic 
potential from the CA1 dendritic layer. In this study, the inhibitory actions of 
melatonin were prevented by the application of the melatonin MT(2) recep-
tor subtype antagonist 4-phenyl-2-propionamidotetraline or by forskolin, an 
activator of adenylyl cyclase, suggesting that melatonin may decrease synaptic 
plasticity in the hippocampus via a mechanism involving melatonin MT(2) 
receptors and the adenylyl cyclase–protein kinase A pathway. Melatonin may 
also aff ect functional synaptic plasticity in the neocortex. Intraperitoneal 
administration of melatonin in rats has been shown to prevent the induction 
of long-term potentiation in the visual cortex, determined in anesthetized 
rats by potentiating transcallosal evoked responses with a tetanizing train. 
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In parallel, intraperitoneal administration of melatonin impairs visuospatial 
performance (Soto-Moyano et al., 2006).

THYROID HORMONES

Th e central nervous system is a well-characterized target of thyroid hor-
mones. As in other tissues, local metabolism of thyroid hormones in the brain 
plays an important role in their actions. Th yroxine (T4) is metabolized in 
the brain to triiodothyronine (T3) by the type II iodothyronine deiodinase 
enzyme, which is expressed in glial cells. T3 modulates the activity of thyroid 
hormone receptors on target glial cells and neurons, aff ecting neuronal and 
glial development. In contrast, the type III iodothyronine deiodinase enzyme 
inactivates T4 and T3 by removing an iodine molecule, transforming T4 into 
3,3’,5’-triiodothyronine and T3 into 3,3’-diiodothyronine.

For many years it has been known that thyroid hormone defi ciency dur-
ing critical periods of brain development causes strong cognitive alterations. 
Th yroid hormones (thyroxine or T4; triiodothyronine or T3) play an impor-
tant role in neuronal and glial proliferation, migration, and maturation in 
the developing brain (see Chapter 6). Hypothyroidism during fetal or early 
postnatal development may result in permanent alterations of neural func-
tion, including permanent modifi cations in synaptic plasticity during adult 
life. More recently, several laboratories have assessed the eff ects of adult-onset 
thyroid hormone defi ciency for brain function and plasticity. Insuffi  ciency of 
thyroid hormones in adulthood causes alterations in learning and memory, 
psychological changes, and mood disorders (see Chapter 9).

Hypothyroidism during adult life aff ects synaptic plasticity. Adult-onset 
hypothyroidism has been reported to alter long-term synaptic potentiation 
and other forms of synaptic plasticity. For instance, adult-onset hypothy-
roidism partially blocks early long-term synaptic potentiation in the CA1 
region of the hippocampus. Furthermore, the combination of adult-onset 
hypothyroidism with stress eliminates early long-term synaptic potentia-
tion in this brain region (Gerges et al., 2001). In contrast, 6 weeks of thyroxin 
replacement therapy fully restored long-term synaptic potentiation impaired 
by hypothyroidism (Alzoubi et al., 2005). Adult-onset hypothyroidism also 
impairs posttetanic potentiation and long-term synaptic potentiation in the 
superior cervical sympathetic ganglion induced by brief high-frequency 
stimulation of the preganglionic nerve. However, adult-onset hypothyroid-
ism does not aff ect basal synaptic transmission in the superior cervical sym-
pathetic ganglion (Alzoubi et al., 2004). Similar results have been reported 
in the dorsal hippocampo-medial prefrontal cortex pathway of male rats, 
where 4 weeks of hypothyroidism did not aff ect basal synaptic transmis-
sion but signifi cantly reduced paired-pulse facilitation and long-term syn-
aptic potentiation (Sui et al., 2006). Th ese functional synaptic changes may 
be at least in part related to morphological modifi cations in the number of 
synapses, since Antonio Ruiz-Marcos, Gabriela Morreale de Escobar, and 
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their collaborators have reported that adult-onset hypothyroidism results 
in a rapid decrease in the number of dendritic spines in layer V pyramidal 
neurons of the visual cerebral cortex. Interestingly, the morphological mod-
ifi cation is reversible aft er thyroxine therapy (Ruiz-Marcos et al., 1982a,b; 
1988). Th ese fi ndings  suggest that thyroid hormones contribute to main-
tain the synaptic architecture of cortical neurons in adult life and indicate 
that changes in the plasma levels of  thyroid hormones in adult life result in 
plastic modifi cations in cortical dendritic spines. Th yroid hormone levels 
in adulthood also regulate glial plasticity. For instance, hyperthyroidism 
enhances the number and length of  cellular processes of oligodendrocytes, 
while hypothyroidism appears to delay  oligodendrocyte diff erentiation in 
adult rats (Fernandez et al., 2004a).

Several laboratories have also assessed whether adult-onset hypothyroid-
ism aff ects adult neurogenesis. Th eir fi ndings indicate that periods of hypo-
thyroidism in adult life may alter adult cell replacement. In the subventricular 
zone, thyroid hormones have been reported to aff ect proliferation and dif-
ferentiation of neural stem cells and oligodendrocyte precursor cells in adult 
rats. One study reported that hypothyroidism increases and hyperthyroidism 
decreases cell proliferation in the subventricular zone (Fernandez et al., 2004a). 
In contrast, another study reported that hypothyroidism increases the num-
ber of cells that synthesize DNA in the subventricular zone but do not reenter 
the cell cycle, and reduces neural stem proliferation and migration (Lemkine 
et al., 2005). Lynette A. Desouza, Vidita A. Vaidya, and their collaborators at 
the Tata Institute of Fundamental Research in Mumbai, India, have reported 
that adult-onset hypothyroidism causes a signifi cant decrease in the survival 
and neuronal diff erentiation of cells that incorporated the analog of thymi-
dine 5-bromo-2-deoxyuridine (used in the detection of proliferating cells) in 
the subgranular zone of the dentate gyrus. Th e eff ect was abolished by euthy-
roid status. In contrast, they observed that adult-onset hyperthyroidism did 
not infl uence hippocampal neurogenesis. Desouza et al. interpreted the lack 
of eff ect of hyperthyroidism as an indication that the eff ects of thyroid hor-
mone are optimally permissive for neurogenesis at euthyroid levels (Desouza 
et al., 2005). Similar results were obtained by Patrizia Ambrogini and her 
 collaborators at the universities of Urbino and Genova, in Italy. Th ey observed 
that hypothyroidism decreased the survival of newly generated neurons. In 
addition, neuronal diff erentiation of new neurons was delayed (Ambrogini 
et al., 2005). Furthermore, Ana Guadaño-Ferraz and her collaborators at the 
Instituto de Investigaciones Biomédicas in Madrid found that a short period 
of hypothyroidism in adult rats is able to cause a 30% reduction in the num-
ber of proliferating cells in the subgranular zone of the dentate gyrus and a 
decrease in the morphological maturation of new neurons. Chronic treatment 
of hypothyroid rats with thyroid hormones restores the number of prolifer-
ative cells and induced growth of their dendritic trees (Montero-Pedrazuela 
et al., 2006). Th ese eff ects in neurogenesis were correlated with a reversible 
depressive-like disorder. All these fi ndings suggest that thyroid hormones 
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maintain an adequate level of neurogenesis in the adult hippocampus by pro-
moting cellular proliferation, neuronal survival, and diff erentiation of newly 
generated neurons. Th e eff ect of thyroid hormones on hippocampal neuro-
genesis may be related to hormonal eff ects on spatial learning, memory, and 
depressive behavior.

STRESS, CORTICOSTEROIDS, AND BRAIN PLASTICITY

Stress has two faces: acute and chronic. Th e response to acute stress is an 
essential adaptive mechanism, fi nely tuned by evolution, for immediate physi-
ological reaction to quick adaptive changes in the external milieu. An example 
of an acute stress stimulus is the unexpected manifestation of a predator in 
the close environment. Th e acute stress response is initiated by the detection 
of the predator by the olfactory, visual, or other sensory systems. Th us, the 
brain plays a key role in the acute stress response, eliciting the activation of the 
adequate reactions, including those of the endocrine and autonomic nervous 
systems. Th e acute response to stress is associated with emotional experiences 
that will have an important impact in future brain responses, facilitating 
learning and memory consolidation. It involves a transient temporal modi-
fi cation of the interaction between the nervous system and endocrine glands, 
and its fi nalization sets the system back to equilibrium. Chronic unpredictable 
stress, in contrast, represents a very diff erent situation in which the interac-
tion between the brain and endocrine glands may not reach an adaptive equi-
librium. Social interactions (see Chapter 8) are a common source of chronic 
unpredictable stress in humans, but not the only one. Under chronic stress 
conditions, the brain may be unable to properly regulate and terminate stress 
hormone response, and the system may enter in a phase of nonadaptive, per-
manent disequilibrium that may ultimately lead to cognitive and emotional 
impairments and other brain disturbances.

Although the concept of stress is highly popular and familiar to us today, 
it is a relatively modern one. It was developed by Hans Hugo Bruno Selye, 
who originally presented it under the name of “general adaptation syndrome” 
in a short but highly infl uential paper published in Nature in 1936. When he 
was still a second-year student at the University of Prague medical school, 
Selye started to develop his ideas on the existence of universal mechanisms to 
cope with the pressures of disease and injury. He observed similar symptoms 
in patients with a variety of diseases and considered that these symptoms 
refl ected a nonspecifi c response of the body to the demands caused by the 
state of being ill. As an undergraduate student, he was not able to do much to 
develop his thoughts; however, he would come back to his ideas several years 
later, when he was doing experiments with rats at the McGill University in 
Montreal. In 1934, at the age of 28, he was trying to identify a new hormone 
by injecting ovarian extracts into rats. Th e rats developed a series of common 
symptoms aft er the injections, including an enlargement of the adrenal cor-
tex; atrophy of the thymus, spleen, and lymph nodes; and deep bleeding ulcers 
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in the lining of the stomach and duodenum. Th ese symptoms could not be 
attributed to the known sex hormones, and he believed to be in the path of 
discovery of a new ovarian hormone. However, he soon realized that extracts 
from other organs, including the placenta, pituitary, kidney, and spleen, had 
the same eff ect. Finally, he observed the same responses when injecting an 
unspecifi c agent, formalin.

By then, it was obvious that he had failed to discover a new hormone and 
that the symptoms developed by the rats in response to the injections of tissue 
extracts were due to an apparently unspecifi c reaction. What was this unspe-
cifi c reaction? It was at this moment when he connected his recent experi-
mental observations with the symptoms of patients in the Prague hospital and 
began to reconsider his earlier ideas of a stereotyped syndrome of response 
to injury refl ecting a nonspecifi c reaction of the body to damage of any kind. 
He published his ideas in 1936, in a paper entitled “A Syndrome Produced by 
Diverse Nocuous Agents” (Selye, 1936). In this paper, he introduced the con-
cept of the general adaptation syndrome, the process by which the body copes 
with a variety of “noxious agents,” what he later called stress. Selye described 
three stages of coping with stress. Th e fi rst is characterized by a “general alarm 
reaction” or preparation for the response. It is the moment to quickly decide: 
fi ght or fl ight? Th e second stage is a phase of adaptation, when a resistance to 
the stress is built. A third stage appears when the duration of the stress is suf-
fi ciently long. Th en the body eventually enters a stage of exhaustion that may 
contribute to the development of new diseases. During the next years, Selye 
was able to identify the hypothalamus–pituitary–adrenal system as being 
responsible for the stress response, providing a biological and scientifi c basis 
for the general adaptation syndrome.

Selye was infl uenced by Walter Bradford Cannon, who, as mentioned in 
Chapter 1, introduced the concept of homeostasis (Cannon, 1929). Cannon 
also coined the term “fi ght-or-fl ight response” to refer to the emergency 
response of an animal when strongly aroused, which has many similarities to 
the general alarm reaction of Selye. Another important infl uence was that of 
Claude Bernard, who introduced the concept of “internal milieu” (Bernard, 
1878, 1879). Homeostasis is the process of maintaining the internal body 
environment or internal milieu in a steady state (see Chapter 1 for the diff er-
ences between homeostasis and homeodynamics). Th e general alarm reaction 
defi ned by Selye is, in its acute form, a homeostatic response. Th e brain initi-
ates this response and receives the feedback from the adrenal glands. During 
this process, the brain alters the secretion of stress hormones, and these hor-
mones, in turn, exert severe modifi cations in the structure and function of 
neuronal networks in several limbic and cortical regions that are involved in 
the generation, maintenance, and termination of the stress response. In addi-
tion, these regions also play an important role in the association of emotions 
with memory consolidation.

Another important concept for understanding the mutual infl uence of 
brain plasticity and hormones, not only stress hormones, is the concept of 
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allostasis (McEwen, 2002, 2008; McEwen and Wingfi eld, 2003). Th is concept 
was introduced by Peter Sterling and Joseph Eyer (Sterling and Eyer, 1988) to 
refer to the maintenance of stability through change. Th is means that many 
body systems have to change in response to and in prediction of the chang-
ing conditions of daily life to maintain stable body function (Schulkin, 2003; 
Sterling, 2004). Th ese systems include the brain, the endocrine system, auto-
nomic nervous system, and immune system. We may then consider brain plas-
ticity as one of the allostatic responses that maintain stable body function. In 
this context, we may consider brain remodeling in response to acute actions of 
glucocorticoids as an example of allostatic response. Glucocorticoids exert a 
feedback action in the brain to restore physiological and behavioral homeody-
namics aft er exposure to acute stress (de Kloet et al., 2005). However, chronic 
exposure to glucocorticoids may exceed the capacity of the plastic response of 
the brain to respond to allostatic demands. We will be then facing an exam-
ple of what is called “allostatic load,” which may result in the development of 
pathological alterations.

Th e action of corticosteroids in the brain is mediated by two diff erent 
receptors: the type 1 or mineralocorticoid receptors, of high affi  nity, and the 
type 2 or glucocorticoid receptors, of lower affi  nity. Both receptor types are 
expressed in the limbic neuronal networks involved in the stress response. 
Stress and glucocorticoids generate plastic reorganization of these circuits, an 
eff ect that is linked to further modifi cations in neuroendocrine regulation. 
Acute activation of physiological stress systems produces a transient synaptic 
reorganization and facilitates learning and memory consolidation, and may 
be considered an allostatic response. In contrast, chronic exposure to stress or 
glucocorticoids induces permanent synaptic alterations that may be involved 
in the transition from normal vigilance responses to pathological anxiety and 
may fi nally result in neuronal atrophy and cell loss, impaired neural function, 
and memory disturbances. Furthermore, the long-term brain remodeling 
induced by chronic stress may trigger or exacerbate neuropsychiatric disor-
ders, including schizophrenia, depression, and anxiety-related syndromes 
such as panic and posttraumatic stress disorder (see also Chapters 6 and 9). 
Glucocorticoid and mineralocorticoid receptors have opposite roles on the 
regulation of brain modifi cations induced by stress. While the sustained acti-
vation of glucocorticoid receptors may result in brain functional impairment, 
mineralocorticoid receptors appear to be neuroprotective. Mineralocorticoid 
receptors are important for the survival of hippocampal granule neurons in 
rodents, while the activation of glucocorticoid receptors in the absence of min-
eralocorticoid receptor activation may induce dendritic atrophy and impair-
ments of synaptic plasticity (Sousa and Almeida, 2002; Sousa et al., 2008). 
Th us, mice over-expressing mineralocorticoid receptors in the forebrain show 
reduced neuronal death aft er transient cerebral global ischemia induced by 
bilateral common carotid artery occlusion. In addition, these animals have 
better spatial memory retention and reduced anxiety compared to normal 
mice (Lai et al., 2007).
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One of the brain regions that are a target for corticosteroids is the hippo-
campal formation, and an important aspect of the hippocampal plasticity that 
is aff ected by these hormones is the generation of new granule neurons during 
adult life. Stress decreases adult hippocampal neurogenesis and the genera-
tion of new granule neurons (Darnaudery et al., 2006; Gould et al., 1992, 1997; 
Mirescu et al., 2004; Pham et al., 2003; Tanapat et al., 2001); glucocorticoids 
seem to be involved in this eff ect of stress. Indeed, adrenalectomy increases, 
while administration of corticosterone decreases, hippocampal neurogenesis 
(Mirescu and Gould, 2006). Once more, the eff ect of glucocorticoid receptors 
and mineralocorticoid receptors appear to be diff erent, since the activation of 
mineralocorticoid receptors promotes the survival of newly generated granule 
neurons (Sousa and Almeida, 2002). Th e eff ect of glucocorticoids and stress on 
hippocampal neurogenesis has been observed in a variety of species, such as 
the mouse, rat, tree shrew, and marmoset; it has been detected aft er diff erent 
modalities of stress paradigms; it is induced by both acute and chronic stress; 
and it occurs in both young and adult animals (Mirescu and Gould, 2006). 
Th erefore, decreased hippocampal neurogenesis seems to be a generalized 
response to stress and glucocorticoids. Depending on the stress paradigm, the 
eff ect on neurogenesis may be transient or permanent. Transient changes on 
hippocampal neurogenesis may represent an adaptive response to stress and 
glucocorticoids, although we have not yet obtained a clear understanding of 
the signifi cance of these changes. Permanent changes in neurogenesis may 
cause a reduction in the total number of granule neurons (Pham et al., 2003) 
and may impair hippocampal function. Furthermore, chronic glucocorticoid 
exposure may aff ect the adequate balance between addition and removal of 
new hippocampal neurons, which is essential for spatial learning (Dupret 
et al., 2007).

In addition to aff ecting the generation of new neurons, stress and glucocor-
ticoids also cause plastic reorganization of synaptic circuits. Stress or gluco-
corticoid administration to rats causes the reorganization of dendrites in the 
medial prefrontal cortex, the hippocampus, and the amygdala. Th e amygdala 
is a key component in the neuronal network that coordinates stress responses: 
it integrates information from diff erent brain regions involved in the hor-
monal, behavioral, and autonomic components of the stress response, and 
regulates the activity of these brain regions. Th e amygdala is involved in the 
eff ects of stress on emotions, aff ective states, and memory-related processes, 
and shows plastic synaptic changes associated with stress. Dendritic reor-
ganization aft er repeated stress has been detected in the basolateral nucleus 
of the amygdala. Th us, 10 days of immobilization stress causes a permanent 
hypertrophy of dendritic trees in pyramidal-like and stellate neurons of this 
nucleus, resulting in an increase in the length and branching of dendrites 
(Vyas et al., 2002, 2004). Acute corticosterone treatment produces similar 
eff ects to chronic stress, inducing dendritic hypertrophy in the basolateral 
amygdala and heightened anxiety (Mitra and Sapolsky, 2008). Th e remodel-
ing of dendrites in the amygdala may be related to the eff ects of chronic stress 
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and chronic glucocorticoids on the control of fear and anxiety responses, and 
modifi cations in the volume of the basolateral amygdala in mice are asso-
ciated with diff erences in fear conditioning and glucocorticoid responses to 
stress (Yang et al., 2008).

Repeated stress or repeated glucocorticoid administration also results in 
the remodeling of dendrites in the anterior cingulate and prelimbic cortical 
areas of the rat prefrontal cortex. Th e remodeling aff ects pyramidal neurons 
from cortical layers II/III and, in contrast to what has been observed in the 
amygdala, basically consists of a retraction of the apical dendritic tree (Cook 
and Wellman, 2004; Liston et al., 2006; Radley et al., 2004; Wellman, 2001). 
Apical dendritic length and spine density in apical dendrites are signifi cantly 
reduced by stress in cortical neurons (Liston et al., 2006; Radley et al., 2005; 
Radley and Morrison, 2005). In addition, Radley and collaborators have pro-
vided evidence that repetitive stress may result in a failure of dendritic spines 
to mature and stabilize in the rat medial prefrontal cortex (Radley et al., 2008). 
Th e changes in dendritic structure in the prefrontal cortex are reversible aft er 
a period of absence of stress (Radley et al., 2005; Radley and Morrison, 2005). 
Reversible changes in synaptic plasticity in the medial prefrontal cortex may 
contribute to the adaptive homeodynamic response to stress. However, pro-
longed stress and prolonged imbalances in the corticosteroid environment 
may result in permanent alterations in synaptic plasticity and neuronal atro-
phy linked to cognitive impairments (Cerqueira et al., 2005, 2007).

Similar stress-associated dendritic remodeling has been observed in the rat 
hippocampus. Repeated stress or chronic administration of glucocorticoids 
results in remodeling of the dendritic arbor of CA3 pyramidal neurons. As 
in the medial prefrontal cortex, the remodeling is characterized by a decrease 
in the number of dendritic branches and the retraction of apical dendrites, 
which are the targets of mossy fi ber projections (Magariños and McEwen, 
1995; McKittrick et al., 2000; Sousa et al., 2000; Watanabe et al., 1992; Woolley 
et al., 1990b). Studies by electron microscopy have revealed that these den-
dritic changes aft er repeated stress are associated with a depletion of synaptic 
vesicles in mossy fi ber synapses. Th is depletion of synaptic vesicles is accom-
panied by an increase in the area of the terminal occupied by mitochondrial 
profi les, changes that have been interpreted as refl ecting an enhancement of 
the function of mossy fi ber synapses (Magariños et al., 1997). In addition, 
repeated stress results in a decrease in the number of dendritic spines and 
axodendritic synapses on CA3 pyramidal neurons, although complex spines 
are unaff ected (Magariños et al., 1997; Sandi et al., 2003; Sousa et al., 2000; 
Stewart et al., 2005). Chronic corticosterone treatment also reduces the num-
ber of CA3 synapses (Tata et al., 2006), while chronic restraint stress results 
in a signifi cant increase in postsynaptic density surface area and postsyn-
aptic density volume in axospinous synapses in CA1 stratum lacunosum-
moleculare (Donohue et al., 2006).

Several mechanisms may mediate the eff ects of glucocorticoids on den-
dritic and synaptic remodeling in the cortex and hippocampus and may 
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involve the participation of excitatory amino acids, changes in intracellular 
calcium levels, expression of neurotrophins, and cytoskeletal remodeling. For 
instance, stress is associated with an increase in glutamate neurotransmis-
sion in rodents, and a sustained exposure of neurons to glutamate may result 
in the sustained activation of extracellular regulated kinase (ERK) signal-
ing. Interestingly, repeated stress induced a prominent increase in the phos-
phorylation of ERK1/2 in the apical dendrites of pyramidal neurons in the 
cortical areas showing dendritic remodeling (Kuipers et al., 2003; Trentani 
et al., 2002). Th e endocannabinoid system, which regulates glutamateric neu-
rotransmission and short- and long-term synaptic plasticity in diverse brain 
regions, has been proposed to be an important mediator of the eff ect of stress 
on emotional responses (Viveros et al., 2007) and may mediate the eff ect of 
stress hormones on synaptic plasticity.

Another molecule that may play an important role in synaptic remodeling 
associated with stress is tissue plasminogen activator, a serine protease that 
appears to be involved in tissue remodeling, neuronal plasticity, and learning. 
Tissue plasminogen activator is present in brain structures involved in the 
stress response, including the hippocampus, the amygdala, and the hypothal-
amus. Tissue plasminogen activator is upregulated in the central and medial 
amygdala by acute restraint stress, and this is associated with neuronal remod-
eling and anxiety behavior. Th e inhibition of the activity of tissue plasmino-
gen activator, or the disruption of its gene, inhibits synaptic remodeling and 
anxiety behavior in response to stress (Bennur et al., 2007; Matys et al., 2004; 
Pawlak et al., 2003). Disruptions of the tissue plasminogen activator gene, or 
of the plasminogen gene, also prevent the modifi cations in synaptic plasticity 
in the hippocampus induced by chronic stress (Pawlak et al., 2005).

Th e facilitation of synaptic remodeling by tissue plasminogen activator is 
probably caused, at least in part, by modifi cations in cell adhesion; other mol-
ecules may participate in this process. Neuronal cell adhesion molecules of the 
immunoglobulin superfamily regulate cell-to-cell interactions in the brain 
and are also important participants in the plastic brain remodeling associated 
with stress. Carmen Sandi’s group has provided considerable and convincing 
evidence of the involvement of the neural cell adhesion molecule (N-CAM) 
in the plastic remodeling induced by stress in the brain. As mentioned in 
Chapter 2, N-CAM may be polysialylated. Th e polysialylated form of NCAM 
(PSA-N-CAM) may confer a reduced stability of cellular interactions, allowing 
synaptic remodeling and neuritic growth. High levels of PSA-N-CAM expres-
sion are observed in brain areas with a high degree of structural remodel-
ing, such as the hippocampus, the olfactory bulb, or the hypothalamus. Brain 
lesions may induce the expression of PSA-N-CAM in what is considered an 
endogenous mechanism to facilitate repair or tissue remodeling aft er injury. 
Chronic stress also results in the induction of PSA-N-CAM expression in 
some brain areas, an eff ect that may be considered a response to compensate 
for the neural damage induced by the stress and that may participate in the 
remodeling of brain tissue aft er stress injury. Sandi and her colleagues have 
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shown that PSA-N-CAM is necessary for the plastic synaptic events under-
lying the learning process (Venero et al., 2006), and N-CAM-knockout mice 
or mice defi cient in polysialyltransferase-1, an enzyme which attaches PSA 
to N-CAM, show impaired long-term synaptic potentiation in the CA1 and 
CA3 hippocampal subregions (Sandi, 2004) and hippocampal-related learn-
ing and memory impairments (Markram et al., 2007). Repeated exposure to 
stress induces a long-lasting but transient increase in PSA-N-CAM expression 
in the dentate gyrus of the hippocampus (Sandi et al., 2001). Chronic stress 
has similar eff ects on PSA-N-CAM expression in the piriform cortex (Nacher 
et al., 2004). However, PSA-N-CAM expression is reduced in the amygdaloid 
complex aft er chronic restrain stress (Cordero et al., 2005). Th us, changes in 
PSA-N-CAM may be involved in the plastic dendritic remodeling regulated by 
stress and glucocorticoids. However, the precise role of glucocorticoids in the 
stress-induced changes in PSA-N-CAM is still unclear. Glucocorticoids may 
indeed regulate PSA-N-CAM expression in the brain; however, oral adminis-
tration of corticosterone to rats for 21 days has the opposite eff ect of chronic 
restraint stress and results in a reduction in PSA-N-CAM-immunoreactive 
cells in the piriform cortex and dentate gyrus (Nacher et al., 2004).

An important consideration about the mechanisms of synaptic plasticity 
mediating the eff ects of stress and glucocorticoids is that the plastic changes 
present diff erent characteristics depending on the brain region. As we have 
seen before, in the medial prefrontal cortex and the hippocampus, stress is 
associated with a retraction of apical dendrites in specifi c neuronal popula-
tions. In the amygdala, in contrast, stress increases the growth and branching 
of dendrites. Th is suggests that stress, other than aff ecting basic parameters 
of dendritic architecture and synaptic remodeling in an unspecifi c manner, 
induces a specifi c and selective functional modifi cation of the diff erent syn-
aptic networks involved in the stress response. A similar conclusion may be 
reached when analyzing functional synaptic plasticity associated with stress. 
Indeed, the morphological remodeling of dendrites and synapses induced by 
stress is accompanied by functional modifi cations in synaptic transmission. 
Several studies have shown that acute and chronic stress and corticosterone 
impair long-term synaptic potentiation (Diamond et al., 1992; Foy et al., 1987; 
Kim et al., 1996; Mesches et al., 1999; Pavlides et al., 1996; Shors et al., 1989) 
and facilitate long-term synaptic depression (Kim et al., 1996; Pavlides et al., 
1995; Xu et al., 1997, 1998). As we have seen in Chapter 1, long-term potenti-
ation and long-term depression are functional modifi cations of synapses that 
are believed to be involved in the storage mechanisms of memory. Th erefore, 
it has been argued that stress may aff ect memory consolidation by aff ecting 
these forms of functional synaptic plasticity (Kim et al., 2006).

An important aspect that needs further clarifi cation is the precise role of 
stress hormones and glucocorticoid and mineralocorticoid receptors on the 
changes in long-term synaptic potentiation induced by stress. For instance, 
rats exposed to an acute stress by placing them in an elevated platform show 
increased plasma levels of corticosterone, an increased baseline activity in 
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the amygdala, and an inhibition of amygdalar long-term synaptic poten-
tiation in response to stimulation of the entorhinal cortex. An increased 
baseline activity was also detected in the amygdala aft er corticosterone 
administration, suggesting that acute changes in corticosterone levels medi-
ate the eff ects of acute stress on amygdala activity. However, corticosterone 
did not induce changes in long-term synaptic potentiation in the amygdala, 
indicating that inhibition of amygdalar long-term potentiation by acute 
stress may not be exclusively explained by changes in corticosterone levels 
in plasma (Kavushansky et al., 2006). Glucocorticoid and mineralocorticoid 
receptors also have complex roles in the eff ects of stress on functional syn-
aptic plasticity in the  hippocampus. Th us, corticosterone administration 
impairs long-term synaptic potentiation in the hippocampus (Diamond 
et al., 1992; Pavlides et al., 1996), and serum corticosterone concentra-
tion has an inverted U-shaped correlation with primed burst potentiation, 
a long-lasting increase in the amplitude of the CA1 population spike, and 
excitatory postsynaptic potential slope in response to the stimulation of the 
hippocampal commissure (Alfarez et al., 2002). Primed burst potentiation 
showed a peak at intermediate serum levels (11–20 μg/dL) of corticosterone 
and was impaired at low and high corticosterone levels. Corticosterone and 
the glucocorticoid receptor agonist dexamethasone increase long-term syn-
aptic depression in CA1 elicited by the activation of group 1 metabotropic 
glutamate receptors, by a mechanism involving local glucocorticoid recep-
tors (Chaouloff  et al., 2008). Accordingly, the glucocorticoid receptor antag-
onist RU38486 prevents the induction of long-term synaptic depression and 
the impairment of long-term synaptic potentiation in hippocampal slices 
from rats subjected to inescapable behavioral stress, induced by the place-
ment of the animals on an elevated platform for 30 minutes (Xu et al., 1998). 
Th e administration of RU38486, before the exposure to acute swim stress, 
also facilitates synaptic long-term potentiation aft er hippocampal perforant 
path stimulation. In contrast, the injection of spironolactone, an antagonist 
of mineralocorticoid receptors, before the acute swim stress enables only 
short-term synaptic potentiation that fi nally reverses to long-term synaptic 
depression (Ahmed et al., 2006). Th erefore, glucocorticoid receptors appear 
to impair long-term synaptic potentiation and promote long-term synaptic 
depression in the hippocampus, while mineralocorticoid receptors have the 
opposite eff ects. Furthermore, the blockade of both mineralocorticoid and 
glucocorticoid receptors results in the impairment of long-term synaptic 
potentiation (Avital et al., 2006). Th erefore, both mineralocorticoid and glu-
cocorticoid receptors appear to be involved in the eff ect of corticosteroids 
on functional synaptic plastic changes induced by acute stress in the hippo-
campus, although with opposite roles.

Th e relationship of stress and long-term synaptic potentiation is therefore 
complicated by the diff erent eff ects of mineralocorticoid and glucocorticoid 
receptors. Another source of complexity is that diff erent forms of stress may 
have a diff erent eff ect on long-term synaptic potentiation in the same brain 
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area. For instance, swim stress may decrease long-term potentiation in the 
basolateral amygdala (Kavushansky et al., 2006), while acute predator stress 
enhances long-term potentiation in this structure (Vouimba et al., 2006). 
In particular, chronic or repetitive stress may have very diff erent eff ects on 
functional synaptic plasticity than acute stress. While acute swim stress may 
enhance long-term potentiation in the hippocampus and facilitate memory 
consolidation (Ahmed et al., 2006), chronic stress impairs long-term potenti-
ation and decreases memory consolidation. For instance, long-term potentia-
tion is markedly impaired in hippocampal explants taken from rats exposed to 
uncontrollable or repetitive stress (Foy et al., 1987; Shors et al., 1989). Chronic 
stress also produces suppression in long-term potentiation in the hippocam-
pus in vivo (Pavlides et al., 2002).

Another factor of complexity in the relationship of stress and long-term 
synaptic potentiation is that the same form of stress does not aff ect synap-
tic plasticity in the same way in all brain structures involved in the stress 
response. For instance, rats subjected to chronic restraint stress showed a sig-
nifi cantly lower long-term potentiation in the medial perforant input to the 
dentate gyrus and also in the commissural/associational input to the CA3, but 
not in the mossy fi ber input to CA3 (Pavlides et al., 2002). Th erefore, diff erent 
hippocampal regions respond with a diff erent synaptic plastic response to the 
same form of stress. Regional diff erences in the response to stress have also 
been detected with acute predator stress. Vouimba et al. (2006) have shown 
that acute predator stress blocks long-term potentiation in the CA1 region 
of the hippocampus and enhances long-term potentiation in the basolateral 
nucleus of the amygdala. Th us, the same form of acute stress has opposite 
eff ects in these two brain regions. Another example of regional diff erences in 
synaptic plasticity in response to stress was provided by Kavushansky et al. 
(2006), who assessed the eff ect of controllable and uncontrollable stress on 
long-term synaptic potentiation using the Morris water maze test as a source 
of stress. Th e Morris water maze test is commonly used to assess spatial mem-
ory, and the animals should locate a hidden underwater platform using spa-
tial cues. However, the test per se supposes a stressful experience for rats and 
Kavushansky and collaborators assessed the eff ect of this form of stress. Th ey 
trained one group of rats to locate a visible platform and a second group to 
locate an invisible platform. In both cases, the stress was controllable for the 
animals by escaping from the water when they found the platform. A third 
group of animals were introduced in the water for the same time as the aver-
age exposure of the fi rst group, but these animals did not have a platform to 
escape from the water. Both controllable and uncontrollable stress in this par-
adigm impaired long-term potentiation in hippocampal CA1, although the 
eff ect was stronger with the uncontrollable stress. In contrast, the uncontrol-
lable stress enhanced long-term potentiation in the dentate gyrus, and both 
forms of stress decreased long-term potentiation in the amygdala. Th us, in 
this case the dentate gyrus shows a diff erent plastic response to stress than the 
amygdala and CA1.
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Th e diverse regulation of long-term synaptic potentiation in response to 
the same form of stress in diff erent brain regions indicates that stress is not 
aff ecting the basic mechanisms of synaptic plasticity in an unspecifi c way. On 
the contrary, it seems that the brain responds to stress by coordinated, and 
in some cases, opposite changes in functional synaptic plasticity in diff erent 
brain areas involved in the stress response. Th is is also valid for other manifes-
tations of synaptic plasticity. We have seen before that morphological synaptic 
remodeling also shows regional diff erences in response to stress. For instance, 
chronic stress induces hypertrophy of dendritic trees in the basolateral amyg-
dala, and dendritic pruning in the prefrontal cortex and hippocampus. In 
addition, a corticosteroid imbalance induces neuronal loss and an atrophy of 
layer II of the infralimbic, prelimbic, and cingulate regions of the prefrontal 
cortex but does not induce morphological alterations in the retrosplenial or 
motor cortices (Cerqueira et al., 2005). Th erefore, both functional synaptic 
plasticity and morphological remodeling regulated by stress and corticos-
teroids show regional diff erences, further supporting the concept that stress 
is causing an adaptive selective reorganization of functional interconnected 
synaptic circuits rather than aff ecting the same molecular, electrophysiologi-
cal, and morphological synaptic properties in all brain regions (Fig. 3.2).

In addition, within a given brain region, stress and corticosteroids may 
have a diff erent eff ect on diff erent mechanisms of synaptic plasticity. Stress 
and corticosteroids regulate long-term synaptic plasticity by aff ecting the lev-
els of serotonergic receptor activation and the expression of growth factors, 
such as brain-derived neurotrophic factor, or of other key proteins involved 
in the regulation of synaptic plasticity, such as calmodulin and calmodulin-
dependent protein kinase II. Stress also aff ects the activation/phosphorylation 
levels of kinases involved in the regulation of synaptic plasticity, such as phos-
phatidylinositol 3-kinase, calmodulin-dependent protein kinase II, mitogen-
activated protein kinase 2, and p38 mitogen-activated protein kinase; as well 
as the phosphorylation of cAMP response element-binding protein or the lev-
els of expression or activation of phosphatases, such as calcineurin (Ahmed 
et al., 2006; Aleisa et al., 2006; Yang et al., 2004; Yang et al., 2008). Stress 
and corticosteroids may have diff erent eff ects on these molecular mechanisms 
in diff erent brain regions and within the same brain region. For instance, 
corticosterone has opposite eff ects on the regulation of long-term synaptic 
plasticity mediated by N-methyl-d-aspartate (NMDA) receptors than in the 
long-term synaptic plasticity mediated by voltage-dependent calcium chan-
nels (Krugers et al., 2005). Th e fi nal plastic response to stress and corticoster-
oids probably integrates actions of diff erent mechanisms of plasticity and at 
diff erent brain levels. Furthermore, stress aff ects plasticity in the connections 
between diff erent brain regions, such as the hippocampus and the prefron-
tal cortex (Cerqueira et al., 2007); plastic changes in one brain region may 
determine the nature of the plastic modifi cations in another brain area. For 
instance, the activation of the basolateral amygdala seems to be essential for 
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modifi cations in the hippocampus. Finally, it is important to consider that the 
eff ect of corticosterone on functional synaptic plasticity depends on the social 
and environmental conditions; is infl uenced by previous life events, such as 
previous stress or maternal care (Alfarez et al., 2008; Champagne et al., 2008; 
Joëls and Krugers, 2007); and is also infl uenced by other interoceptive signals, 
including other hormones and cytokines from the immune system (McEwen, 
2007). Th us, the fi nal plastic modifi cations in diff erent brain regions represent 
an integrated brain response to stress, depending on the previous history and 
the present biological context. In other words: stress and corticosteroids regu-
late metaplasticity (Fig. 3.2; see also Chapter 1).
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Figure 3.2. Corticosteroids and stress regulate metaplasticity in the brain. In diff er-
ent brain regions (A, B, C) corticosteroids may facilitate (black and white up arrows), 
impair (black and white down arrows), or have no eff ect (black and white horizontal 
arrows) on diff erent forms (black vs. white arrows) of morphological and functional 
synaptic plasticity. Within a given brain region, corticosteroids may have diff er-
ent eff ects on diff erent mechanisms of synaptic plasticity (black vs. white arrows). 
Corticosteroids may also aff ect plasticity in the connections between diff erent brain 
regions (1, 2, 3); plastic changes regulated by corticosteroids in one brain region may 
determine the nature of the plastic modifi cations in another brain area. In addition, 
the eff ect of corticosteroids on synaptic plasticity depends on the memory of previous 
life events and on the updated information on the environmental and physiologi-
cal context that the brain receives via exteroceptive signals and other interoceptive 
inputs, including other hormonal signals. Th erefore, corticosteroids regulate meta-
plastic changes in brain plasticity in adaptation to the homeodynamic needs.
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Chapter 4

Hormonal Infl uences on Brain 
Plasticity: II. Sex Hormones

INTRODUCTION: SEX HORMONES AND BRAIN REMODELING

Th e hormones produced by the ovaries and the testes exert a variety of regula-
tory eff ects in the nervous system. Gonadal hormones infl uence the develop-
ment of numerous regions of the brain and spinal cord, aff ecting the survival 
and diff erentiation of specifi c neuronal and glial populations, as well as the 
establishment of synaptic connectivity. Th ese hormonal actions result in per-
manent changes in the structure and function of the central nervous system, 
which are the foundation of sex diff erences in neuroendocrine regulation and 
behavior (see Chapter 6). Gonadal hormones also regulate the expression of 
morphological and functional synaptic and glial plasticity in specifi c regions 
of the brain and spinal cord during puberty (see Chapter 7) and adulthood 
(see Chapter 8). Eff ects of gonadal hormones on synaptic remodeling are well 
documented in neural circuits that are involved in the control of reproductive 
and neuroendocrine events. Indeed, there is abundant literature available on 
the eff ects of gonadal hormones on the synaptic circuits that control the inner-
vation of muscles involved in copulation and on the brain centers that control 
reproductive behavior. However, gonadal hormones also infl uence synaptic 
remodeling in brain regions involved in aff ection and cognition, such as the 
amygdala, the hippocampal formation, and the cerebral neocortex. Gonadal 
hormones also have an important impact on brain mutability by the modula-
tion of cell replacement, including the regulation of neuron generation in the 
hippocampus. I will review in this chapter these actions of gonadal hormones 
on synaptic plasticity and cellular replacement, and the potential mechanisms 
involved in the hormonal actions. I will fi rst examine the actions of ovar-
ian hormones, estradiol and progesterone, on neural plasticity and then ana-
lyze the eff ects of testicular androgens. Although this chapter is devoted to 
gonadal hormones, for convenience I will discuss the neuroplastic eff ects of 
the adrenal androgen dehydroepiandrosterone (DHEA), when analyzing the 
eff ects of testicular androgens.

THE FIRST EVIDENCE

Th e fi rst direct evidence demonstrating that gonadal hormones regulate 
synaptic plasticity in the adult central nervous system was obtained by two 
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Japanese investigators, Akira Matsumoto and Yasumasa Arai, from the 
Juntendo University School of Medicine in Tokyo. Th eir seminal paper, pub-
lished in 1979, undoubtedly showed that estrogen promotes synaptic reinner-
vation in a deaff erented brain area. Th ey surgically isolated in vivo the arcuate 
nucleus of ovariectomized rats, using a Halasz knife. Th is procedure elimi-
nates the synaptic aff erents and resulted in an approximately 50% decrease in 
the number of axodendritic synapses. Th e treatment with estradiol benzoate 
for 3 weeks from the day of surgery restored the axodendritic synaptic popula-
tion (Matsumoto and Arai, 1979). Th is very early observation was highly revo-
lutionary in its time and is still extremely relevant today to interpret estrogen 
eff ects in damaged brain tissue and in the aging brain. Matsumoto and Arai 
also discovered the existence of a sexual dimorphism in the number of syn-
aptic contacts in the arcuate nucleus (Matsumoto and Arai, 1980) and the 
possibility of altering synaptic development by neonatal estrogen treatment 
(Arai and Matsumoto, 1978). When Matsumoto and Arai published their pio-
neering fi ndings, Dominique Toran-Allerand, from Columbia University in 
New York, had already reported an increased neuritic growth in explant fetal 
hypothalamic cultures incubated with estradiol (Toran-Allerand, 1976). Th ese 
early observations by Toran-Allerand, highly ahead of her time, as many other 
of her discoveries, suggested that the ovarian hormone was able to promote 
axonal growth during development in specifi c brain areas. Yet, the fi ndings of 
Matsumoto and Arai still added another crucial step in the understanding of 
how sex hormones act in the brain, showing that estrogen is also able to pro-
mote axonal growth, and therefore regulate plasticity, in the adult brain.

Evidence for plasticity in the arcuate nucleus regulated by estrogen was also 
obtained by James R. Brawer, from the McGill University School of Medicine, 
and his collaborators. Th ey reported in 1978 that the injection of high doses 
of estradiol valerate to young adult cyclic female rats resulted in persistent 
vaginal estrus, small polyfollicular ovaries, and pathological changes in the 
hypothalamic arcuate nucleus, which showed numerous reactive microglia, 
reactive astrocytes, and degenerating elements in the neuropil (Brawer et al., 
1978). In 1982, two investigators from Argentina, Hugo F. Carrer and Agustín 
Aoki, working at the Instituto de Investigación Médica Mercedes y Martín 
Ferreyra and the center for electron microscopy of the Universidad Nacional 
de Córdoba, reported dramatic ultrastructural changes induced by estrogen 
in another hypothalamic region: the ventromedial hypothalamic nucleus. 
Th ey injected estradiol (100 μg estradiol benzoate/kg body weight) to ovariec-
tomized rats and studied the eff ect on the ventromedial hypothalamic nucleus 
using light and electron microscopy. Ventromedial neurons in animals treated 
with estradiol showed enlarged cell and nuclear volume, a marked increase 
in rough endoplasmic reticulum, enlarged Golgi apparatus, presence of pleo-
morphic mitochondria, and condensation of nucleolar material (Carrer and 
Aoki, 1982). All these modifi cations were indicative of an increased metabolic 
activity. Th ese fi ndings extended the results of a previous electron microscopic 
analysis from the laboratory of Donald W. Pfaff , at Rockefeller University, that 
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had already revealed that estradiol injected into ovariectomized rats was able 
to induce stacking of the rough endoplasmic reticulum and increases in the 
number of dense-cored vesicles in ventromedial neurons (Cohen and Pfaff , 
1981). However, Carrer and Aoki made a further decisive discovery—they 
found that the synaptic contacts per unit area were increased aft er estrogen 
treatment in the ventrolateral division of the nucleus (Carrer and Aoki, 1982). 
Th ese fi ndings suggested that physiological variations of plasma estrogen lev-
els could induce metabolic activation linked to synaptic remodeling of specifi c 
hypothalamic neuronal populations.

Inspired by these previous studies, Frederick Naft olin, at the University 
of Geneva (on a sabbatical leave from Yale University), performed similar 
analyses by electron microscopy in the arcuate nucleus. Naft olin was fasci-
nated by some specialized modifi cations of the endoplasmic reticulum that 
are observed in neurons in the arcuate nucleus and other brain areas such as 
the ventromedial hypothalamic nucleus (Cohen and Pfaff , 1981). Th ese spe-
cializations of the endoplasmic reticulum consist of concentric sheets of cis-
terna and are known as whorl bodies. Previous studies had shown that whorl 
bodies in arcuate neurons were responsive to the endocrine conditions and 
that their number and size were aff ected by gonadal hormones. For instance, 
their number markedly increases aft er a gonadectomy. Naft olin observed that 
arcuate neuronal profi les, which contain whorl bodies, received a signifi cantly 
increased number of axosomatic presynaptic terminals (Naft olin et al., 1985). 
Since neuronal profi les with whorl bodies were much less numerous in intact 
animals, the fi ndings of Naft olin suggested that the number of axosomatic 
synapses was increased aft er castration in a subpopulation of arcuate neurons. 
In addition, since whorl bodies fl uctuate during the estrus cycle (King et al., 
1974), the observations of Naft olin predicted that synaptic changes might also 
occur in arcuate neurons during the estrus cycle. I had the good fortune of 
collaborating with Naft olin in this work, and in 1986 we fi nished the charac-
terization of synaptic inputs in the arcuate nucleus of female rats treated with 
a high dose (20 mg/kg) of estradiol valerate (Garcia-Segura et al., 1986). We 
observed that the number of axosomatic and axodendritic synapses on den-
dritic shaft s was signifi cantly decreased in the arcuate nucleus by 8 weeks aft er 
estradiol valerate treatment. In contrast, the number of axodendritic synapses 
on dendritic spines was unaff ected. Th e loss of synaptic inputs on perikarya 
and dendritic shaft s was compatible with the degenerative images previously 
found by Brawer and Naft olin in the arcuate nucleus of female rats treated 
with estradiol valerate. Indeed, we observed a massive appearance of neuronal 
degenerative images by 3 weeks aft er estradiol valerate injection, preceding 
the decrease in the number of synapses. Interestingly, by 32 weeks postinjec-
tion, the number of axosomatic and axodendritic synapses had returned to 
control values, indicating that estradiol administration had facilitated a pro-
cess of circuitry remodeling in the arcuate nucleus.

Our fi ndings, together with those of Matsumoto and Arai (1979) obtained 
in the deaff erented arcuate nucleus model, indicated that estrogen was able 
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to modulate synaptic plasticity in this brain area. However, in both the cases, 
nonphysiological conditions were studied. Matsumoto and Arai studied rein-
nervation in a denervated nucleus. In our case, we were using high doses of 
estradiol, which Brawer et al (1978) showed to induce constant estrus and imi-
tate ovarian failure during reproductive aging. However, as mentioned before, 
Hugo Carrer and Agustín Aoki had already reported that estrogen increases 
the number of synaptic contacts in the ventromedial hypothalamic nucleus in 
ovariectomized rats (Carrer and Aoki, 1982). Furthermore, in 1987, Momoko 
Miyakawa and Yasumasa Arai reported an increase in the number of axoden-
dritic synapses in the lateral septum of adult female rats aft er treatment for 
4 weeks with estradiol (Miyakawa and Arai, 1987). Th ese reports, one from 
Argentina and one from Japan, suggested that estrogen might aff ect synaptic 
inputs in the central nervous system under physiological conditions. However, 
the question still unanswered was whether physiological fl uctuations of ovar-
ian hormones were able to modulate synaptic plasticity. Th erefore, together 
with my students Gabriel Olmos, Julio Perez, and Pedro Tranque, we decided 
to perform a quantitative analysis of synapses in the arcuate nucleus of female 
rats during the 4 days of the estrus cycle (Olmos et al., 1989). Every 4 days 
throughout the ovarian cycle of the rat there is a rise in circulating levels of 
estradiol, which peaks on the morning of proestrus. Th is estrogen surge sig-
nals the maturation of the ovarian follicles and results in an abrupt increase 
in luteinizing hormone on the aft ernoon of proestrus. Th e rise in gonadotro-
pins is associated with an increase in progesterone levels and a decrease in 
circulating estradiol levels, which then remain low throughout the following 
estrus day and do not rise again until the next group of follicles begins their 
maturation (Naft olin et al., 1972b). Our fi ndings indicated that the number 
of axosomatic synapses per length of perikaryal membrane was signifi cantly 
decreased in estrus, compared to other days of the estrus cycle. Th e reduction 
in the number of synapses in estrus was accompanied by a decrease in the per-
centage of the average length of perikaryal membrane covered by presynaptic 
terminals and by an increase in the percentage of membrane in close apposi-
tion of glial processes. Since the average perikaryal perimeter was not signif-
icantly changed during the estrus cycle, these results indicate a net decrease 
in the number of arcuate nucleus axosomatic synapses between proestrus and 
estrus, with a reinnervation of arcuate neurons between estrus and metestrus. 
Th ese results were the fi rst demonstration of a physiological synaptic turn-
over in the brain during the estrus cycle (Olmos et al., 1989). Shortly aft er, 
Elizabeth Gould, Catherine S. Woolley, Maya Frankfurt, Annabell C. Segarra, 
and Bruce S. McEwen at the Rockefeller University, using the Golgi method 
to stain neurons, reported that similar plastic changes occur in the dendritic 
spines of ventromedial hypothalamic neurons (Frankfurt et al., 1990; Segarra 
and McEwen, 1991) and of CA1 pyramidal hippocampal  neurons (Gould 
et al., 1990; Woolley, 1998; Woolley et al., 1990a). Th is latter fi nding was the 
fi rst evidence of the regulation of synaptic plasticity by ovarian hormones in 
brain regions involved with cognitive processing.
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In the next sections of this chapter I will review the cellular and molecular 
mechanisms involved in the regulation of neural plasticity by estradiol and 
progesterone. Th e plastic modifi cations regulated by ovarian hormones in the 
physiological context of reproductive cycles are analyzed with more detail in 
Chapter 8.

REGULATION BY ESTRADIOL AND PROGESTERONE OF SYNAPTIC AND 
GLIAL REMODELING IN THE ARCUATE NUCLEUS

Th e role of estradiol and progesterone in the regulation of synaptic plasticity 
has been studied in the hypothalamic arcuate nucleus. Administration of a 
single dose of 17β-estradiol to ovariectomized rats results in a signifi cant and 
reversible decrease in the number of arcuate axosomatic synapses (Perez et al., 
1993a). However, the simultaneous administration of progesterone and estra-
diol inhibits the eff ect of estradiol (Perez et al., 1993a). Th e axosomatic synap-
ses aff ected by estradiol in the arcuate nucleus include inhibitory GABAergic 
synapses. Th e administration of estradiol to ovariectomized rats results in 
a signifi cant decrease in the number of GABA-immunoreactive axosomatic 
synapses (Parducz et al., 1993). In addition, estradiol increases the number 
of excitatory synapses in dendritic spines, suggesting that the hormone may 
increase neuronal excitability by decreasing the number of inhibitory inputs 
in the perikarya and increasing the number of excitatory inputs in dendritic 
spines. Indeed, electrophysiological recordings reveal an increased frequency 
of neuronal fi ring in a subpopulation of arcuate neurons in response to estra-
diol (Parducz et al., 2002).

Estradiol-induced synaptic changes in arcuate neurons of adult rats are 
accompanied by a prominent morphological modifi cation of arcuate astro-
glia and changes in the expression and distribution of the astroglial cyto-
skeletal marker glial fi brillary acidic protein (GFAP) (Garcia-Segura et al., 
1994a, b; Kohama et al., 1995). GFAP mRNA, the surface density of GFAP-
immunoreactive cell perikarya and processes, the number of astroglial profi les 
in the arcuate neuropil, and the amount of neuronal perikaryal membrane 
covered by glial processes (Fig. 4.1) exhibit a rapid and reversible increase 
when ovariectomized rats are injected with 17β-estradiol. In the same experi-
mental paradigm, a similar time frame is observed for the changes that occur 
in synaptic connectivity. One hour aft er the administration of a single dose 
of 17β-estradiol to ovariectomized rats, some axosomatic synapses become 
detached from the neuronal surface by the interposition of glial processes 
between the pre- and postsynaptic membranes. One day aft er the administra-
tion of the hormone, a multiple layer of glial processes covers a majority of the 
surface of arcuate neuronal perikarya (Fig. 4.1). Synaptic terminals remain in 
the proximity of neuronal perikarya, although glial processes are interposed 
between the pre- and postsynaptic membranes, preventing the formation of 
synaptic contacts (Fig. 4.2). At this stage, GFAP immunoreactivity reaches the 
highest intensity in the arcuate nucleus and median eminence. Th e eff ect of 
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estradiol on glia is dose dependent and, as observed for the synaptic changes, 
is blocked by the simultaneous administration of progesterone. Th us, there is 
not only a precise temporal correlation between synaptic and glial changes in 
the arcuate nucleus of adult animals but also a similar hormonal dependence. 
Th is suggests that coordinated glial and synaptic modifi cations are involved 
in the cellular mechanism by which estradiol modulates the activity of arcuate 
neurons.

Although the link between astroglial and synaptic changes in adult animals 
has been studied most extensively in the hypothalamus of rodents, hormon-
ally induced astrocytic ensheathing of hypothalamic neurons is also associ-
ated with modifi cations in the number of synaptic inputs to the hypothalamic 
neurons in adult primates. Joan W. Witkin, Ann-Judith Silverman, and their 
collaborators at Columbia University in New York showed that an ovariec-
tomy of the rhesus monkey results in a signifi cant decline in the number of 

Figure 4.1. A neuron of the hypothalamic arcuate nucleus from an ovariectomized 
rat killed 24 hours aft er the administration of 17β-estradiol. Th e neuronal surface is 
covered with a multiple layer of glial processes (arrows). Cytoplasm (Cyt); cell nucleus 
(N). Scale bar: 0.6 μm. (Microphotograph from the author; based on Garcia-Segura 
et al., 1994b.)
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axosomatic synaptic inputs to gonadotropin-releasing hormone (GnRH) neu-
rons in the mediobasal hypothalamus. Th is decrease in the number of synap-
tic appositions is accompanied by increased coverage of neuronal perikarya 
by glial processes, and these changes can be prevented by estrogen replace-
ment (Witkin et al., 1991). It is interesting to note that, in this case, estradiol 
decreases the glial coverage of neuronal perikarya and increases the number 
of axosomatic synaptic inputs (Fig. 4.3). Th us, the eff ect of estradiol on syn-
aptic and glial plasticity associated with GnRH neurons of monkeys is the 
opposite of that exerted on rat arcuate neurons, where the hormone increases 
glial coverage and decreases axosomatic synaptic inputs. Th is suggests that 
estradiol facilitates the onset of plasticity, rather than promoting an identical 
plastic modifi cation in all brain structures. Th e hormonal facilitation of plas-
ticity will result in an increased or a decreased glial coverage or in synaptic 

Figure 4.2. Detail of a synaptic terminal (ST) on the proximity of an arcuate neu-
ronal soma from an ovariectomized rat killed 24 hours aft er the administration of 
17β-estradiol. Th e synaptic terminal is surrounded by glial profi les and is separated 
from the neuronal soma by a multiple layer of glial processes (arrows). Scale bar: 0.6 
μm. (Microphotograph from the author; based on Garcia-Segura et al., 1994b.)
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Figure 4.3. Glial and synaptic plasticity associated with neuronal perikarya in the 
arcuate nucleus of adults rats (A, B); in gonadotropin-releasing hormone (GnRH) neu-
rons in adult rhesus monkeys and adult African green monkeys (C, D); and in non-
GnRH neurons in the infundibular/arcuate nucleus of adult African green monkeys 
(E, F). (A and B) Th e perikaryon of arcuate neurons from ovariectomized rats treated 
with vehicle (A) have less wrapping by glial lamellae (GL) and an increased number 
of contacts with axosomatic synaptic terminals (ST) compared with the perikarya 
from ovariectomized rats treated with estradiol (B). In estradiol-treated rats, there is 
a detachment of axosomatic synaptic terminals by the interposition of glial processes 
between the pre- and the postsynaptic membranes (based on Garcia-Segura et al., 
1994b; and Perez et al., 1993a). (C and D) In monkeys, an ovariectomy (C) increases 
the apposition of glial lamellae to GnRH neuronal perikarya and decreases the num-
ber of inhibitory axosomatic synaptic terminals. An ovarian hormone replacement 
regimen (which mimicked the menstrual cycle) had the opposite eff ects (D), decreas-
ing the glial ensheathment of neuronal somas and increasing the innervation of GnRH 
perikarya (based on Witkin et al., 1991; and Zsarnovszky et al., 2001). (E and F) Non-
GnRH neuronal perikarya in the infundibular/arcuate nucleus of ovariectomized 
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formation or retraction depending on the specifi c function of the synaptic cir-
cuit and/or the brain region involved.

Th is hypothesis was directly tested by the analysis of synaptic and glial 
changes in the infundibular nucleus of African green monkeys, a hypotha-
lamic region with a similar function to the rat arcuate nucleus. However, 
unlike rats, where GnRH neuronal perikarya are not located in the arcuate 
nucleus, in monkeys some GnRH perikarya are present in the infundibular/
arcuate nucleus. Th erefore, in the infundibular/arcuate nucleus of monkeys, 
it is possible to analyze synaptic and glial changes on GnRH and non-GnRH 
neurons in parallel. Th e morphometric analysis revealed that the eff ects of 
estradiol on the apposition of synapses and glial processes on neuronal peri-
karya in most infundibular/arcuate nucleus of monkeys were similar to those 
observed in the arcuate neurons of rats. Most infundibular/arcuate neurons of 
ovariectomized monkeys showed a signifi cant increase in the length of neuro-
nal soma membrane in contact with glial processes and a signifi cant decrease 
in the number of axosomatic synapses aft er estradiol treatment (Naft olin et al., 
1993). Since GnRH neurons in the infundibular/arcuate nucleus of monkeys 
are a minor population, the observed changes likely refl ect the eff ect of estra-
diol on non-GnRH neurons. Indeed, the analysis of the synaptic connectivity 
in GnRH and non-GnRH neurons revealed that the changes in response to 
estradiol in the number of axosynaptic inputs were diff erent in the two neuro-
nal populations (Fig. 4.3E, F). One day aft er estrogen treatment, the number 
of inhibitory axosomatic synapses increased in GnRH neurons, while axo-
somatic inhibitory synapses on non-GnRH neurons decreased compared to 
control conditions (Zsarnovszky et al., 2001). Th us, plastic changes in most 
infundibular/arcuate neurons in monkeys parallel those observed in the arcu-
ate neurons of rats, while the synaptic changes in the specifi c population of 
GnRH neurons show a diff erent regulation. Th is suggests that estradiol dif-
ferentially regulates synaptic plasticity depending on the specifi c function of 
each neuronal circuit (Fig. 4.3).

As we have seen in previous chapters, cell adhesion molecules are important 
participants in plastic brain remodeling. Th ese molecules may also participate 
in the estrogenic regulation of the interactions between glial processes, neuro-
nal perikarya, and synapses. In early studies we examined plasma membrane 
composition of arcuate neurons using freeze-fracture techniques. Th e freeze-
fracture method detects the presence of particles in the cellular membranes 

monkeys treated with vehicle (E) show increased glial coverage (GL) and decreased 
inhibitory axosomatic synaptic contacts (ST) than ovariectomized monkeys treated 
with estradiol (F) (based on Naft olin et al., 1993; and Zsarnovszky et al., 2001). Since 
non-GnRH infundibular/arcuate neurons of monkeys are functionally homologous to 
arcuate neurons in rats, these fi ndings suggest that the direction of the plastic changes 
elicited by the regulatory action of ovarian hormones depends on the function of the 
neuronal circuit.
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that are thought to represent membrane proteins. Th ese particles, known as 
intramembrane particles (IMPs), are of a diff erent size, probably refl ecting 
the heterogeneous protein populations present in cellular membranes. Using 
this method, we detected that the organization of arcuate neuronal plasma 
membrane is sexually dimorphic (see Chapter 6). Sex diff erences in arcuate 
neuronal plasma membrane composition are irreversibly abolished in adult 
female rats as they go into constant vaginal estrus as a result of estradiol val-
erate administration (Garcia-Segura et al., 1992; Olmos et al., 1987). Under 
these conditions, there is a remodeling of arcuate axosomatic synapses, which 
is linked to modifi cations in the glial wrapping of arcuate neurons (Garcia-
Segura et al., 1986; Olmos et al., 1987). A similar permanent change in mem-
brane phenotype ensues in aged female rats as they reach senescent constant 
estrus (Garcia-Segura et al., 1991a). Membrane modifi cations in aged females 
may be generated by estradiol, since aging female rats are exposed to increasing 
amounts of the hormone as they approach reproductive senescence. In con-
trast to these permanent membrane changes associated with loss of ovarian 
function, reversible remodeling of neuronal plasma organization is observed 
in adult female rats following the fl uctuation in plasma estradiol levels dur-
ing the ovarian cycle (Garcia-Segura et al., 1988a). We detected signifi cant 
changes in the number of IMPs in the plasma membranes of arcuate neurons. 
Th e highest IMP density in neuronal perikaryal membranes was reached on 
diestrus and then decreased during proestrus and estrus. Th ese changes were 
due to a massive decrease in the number of small IMPs, which was partly bal-
anced by a moderate increase in the number of large IMPs. Th ese changes in 
the number of IMPs in proestrus were associated with an increased number of 
exoendocytotic images in the neuronal perikarya, suggestive of an increased 
remodeling of membranes. Similar changes were observed in the perikaryal 
plasma membrane of arcuate neurons of ovariectomized rats aft er the injec-
tion of high physiological doses of estradiol (Perez et al., 1993a). Under these 
conditions, the number of small IMPs was decreased while the number of large 
IMPs was increased in rats killed 24 hours aft er the injection of the hormone. 
Th ese membrane changes were associated with a decrease in the number of 
axosomatic synapses and an increase in the proportion of arcuate neuronal 
soma membrane covered by glia. When the number of axosomatic synapses 
and the amount of glial wrapping of arcuate neuronal perikarya returned to 
control values by 48 hours aft er the estradiol injection, the number of IMPs 
returned also to baseline conditions. Furthermore, blockage by progesterone 
of the synaptic and glial changes induced by estradiol was also accompanied 
by an inhibition of the eff ects of this hormone on neuronal membranes (Perez 
et al., 1993a). Further evidence for a link between the membrane, synaptic and 
glial changes that occur in arcuate neurons were obtained in studies assessing 
the eff ect of the protein synthesis inhibitor cycloheximide. Modifi cations in 
the content of IMPs in arcuate neuronal membranes that follow the inhibi-
tion of hypothalamic protein synthesis by cycloheximide resulted in increased 
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glial wrapping of arcuate neuronal perikarya and a decreased number of axo-
somatic synapses (Perez et al., 1993b).

Th e coordinated changes in the number of synaptic inputs, amount of glial 
ensheathing and ultrastructure of the membrane of neuronal perikarya dur-
ing the estrus cycle, and the fi nding of similar IMP changes in arcuate neu-
rons in all experimental paradigms where there is remodeling of the synaptic 
and glial contacts suggests a causal relationship. One possibility is that mem-
brane changes may precede and cause synaptic changes. IMPs may represent, 
in part, membrane molecules involved in the control of cell adhesion (Garcia-
Segura et al., 1989a), and their changes may alter the interactions of the plasma 
membranes of postsynaptic neurons with the membranes of their presynaptic 
inputs or with the membranes of astrocytes. To test this hypothesis, the possi-
ble involvement of membrane-mediated cell-to-cell interactions in the plastic 
eff ects of estradiol was assessed using serum-free mixed neuronal–glial pri-
mary rat hypothalamic cultures. Th e proportion of process-bearing astrocytes 
in these cultures was increased by treatment with estradiol (Fig. 4.4). Th is 
eff ect was detected as early as 30 minutes aft er the addition of the hormone 
to the cultures, was dose dependent and reversible, and was blocked by the 
selective estrogen receptor modulator tamoxifen (Garcia-Segura et al., 1989b; 
Torres-Aleman et al., 1992). One important feature of the eff ect of estradiol on 
astroglia in these studies was that direct contact between neurons and glial 
cells was necessary for their manifestation. In glial cultures, when neurons 
were absent, the proportion of process-bearing astrocytes was neither mod-
ifi ed by estradiol nor by a medium conditioned by estradiol-treated mixed 
cultures. Furthermore, a preexisting membrane contact between neurons and 
astrocytes appears to be needed for the initiation of estradiol-induced changes 
in glial shape. Th ese results suggest that neuron cell surface molecules may be 
involved in the hormone-induced changes in the interaction between neuro-
nal and glial membranes.

Brain regions such as the hypothalamo-neurohypohysial system, the arcu-
ate nucleus, and the median eminence express high levels of a polysialic acid 
(PSA)–rich form of neural cell adhesion molecule (N-CAM) (Bonfanti et al., 
1992; Th eodosis et al., 1991; see also Fig. 4.5). Th is PSA-rich form of N-CAM 
(PSA-N-CAM) reduces cell adhesion and allows cellular morphological plas-
ticity (see also Chapters 2 and 3). High immunoreactivity for PSA-N-CAM 
has also been detected in the region of the GnRH pulse generator of the mon-
key (Perera et al., 1993), a hypothalamic zone that also shows changes in the 
number of axosomatic synapses in response to varying gonadal steroid levels 
(Perera and Plant, 1997; Witkin et al., 1991). A role for PSA-N-CAM in neu-
roglial plasticity that is under the infl uence of estrogen was suggested by in 
vitro studies on hypothalamic monolayer cultures. Immunostaining of these 
cultures with an antibody that specifi cally recognizes PSA-N-CAM resulted 
in prominent labeling of neuronal membranes. As it has been mentioned 
before, estradiol also induces prominent changes in the shape of astrocytes 
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in these cultures. Interestingly, the eff ect of estradiol on the morphology of 
astrocytes was blocked when polysialic acid was removed from PSA-N-CAM 
by using a bacterial endoneuraminidase that specifi cally removes polysialic 
acid from the cell surface (Garcia-Segura et al., 1995a). While these results 
suggested that PSA-N-CAM may be crucial for estrogen-induced neuroglial 
plasticity, the direct proof came from studies carried out by Zsófi a Hoyk in 
the laboratory of Dionysia Th eodosis in Bordeaux and in the laboratory of 
Arpad Parducz in Szeged (Hoyk et al., 2001). To asses the role of PSA on syn-
aptic remodeling induced by estradiol in the rat arcuate nucleus in vivo, Hoyk 
intracerebroventricularly infused antibodies raised against PSA, or microin-
jected endoneuraminidase-N over the arcuate nucleus in ovariectomized ani-
mals injected with estradiol. Both treatments blocked the plastic remodeling 

A B

Figure 4.4. Estradiol increases the proportion of process-bearing astrocytes in 
serum-free mixed neuronal–glial primary rat hypothalamic cultures. (A) Glial fi bril-
lary acidic protein (GFAP) immunoreactive cells in a control culture treated with 
vehicle. (B) GFAP immunoreactive cells in a culture treated with estradiol. Th is eff ect 
of estradiol is detected as early as 30 minutes aft er the addition of the hormone to 
the cultures, and is reversible. Estradiol did not induce changes in the morphology of 
astrocytes in pure glial cultures or in mixed neuronal–glial cultures in which poly-
sialic acid (PSA) was removed from PSA-neural cell adhesion molecules expressed 
in neuronal membranes (see Garcia-Segura et al., 1989b, 1995; and Torres-Aleman 
et al., 1992). Th ese fi ndings suggest that neurons mediate the estradiol-induced glial 
changes. Scale bar 60 μm. (Microphotographs from the author.)
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of arcuate synapses induced by estradiol, indicating that PSA is a necessary 
prerequisite for estrogen-induced remodeling of synapses in the adult female 
arcuate nucleus.

In addition to PSA-N-CAM, other adhesion molecules may be important 
for the hormonally driven neuroglial plasticity in the arcuate nucleus. Indeed, 
immunoreactivity for several cell adhesion molecules, such as F3/contactin 
and its ligand, the matrix glycoprotein tenascin-C, has been detected in the 
adult hypothalamus. It remains to be determined what role these molecules 
play in the plastic remodeling induced by estrogen in the adult brain. Ezrin, 
a membrane cytoskeletal-linking protein involved in the control of adhesion 
that interacts with the L1 cell adhesion molecule (Sakurai et al., 2008), may 
also play a role in the estrogenic regulation of the growth and retraction of 
glial and neuronal processes in the arcuate nucleus (Naft olin et al., 2007). 
Another factor that may be involved in the regulation of neuroglial plastic-
ity by estradiol is apolipoprotein E (ApoE) (Struble et al., 2007). Estradiol 
enhances ApoE expression by astroglia and microglia (Stone et al., 1997), and 
ApoE levels fl uctuate in diff erent brain regions during the estrus cycle (Struble 
et al., 2003). ApoE may regulate the growth of glial and neuronal processes, 
and is involved in the eff ects of estradiol on axonal growth in vitro (Nathan 
et al., 2004).

Figure 4.5. Immunoreactivity for the polysialic acid-neural cell adhesion molecule 
(PSA-NCAM) in the hypothalamus. High levels of PSA-NCAM immunoreactivity are 
observed in the arcuate nucleus (ME) and the median eminence (AN), brain regions 
that show a high degree of neuroglial plasticity. Antibody provided by Dr. G. Rougon. 
Scale bar, 0.5 mm. (Microphotograph from the author.)
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REGULATION BY ESTRADIOL AND PROGESTERONE OF SYNAPTIC 
REMODELING IN THE VENTROMEDIAL HYPOTHALAMIC NUCLEUS

As is the case for arcuate nucleus, the ventromedial hypothalamic nucleus is a 
key center for the regulation of reproduction and feeding. In female rats, the 
ventrolateral subdivision of the ventromedial hypothalamic nucleus contains 
a high proportion of neurons expressing estrogen (DonCarlos et al., 1991; 
Pfaff  and Keiner, 1973; Simerly et al., 1990) and progesterone (DonCarlos 
et al., 1989) receptors and plays a prominent role in the coordination of fer-
tility with lordosis, the mating postural refl ex that allows for copulation. As 
for many other aspects of the actions of sex hormones in the brain, the work 
of Donald W. Pfaff  at Rockefeller University has been essential for the clarifi -
cation of the neuronal network that regulates lordosis and for the identifi ca-
tion of the cellular and molecular actions of estradiol and progesterone in this 
network to initiate the lordosis refl ex (Pfaff , 1999; see also Pfaus, 2000). Pfaff  
and his colleagues have provided massive evidence implicating the ventrome-
dial hypothalamic nucleus in the regulation of lordosis (Kow and Pfaff , 1998). 
Estrogen implants in the ventromedial hypothalamic nucleus activate lordo-
sis, while the inhibition of protein synthesis in this nucleus inhibits lordosis. 
Furthermore, destruction of the ventromedial hypothalamic nucleus prevents 
the eff ect of estradiol on lordosis.

As I have mentioned before in this chapter, Hugo Carrer and Agustín Aoki 
were the fi rst to report that estrogen aff ected synaptic connectivity in the ven-
tromedial hypothalamic nucleus, showing, by an electron microscopic quan-
titative analysis, an increase in the number of synaptic contacts per unit area 
in ovariectomized rats treated with estrogen compared to ovariectomized 
controls (Carrer and Aoki, 1982). A few years later, Rochelle S. Cohen at the 
University of Illinois in Chicago, in collaboration with Donald Pfaff , reported 
synaptic changes in the midbrain central gray, one of the targets of ventrome-
dial neurons involved in the mediation of estrogen-induced lordosis behavior 
(Hennessey et al., 1990; Sakuma and Pfaff , 1979). Cohen and her collabora-
tors observed that estradiol administration to ovariectomized rats increases 
the lordosis response and induces plastic changes in the synaptology of the 
midbrain central gray, increasing the number of synapses, the number of ter-
minals containing dense-cored vesicles, the length of postsynaptic densities, 
the number of postsynaptic densities showing perforations, and the number 
of synapses with positive synaptic curvature (Chung et al., 1988). Th is study 
was among the fi rst to demonstrate hormonal-induced synaptic changes asso-
ciated with a specifi c behavior.

Given the importance of the actions of estradiol on the ventromedial hypo-
thalamic nucleus for lordosis, Maya Frankfurt, Elizabeth Gould, Catherine S. 
Woolley, and Bruce S. McEwen examined ventromedial hypothalamic neurons 
stained with the Golgi method to detect possible morphological correlates of 
the hormonal action. Th ey found that estradiol or estradiol plus progesterone 
administration into adult ovariectomized female rats increased the density of 
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dendritic spines on the primary dendrites of ventromedial hypothalamic neu-
rons. Furthermore, the density of dendritic spines was signifi cantly lower at 
diestrus than proestrus (Frankfurt et al., 1990). Similar eff ects of estradiol and 
progesterone on the growth of dendrites in ventromedial neurons was detected 
by Meisel and Luttrell (1990) in female Syrian hamsters. Treatment of ovari-
ectomized females with estradiol or estradiol plus progesterone increased the 
total dendritic length of ventromedial nucleus neurons by almost 50% com-
pared with neurons from ovariectomized, oil-treated females. Further analysis 
by electron microscopy revealed that the increase in dendritic spines induced 
by estradiol in ovariectomized rats was also accompanied by an increased pre-
synaptic innervation (Frankfurt and McEwen, 1991).

Lyngine H. Calizo and Loretta M. Flanagan-Cato, from the University of 
Pennsylvania, have explored the eff ect of estrogen on ventromedial hypo-
thalamic neurons by injecting Lucifer yellow to reveal the entire dendritic 
morphology. Th ey reported in 2000 the results of an analysis of 53 Lucifer 
yellow–fi lled neurons showing that estradiol treatment has a specifi c regional 
eff ect on dendritic spines in the ventromedial hypothalamic nucleus. Estradiol 
increases the average density of dendritic spines by 46% per neuron per ani-
mal, without aff ecting dendritic length. However, this eff ect is restricted to the 
ventral subdivision of the ventromedial hypothalamic nucleus, and the hor-
mone has no eff ect in neurons located in the dorsal subdivision of the nucleus. 
Calizo and Flanagan-Cato analyzed the changes in dendritic spines in the 
longest primary dendrite, the short primary dendrites, and in the secondary 
dendrites, and they found that estradiol increases spine density on the short 
primary dendrites, which are randomly oriented in the nucleus, and decreases 
spine density in the middle portion of the longest primary dendrites, which 
are ventrolaterally oriented, without aff ecting spine density on the secondary 

dendrites (Calizo and Flanagan-Cato, 2000; Flanagan-Cato, 2000). Th ese fi nd-
ings indicate that the remodeling of dendritic spines induced by estradiol in 
the ventromedial nucleus has a regional specifi city and is limited to a specifi c 
subset of dendrites and to specifi c segments within the dendrites. Furthermore, 
estradiol increases spine density in some dendrites and decreases spine density 
in other dendrites. Th erefore, estradiol is not promoting the growth of den-
dritic spines in general, but is regulating synaptic plasticity in a very selective 
manner in specifi c neuronal circuits. Indeed, the neurons with ventrolaterally 
oriented dendrites, which show a decrease in dendritic spines aft er estradiol 
treatment, project to the midbrain periaquaductal gray (Calizo and Flanagan-
Cato, 2002), a region that, as already mentioned, is an essential part of the 
neuronal circuit that mediates the eff ect of estradiol on lordosis posture.

REGULATION BY ESTRADIOL AND PROGESTERONE OF SYNAPTIC 
REMODELING IN THE HIPPOCAMPUS

As I have mentioned at the beginning of this chapter, the pioneering studies of 
Catherine Woolley, Elizabeth Gould, and their colleagues in Bruce McEwen’s 
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laboratory at Rockefeller University, using the Golgi method, revealed a fl uc-
tuation in the number of dendritic spines in the CA1 region of the rat hip-
pocampus during the estrus cycle (Woolley et al., 1990a). Since presynaptic 
excitatory inputs connect to the dendritic spines, their results suggested 
that synaptic contacts were also fl uctuating in the hippocampus during the 
estrus cycle, as in the arcuate nucleus. Th e plasticity of presynaptic inputs on 
CA1 dendritic spines during the estrus cycle was later confi rmed by electron 
microscopy (Woolley et al., 1996; Woolley and McEwen, 1992). In addition, 
biochemical analyses revealed fl uctuations in the mRNA levels of synaptic 
proteins in the hippocampus during the estrus cycle (Crispino et al., 1999). 
Woolley and her colleagues also assessed the eff ect of estradiol and proges-
terone on hippocampal dendritic spines in rats (Gould et al., 1990a; McEwen 
and Woolley, 1994; Woolley and McEwen, 1993). By that time, it was known 
from previous electrophysiological studies by Teyler and collaborators (Teyler 
et al., 1980), who examined fi eld potentials in CA1 pyramidal neurons, that 
estradiol rapidly increases the amplitude of population spikes in male and 
female animals, suggesting an increased presynaptic input. Woolley and her 
colleagues found that an ovariectomy results in a gradual decline in the num-
ber of dendritic spines in CA1 hippocampal pyramidal cells. Th is decline is 
reversed by estradiol administration to ovariectomized animals. Similar fi nd-
ings have been obtained in female monkeys (Hao et al., 2003; Leranth et al., 
2002). As observed for the transient eff ects of estradiol on axosomatic synapses 
in the arcuate nucleus, Woolley and colleagues found that the hormone also 
induces a reversible modifi cation of hippocampal dendritic spines in rats: the 
number of dendritic spines increases within 48 hours aft er estradiol admin-
istration, are at their peak by 72 hours and stay elevated for an additional 
day, and then gradually decreases (Fig. 4.6). Progesterone, in contrast, has a 
biphasic eff ect on dendritic spines in CA1 pyramidal neurons. Progesterone 
treatment following estradiol initially increases spine density for a period of 2 
to 6 hours, but then the number of dendritic spines shows a stronger decrease 
in the animals treated with estradiol and progesterone than in those treated 
with estradiol alone. Th ese fi ndings suggest that estradiol drives the rapid 
increase in dendritic spines and that progesterone is important for producing 
the rapid decline of dendritic spines during the estrus cycle. Th en, Woolley 
assessed the possible mechanisms involved in the eff ects of estradiol on den-
dritic spines. Aft er testing the eff ects of a variety of neurotransmitter receptor 
antagonists, she found that N-methyl-d-aspartate (NMDA) receptor antago-
nists blocked the action of estradiol on dendritic spines of CA1 pyramidal 
neurons. Th erefore, Woolley and McEwen concluded that estradiol exerts its 
eff ect on hippocampal dendritic spine density via a mechanism requiring the 
activation of NMDA receptors (Woolley and McEwen, 1994).

Aft er moving to the Department of Neurological Surgery at the University 
of Washington, Woolley and her colleagues performed electrophysiological 
studies on hippocampal slices to further characterize the mechanisms of syn-
aptic plasticity induced by estradiol. Th ey recoded CA1 pyramidal neurons 
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from ovariectomized rats treated with estradiol or vehicle and then they fi lled 
the recorded neurons with biocytin to visualize the spines. Woolley and her 
collaborators observed that the eff ects of estradiol on the numbers of dendritic 
spines are associated with diff erences in both the intrinsic and synaptic prop-
erties of CA1 pyramidal neurons. Th e increase in the number of dendritic 
spines induced by estradiol was correlated with a decrease in cellular input 
resistance and with an increase in the sensitivity of CA1 pyramidal cells to 
NMDA receptor–mediated synaptic input. Furthermore, analyzing glutamate 
binding by autoradiography, they noticed an increased binding to the NMDA 
but not the AMPA subtype of glutamate receptor aft er estradiol treatment 
(Woolley, 1998; Woolley et al., 1997).

Changes in the number of dendritic spines and in NMDA receptor trans-
mission may be related to the eff ects of estradiol on long-term potentiation 
in CA1. Indeed, the changes in the number of dendritic spines in the hippo-
campus during the estrus cycle are accompanied by modifi cations in synap-
tic long-term potentiation. Females during proestrus, the phase during which 
CA1 dendritic spines reach the highest values, also show the greatest degree of 
potentiation (Good et al., 1999; Warren et al., 1995). In contrast, the induction 
of paired-pulse long-term depression is severely attenuated during proestrus 
(Good et al., 1999). Furthermore, estradiol administration to ovariectomized 
rats exerts short- and long-term eff ects on neuronal excitability and synaptic 
function in the hippocampus (Wong and Moss, 1992) and increases long-term 
potentiation in CA1 in vivo (Cordoba Montoya and Carrer, 1997). Estradiol 
also increases long-term potentiation in hippocampal slices (Foy et al., 1999; 
Kim et al., 2002). Th e changes in dendritic spines and in long-term potentiation 
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Figure 4.6. Estradiol induces an increase of spine synapses in the apical dendrites of 
CA1 pyramidal neurons mainly by promoting the formation of new synaptic contacts 
by preexisting presynaptic boutons and increasing the mean number of synapses per 
multiple synaptic bouton. A high proportion of these multiple-synaptic boutons form 
their additional synapses on diff erent CA1 postsynaptic cells (arrows). (Courtesy of 
Dr. Catherine Woolley. Based on Woolley et al., 1996 and Yankova et al., 2001.)
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may be part of the same mechanism elicited by estrogen in regulating synap-
tic plasticity, since the magnitude of long-term potentiation is increased only 
when spine density is elevated, together with an increase in NMDA receptor 
transmission relative to AMPA receptor transmission (Smith and McMahon, 
2005, 2006).

Th e involvement of NMDA receptors in the eff ect of estradiol on dendritic 
spines was also detected by Diane D. Murphy, from the National Institute of 
Neurological Disorders and Stroke, and Menahem Segal, from the Weizmann 
Institute in Israel, using dissociated hippocampal neurons in culture. Th e use 
of such cultures was an important step forward in the pharmacological iden-
tifi cation of the mechanism involved in the eff ects of estradiol on dendritic 
spines. Murphy and Segal observed an increase in the numerical density of 
dendritic spines in cultured hippocampal neurons treated with estradiol that 
peaked within 2–3 days aft er the onset of hormonal exposure. Th e hormone 
increased spine density from 8.91 ± 0.57 to 20.44 ± 0.92 spines per 50 μm den-
dritic segment (mean ± SEM in ovariectomized rats treated with vehicle or 
estradiol, respectively). Murphy and Segal also observed that the increase in 
the number of dendritic spines caused by estradiol was completely reversed by 
the NMDA antagonist 2-APV. In contrast, AMPA/kainate antagonist DNQX 
had only a negligible eff ect on estradiol-induced spine formation. Th ese data 
indicate that the eff ects of estradiol on dendritic spines are mediated by the 
activation of NMDA receptors (Murphy and Segal, 1996).

Another aspect examined by Murphy and Segal was the role of estrogen 
receptors in the hormonal induction of dendritic spine formation. Th ey found 
that the eff ect of estradiol on hippocampal neurons in culture was stereose-
lective, since it was observed aft er incubation with 17β-estradiol but not aft er 
incubation with 17α-estradiol. Furthermore, the selective estrogen receptor 
modulator tamoxifen, which acts as an estrogen receptor antagonist in many 
situations, blocked the eff ect of estradiol. Th is suggested that the eff ect of 
estradiol on CA1 dendritic spines was mediated by the activation of classical 
estrogen receptors. However, it should be noted that other studies have found 
that the isomer 17α-estradiol is also able to induce the formation of dendritic 
spines in CA1 in vivo (MacLusky et al., 2005), suggesting that other forms 
of estrogen receptors (Toran-Allerand et al., 2005) may also be involved in 
the hormonal action. Murphy and Segal explored the signaling mechanisms 
involved in the formation of new dendritic spines in response to estradiol as 
well, and identifi ed the cAMP response element binding protein (CREB) as 
a mediator of the hormonal eff ect. Th ey found that estradiol, via the activa-
tion of cAMP-dependent protein kinase A, increases the phosphorylation of 
CREB, and that the CREB response leads to the increase in dendritic spine 
density (Murphy and Segal, 1997). Th erefore, transcriptional regulation by 
CREB of the proteins involved in the formation of dendritic spines could medi-
ate the eff ect of estradiol. Furthermore, they found that progesterone, which 
inhibits the eff ect of estradiol on the formation of dendritic spines, blocks the 
phosphorylation of CREB induced by estradiol. Th e eff ect of progesterone 
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is probably exerted through its reduced metabolite tetrahydroprogesterone, 
which enhances spontaneous GABAergic activity and may counteract the 
eff ect of estradiol on neuronal excitability (Murphy and Segal, 2000).

Murphy and her collaborators identifi ed brain-derived neurotrophic factor 
(BDNF) as one of the molecules involved in the eff ect of estradiol on den-
dritic spines in CA1 pyramidal neurons. Th ey found that the hormone down-
regulates BDNF in the hippocampal cultures and that the treatment of these 
cultures with BDNF blocks the increase in dendritic spines induced by estra-
diol. In contrast, the eff ects of estradiol are mimicked by the blockade of BDNF 
actions with BDNF antibodies or by the inhibition of BDNF synthesis with a 
selective antisense oligonucleotide. Th erefore, the eff ect of estradiol on the lev-
els of BDNF may lead to the increase in dendritic spine density (Murphy et al., 
1998a). Th e eff ect of estradiol on BDNF in the hippocampal cultures was asso-
ciated with a decrease in inhibition and an increased excitatory tone in pyra-
midal neurons, suggesting that BDNF regulates GABAergic interneurons.

Murphy and her collaborators also examined the hypothesis that estradiol 
indirectly causes the formation of dendritic spines by reducing GABA inhibi-
tion, based on the observation that estrogen receptors are expressed by aspiny 
inhibitory hippocampal interneurons. Th ey found that estradiol caused a 
marked decrease in the expression of glutamic acid decarboxylase and number 
of glutamic acid decarboxylase immunoreactive neurons in the cultures. In 
addition, estradiol decreased the size and frequency of GABAergic miniature 
inhibitory postsynaptic currents, and increased the frequency of miniature 
excitatory postsynaptic currents. Furthermore, the inhibition of the synthesis 
of GABA in the cultures, using mercaptopropionic acid, induced a signifi cant 
increase in dendritic spine density, similar in magnitude to that induced by 
estradiol (Murphy et al., 1998b). Th ese fi ndings suggested that the increase in 
the density of dendritic spines induced by estradiol could be the consequence 
of a disinhibition of CA1 pyramidal neurons. Th erefore, according to Murphy 
and Segal, the eff ect of estrogen on the growth of dendritic spines in CA1 
pyramidal neurons in vitro would involve the activation of estrogen recep-
tors on interneurons, causing decreased BDNF levels and glutamic acid decar-
boxylase expression. Th is will result in a reduction in inhibitory tone in the 
culture, leading to an increase in excitatory tone in CA1 pyramidal neurons. 
Within the postsynaptic CA1 pyramidal cell, excitation will cause an increase 
in free intracellular calcium concentration and CREB phosphorylation, lead-
ing to transcriptional activation to increase the synthesis of proteins neces-
sary for the building of new dendritic spines (Segal and Murphy, 2001).

Evidence for such a mechanism was also obtained in vivo by Catherine 
Woolley and Charles N. Rudick at Northwestern University. Th ey used c-Fos 
immunohistochemistry to assess the activation of pyramidal cells aft er estra-
diol administration. Th ey observed that estradiol induces two sequential waves 
of c-Fos immunoreactivity: one at 2 hours and another at 24 hours (Rudick 
and Woolley, 2000). Th e fi rst phase of activation of CA1 pyramidal cells by 
estradiol probably involves rapid nongenomic eff ects. In contrast, the second 
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phase of activation is probably mediated by the activation of classical estro-
gen receptors, since it is blocked by tamoxifen (Rudick and Woolley, 2003). 
Using immunohistochemistry for the 65-kDa isoform of glutamic acid decar-
boxylase and a whole-cell voltage-clamp recording of GABAergic inhibitory 

postsynaptic currents, Rudick and Woolley detected that the second wave of 
pyramidal cell activation, at 24 hours, coincides with a transient suppression 
of GABAergic inhibition, as refl ected by a reduction of GABAergic postsynap-
tic currents in pyramidal cells and suppression of glutamic acid decarboxylase 
immunoreactivity in the dendritic layers of CA1 (Rudick and Woolley, 2001). 
Th ese fi ndings suggested that the second phase of activation of CA1 pyramidal 
cells by estradiol could be mediated by an indirect suppression of GABAergic 
inhibitory inputs. Interestingly, the disinhibition of CA1 pyramidal cells aft er 
estrogen treatment precedes the increase in dendritic spines, further sug-
gesting that a decrease in GABAergic transmission may be the cause of spine 
formation.

In addition to depending on local GABAergic neurons, estrogen-induced 
disinhibition is partially dependent on basal forebrain cholinergic neurons 
(Rudick et al., 2003). Csaba Leranth at Yale University and his collabora-
tors have examined the role of hippocampal aff erents on the plastic changes 
induced by estradiol on CA1 dendritic spines. Th ey tested the idea that sub-
cortical structures that express estrogen receptors and that are known to 
regulate hippocampal activity may play a role in the synaptic changes. To 
eliminate most subcortical aff erents to the hippocampus, they performed, in 
ovariectomized rats, a unilateral transection of the fi mbria/fornix. Th ey then 
evaluated the number of spine synapses in CA1 using electron microscopy. 
Th e transection of the fi mbria/fornix per se did not signifi cantly aff ect the 
number of CA1 spines; however, the number of spines in estrogen-treated rats 
was higher in the hippocampus contralateral to the lesion than in the ipsi-
lateral hippocampus. Th is fi nding suggested that, in addition to local eff ects 
of estradiol in the hippocampus, hormonal eff ects on subcortical aff erents 
contribute to the induction of spine formation in CA1 (Leranth et al., 2000). 
To directly test this hypothesis, Leranth and Shanabrough (2001) analyzed 
the eff ect of local administration of estradiol in one of the brain regions that 
project to the hippocampus: the supramammillary area. Using retrograde 
tracer techniques, they fi rst detected the expression of estrogen receptors in a 
large population of supramammillary neurons that project to the hippocam-
pus. Th ey then implanted cannulae fi lled with 17β-estradiol unilaterally into 
the supramammillary area of ovariectomized rats. Estradiol administration 
in the supramammillary area resulted in a signifi cant increase in the num-
ber of spine synapses in CA1 compared to control animals in which cannu-
lae fi lled with cholesterol were implanted in supramammillary area. Animals 
receiving estradiol in the supramammillary area also showed a higher num-
ber of spine synapses in CA1 than control animals that were implanted with 
estradiol-fi lled cannulae in the caudate nucleus. Similar results were obtained 
by the administration of estradiol in the medial septum/diagonal band of 
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Broca, a brain region that contains cholinergic neurons that express estro-
gen receptors and project to the hippocampus. Administration of estradiol in 
the medial septum/diagonal band induced a signifi cant increase in CA1 spine 
synapse density (Lam and Leranth, 2003a). Interestingly, this increase was not 
detected when cholinergic neurons in the medial septum/diagonal band were 
killed by the infusion of 192 IgG-saporin, a ribosome inactivating protein. 
Another brain region that participates in the formation of dendritic spines in 
the hippocampus in response to estradiol is the median raphe. Implantation of 
estrogen-fi lled cannulae into the median raphe results in a signifi cant increase 
in spine density in the hippocampus that is paralleled by a decrease in the 
density of serotonergic innervation of the strata lacunosum-moleculare and 
radiatum of the CA1 region (Prange-Kiel et al., 2004; Prange-Kiel and Rune, 
2006). Th ese fi ndings indicate that subcortical aff erents to the hippocampus 
are involved in the eff ects of estrogen on CA1 spine formation.

More recently, Catherine Woolley and Veronica A. Ledoux have examined 
the possible mechanisms for the estrogen-induced disinhibition of hippo-
campal CA1 pyramidal cells. Th ey considered two not excluding possibili-
ties: a decrease in the number of inhibitory boutons in synaptic contact with 
pyramidal cells and/or a decrease in GABA release at individual synapses. 
To analyze the fi rst possibility, Ledoux and Woolley injected ovariectomized 
rats with estradiol benzoate or vehicle and reconstructed, from 60–80 serial 
electron micrographs, patches of CA1 pyramidal cell body membrane. Th e 
reconstruction of a structure by electron microscopy from such a large num-
ber of serial sections is an extremely time-consuming task reserved for people 
with exceptional technical skills. Th e results obtained, however, paid for the 
eff ort. Th eir hypothesis, based on the reported eff ects of estradiol in the hypo-
thalamic arcuate nucleus, was that the hormone would induce axosomatic 
bouton displacement and glial hypertrophy. Th erefore, they reconstructed the 
glial processes and the inhibitory boutons apposed to the patches of CA1 neu-
ronal perikarya and quantifi ed the percentage of somatic surface apposed by 
glia, the density of axosomatic boutons, and the distance from each inhibitory 
synaptic density to the nearest glial profi le. However, none of these param-
eters was signifi cantly aff ected by estradiol, indicating that estrogen-induced 
disinhibition of CA1 pyramidal cells was not mediated by plastic remodeling 
of axosomatic inhibitory synapses. Th is was a very important fi nding that fur-
ther emphasizes that, rather than to promote identical plastic modifi cations in 
all brain structures, estradiol facilitates the onset of a variety of mechanisms 
of synaptic plasticity with regional specifi city, depending on the function of 
the synaptic circuit involved.

Since estradiol was not aff ecting the number of inhibitory synapses, Ledoux 
and Woolley investigated whether the presynaptic boutons showed morpho-
logical changes that could be correlated with a decreased GABA release. 
Th erefore, they assessed the volume of presynaptic boutons, the area of pre-
synaptic densities, and the number, density, and distribution of synaptic vesi-
cles in the presynaptic boutons to identify potential morphological correlates 
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of a decreased GABA release. Interestingly, only one of these parameters was 
aff ected by estradiol: the location of synaptic vesicles within the presynap-
tic terminal. Indeed, estradiol induced a signifi cant decrease in the number 
of synaptic vesicles adjacent to the presynaptic density, suggesting that the 
hormone induces disinhibition by decreasing the number of synaptic vesicles 
available for neurotransmitter release (Ledoux and Woolley, 2005). However, 
further studies using serial-section electron microscopic immunocytochem-
istry and immunofl uorescence have revealed clusters of vesicles immunoreac-
tive for the estrogen receptor α in inhibitory boutons in the hippocampal CA1 
cell body layer. Th ese vesicle clusters were detected in approximately one-third 

of perisomatic GABAergic boutons, but only in a specifi c neurochemical sub-
population of inhibitory presynaptic terminals. Interestingly, estradiol treat-
ment shift s the location of these vesicles toward synapses (Hart et al., 2007). 
Th erefore, estradiol may selectively aff ect the activity of specifi c subpopula-
tions of inhibitory synapses by the regulation of the subcellular localization of 
a distinct subset of estrogen-responsive synaptic vesicles.

Woolley and her collaborators have also reexamined the presynaptic com-
ponent involved in the plastic remodeling of dendritic spines. She and her 
colleagues reconstructed 410 complete presynaptic boutons from serial elec-
tron microscope sections from the CA1 stratum radiatum. Th ey observed that 
estradiol increases the number of presynaptic boutons that form multiple syn-
aptic contacts with dendritic spines, and increases the mean number of syn-
apses per multiple synaptic bouton (Fig. 4.6). Th ese multiple synaptic boutons 
have a more irregular morphology than single synaptic boutons, suggesting 
that they suff er shape modifi cations as they accumulate new synapses. Th e 
fi ndings of Woolley and colleagues indicate that estradiol induces an increase 
of spine synapses mainly by promoting the formation of new postsynaptic 
contacts by preexisting presynaptic boutons (Woolley et al., 1996). In addi-
tion, a very high proportion of these multiple synaptic boutons form their 
additional synapses on diff erent postsynaptic cells, indicating that estradiol 
increases the divergence of input from individual presynaptic boutons to mul-
tiple postsynaptic CA1 pyramidal cells (Yankova et al., 2001).

REGULATION BY ESTRADIOL AND PROGESTERONE OF GLIAL REMODELING 
IN THE HIPPOCAMPUS

As in the arcuate nucleus, estradiol and progesterone induce plastic remod-
eling of astrocytes in the hippocampus. In 1987, with my students Pedro 
Tranque and Gabriel Olmos, and collaborating with Isabel Suarez from Alcala 
University and Benjamin Fernandez from the Complutense University of 
Madrid, we examined the possible eff ect of estradiol on astrocytes. We found 
that estradiol administration to ovariectomized rats increases the surface 
density of GFAP immunoreactive astrocytes, but not the number of GFAP 
astrocytes, in the dentate gyrus of the hippocampus. Th e surface density of 
GFAP immunoreactive cells was assessed using stereological techniques as a 
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measure of the space occupied by GFAP immunoreactive perikarya and pro-
cesses in the dentate gyrus. Since the number of GFAP immunoreactive peri-
karya did not change aft er estradiol treatment, our result suggested that the 
hormone promotes the growth of astrocytes, probably increasing the growth 
and/or branching of astrocytic processes (Tranque et al., 1987). Some years 
later, Sonia Luquin examined the eff ects of estradiol and progesterone on 
hippocampal astrocytes and assessed whether astrocytes in this brain region 
showed plastic changes during the estrus cycle. She did not detect signifi cant 
eff ects with an ovariectomy, estrogen treatment, progesterone treatment, or 
phase of the estrus cycle in the number of GFAP immunoreactive astrocytes 
in the hilus of the dentate gyrus. However, their surface density showed sig-
nifi cant changes—it was increased in the aft ernoon of proestrus and on the 
morning of estrus compared to the morning of proestrus, diestrus, and met-
estrus. Furthermore, the surface density of GFAP immunoreactive astrocytes 
was decreased aft er an ovariectomy, and showed a dose-dependent increase in 
ovariectomized rats injected with 17β-estradiol (1, 10, or 300 μg/rat), alone or 
in combination with progesterone (500 μg/rat). In contrast, it was not aff ected 
by the administration of 17α-estradiol (Luquin et al., 1993).

An interesting fi nding was that the time-course of estradiol on astrocytes 
was aff ected by progesterone. Th e surface density of GFAP immunoreac-
tive cells was signifi cantly increased over control values by 5 hours aft er the 
injection of 17β-estradiol, and as early as 1 hour aft er the administration of 
progesterone. In addition, the separate injection of either 17β-estradiol or pro-
gesterone had smaller eff ects on the surface density of immunoreactive cells 
than did the administration of both hormones together. Th e surface density 
of GFAP immunoreactive cells reached maximal values by 24 hours aft er the 
combined administration of 17β-estradiol and progesterone and returned to 
control levels by 48 hours later. In contrast, in the rats injected with only one 
of the two hormones, the surface density of immunoreactive cells remained 
over control values for at least 9 days (Luquin et al., 1993). Th is indicates that, 
in contrast with the arcuate nucleus where progesterone blocks the eff ects of 
estradiol on astrocytes, in the dentate gyrus both progesterone and estradiol 
promote astroglia remodeling. In addition, both hormones interact to produce 
the termination of the eff ect. It is interesting to note that Gould and Woolley 
detected similar interactions of estradiol and progesterone in the regulation 
of the number of dendritic spines in CA1 pyramids (Gould et al., 1990a). As 
mentioned earlier in this chapter, progesterone treatment following estradiol 
initially increases spine density for a period of 2 to 6 hours but then induces a 
stronger decrease in spine density that estradiol alone. Th ese fi ndings suggest 
that the interaction of estradiol and progesterone is important in producing 
rapid modifi cations in growth and retraction of glial processes and dendritic 
spines during the estrus cycle.

Th e eff ects of estradiol and progesterone on hippocampal astrocytes may 
be mediated by direct eff ects on neurons and glia in the hippocampus or by 
actions on hippocampal aff erents. Indeed, Lam and Leranth (2003b) have 
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reported that estradiol infusion in the medial septum/diagonal band of Broca 
of adult ovariectomized rats reduces the density of GFAP acidic protein immu-
noreactive processes in the hippocampal CA1 and CA3 subfi elds. Th is eff ect is 
not detected in the dentate gyrus and is not mediated by changes in the num-
ber of GFAP immunoreactive cells. Th erefore, estradiol acting on hippocam-
pal aff erents may exert a down-regulation of astroglia cell processes in specifi c 
regions of the hippocampus. It is interesting to note that the administration of 
estradiol in the medial septum/diagonal band of Broca also induces a signifi -
cant increase in CA1 spine synapse density (Lam and Leranth, 2003a). Parallel 
changes in dendritic spines and GFAP immunoreactive processes have also 
been detected aft er administration of estradiol in another hippocampal aff er-
ent, the medial raphe. Local application of estradiol in this structure results in 
a 47% increase in spine synapse density and a 16% decrease in the density of 
GFAP immunoreactive processes in the stratum radiatum of the CA1 region 
(Prange-Kiel et al., 2004). Although the hormonal eff ects on astrocytes and 
dendritic spine synapses in the hippocampus have a similar time-course, so 
far there is no direct evidence for a causal relationship. Indeed, as I have men-
tioned before, Ledoux and Woolley did not detect any signifi cant changes in 
the glial processes associated with CA1 pyramidal perikarya associated with 
the decrease in GABAergic neurotransmission (Ledoux and Woolley, 2005).

REGULATION BY ESTRADIOL AND PROGESTERONE OF ADULT 
NEUROGENESIS

Another important aspect of adult hippocampal plasticity modulated by 
estradiol and progesterone is the neurogenesis that occurs in the subgranular 
zone of the dentate gyrus. Two papers in 1999 demonstrated that cell prolifer-
ation in the adult dentate gyrus is aff ected by gonadal hormones. Liisa A. M. 
Galea and Bruce S. McEwen reported that cell proliferation, measured by the 
incorporation of [3H]thymidine, was diff erent in the hippocampus of female 
wild meadow voles captured in the breeding season than in females captured 
during the nonbreeding season. Nonbreeding female meadow voles showed 
a higher number of [3H]thymidine-labeled cells than breeding females. Th e 
seasonal change in hippocampal proliferation was correlated with the sea-
sonal change in the levels of adrenal steroids and gonadal steroids in female 
meadow voles. In particular, high levels of corticosterone and estradiol were 
correlated with a decreased cell proliferation (Galea and McEwen, 1999). In the 
same year, a publication from Patima Tanapat, Nicholas B. Hastings, Alison J. 
Reeves, and Elizabeth Gould from Princeton University reported that estra-
diol induces a transient increase in neurogenesis in the dentate gyrus of adult 
female rats. Th ese authors, using the thymidine analog bromodeoxyuridine 
(BrdU) to assess cell proliferation, found that ovariectomy decreased the 
number of BrdU-labeled cells, while estradiol increased the number of BrdU-
labeled cells in ovariectomized rats. Furthermore, the number of BrdU-labeled 
cells varied during the estrus cycle, and higher numbers were observed during 
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proestrus compared with estrus and diestrus. Using immunohistochemistry 
and colocalization of BrdU with neuronal markers, they found that many of 
the BrdU-labeled cells were immature neurons. Another important observa-
tion was that the newly generated neurons showed a relatively short survival 
time (Tanapat et al., 1999).

Th e fi ndings of Galea and McEwen showing estrogen regulation of hippo-
campal neurogenesis seem to be in contradiction with those of Tanapat and 
collaborators, since high estradiol levels were associated with an increased cell 
proliferation in rats, while high estradiol levels were associated with decreased 
proliferation in meadow voles. Th e diff erences probably refl ect something 
more than species diff erences, since other studies have shown that the eff ect 
of estradiol on neurogenesis in the adult hippocampus depend on the dose, 
the duration of the hormonal exposure, and the duration of the previous hor-
monal deprivation. Th e eff ect of estradiol on hippocampal neurogenesis is 
dose-dependent, and high supraphysiological doses of the hormone do not 
aff ect cell proliferation (Tanapat et al., 2005). In addition, estradiol enhances 
proliferation aft er an acute administration (Banasr et al., 2001; Ormerod and 
Galea, 2001; Tanapat et al., 1999), but chronic administration of the hormone 
does not aff ect cell proliferation in the dentate gyrus (Perez-Martin et al., 2003; 
Tanapat et al., 2005). Furthermore, the acute administration of estradiol has a 
biphasic eff ect on cell proliferation: it fi rst enhances proliferation in the dente 
gyrus within 4 hours of the hormonal administration (Banasr et al., 2001; 
Ormerod and Galea, 2001; Tanapat et al., 1999) and then, aft er 24–48 hours, 
it suppresses cell proliferation (Ormerod and Galea, 2001; Ormerod et al., 
2003). Long-term ovarian hormone deprivation by ovariectomy also prevents 
the eff ect of estradiol on cell proliferation in the dentate gyrus (Perez-Martin 
et al., 2003). Th erefore, the eff ect of estradiol on hippocampal neurogenesis 
may be considered an example of metaplasticity (see Chapter 1) in which 
the hormone, rather than promoting or inhibiting neurogenesis, adapts this 
plastic modifi cation to changing homeodynamic needs. Progesterone is also 
involved in the metaplastic regulation, and the interaction of estradiol and 
progesterone eff ects may be highly relevant for the physiological fl uctuation of 
neurogenesis, since progesterone reduces the enhancing eff ects of estradiol on 
cell proliferation in the dentate gyrus of adult female rats (Galea et al., 2006; 
Tanapat et al., 2005). Finally, it should be noted that estradiol may have inde-
pendent eff ects on cell proliferation and survival. Th us, the work from the 
laboratory of Liisa Galea at the University of British Columbia, Canada, has 
shown that estradiol increases cell survival independent of its eff ects on cell 
proliferation in male and female meadow voles (Galea et al., 2006; Ormerod 
et al., 2004).

Th e eff ects of estradiol on neurogenesis in the adult hippocampus appear to 
be mediated by estrogen receptors. Studies from the laboratory of Liisa Galea 
have shown that the estrogen receptor antagonist ICI 182780 partially blocks 
the eff ect of estradiol, and that selective agonists for both estrogen receptor α 
and estrogen receptor β imitate the eff ect of estradiol. However, none of the 
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agonists of estrogen receptors enhanced cell proliferation to the same extent 
as estradiol, and the estrogen receptor antagonist did not completely sup-
press the proliferative eff ect of estradiol, suggesting that other mechanisms, 
independent of classical estrogen receptors, may be involved in the promo-
tion of neurogenesis by estradiol (Galea et al., 2006; Mazzucco et al., 2006). 
Th ese may include membrane-associated estrogen receptors (Brailoiu et al., 
2007), activation of signaling of growth factors such as granulins (Chiba et al., 
2007), or the interaction with other neural or hormonal systems. For instance, 
serotonin innervation seems to be necessary for the acute induction of cell 
proliferation by estradiol, since the hormonal eff ect is blocked by a serotonin 
antagonist (Banasr et al., 2001). In contrast, the suppressive eff ect of estradiol 
on cell proliferation appears to be dependent on adrenal steroids (Ormerod 
et al., 2003). High adrenal steroid levels may also explain the lack of eff ect 
on hippocampal neurogenesis of chronic estradiol treatments (Perez-Martin 
et al., 2003).

In addition to the regulation of hippocampal neurogenesis, estradiol 
may also aff ect neuronal replacement in the olfactory bulb. As mentioned 
in Chapter 1, new neurons are generated in the subventricular zone of adult 
rodents. Th ese newly generated neurons migrate rostrally and are incorpo-
rated in neuronal circuits in the olfactory bulb. Zsófi a Hoyk and collaborators 
in Szeged, Hungary, have examined the eff ects of estradiol on the survival 
rate of newly integrated interneurons in the olfactory bulb of adult ovariec-
tomized rats (Hoyk et al., 2006). Th e hormone was injected for six consecu-
tive days, and on day 6 the animals were injected with BrdU every 2 hours 
for 8 hours. Twenty-one days aft er the administration of BrdU, the animals 
were killed and the number of BrdU cells was analyzed in the olfactory bulb 
(Fig. 4.7). Hoyk and collaborators detected a signifi cant decrease in the num-
ber of BrdU cells in the granule cell layer and in the glomerular layer of the 
accessory olfactory bulb in the animals treated with estradiol compared to 
ovariectomized rats treated with a vehicle. In contrast, estradiol did not aff ect 
the number of BrdU cells in the main olfactory bulb (Hoyk et al., 2006). Th ese 
fi ndings suggest that estradiol regulates neuronal replacement in the accessory 
olfactory bulb, a region involved in the regulation of behavior by pheromones. 
Several mechanisms may be involved in the eff ect of estradiol on the num-
ber of BrdU immunoreactive cells in the accessory olfactory bulb. Th e hor-
mone may regulate neurogenesis in the subventricular zone, the migration of 
newly generated neurons to the accessory olfactory bulb, and/or the survival 
of newly incorporated neurons in the accessory olfactory bulb. Concerning 
the fi rst possibility, estradiol is known to regulate the generation of new neu-
rons in the ventricular and subventricular zone of the embryonic neocortex 
(Martinez-Cerdeno et al., 2006), and in the adult rodent brain, the hormone 
stimulates the rate of neurogenesis in the subventricular zone in an animal 
model of experimental diabetes (Saravia et al., 2004) and a model of stroke 
(Suzuki et al., 2007b). Estradiol also regulates the integration of new neurons 
in brain regions controlling song in songbirds (Hidalgo et al., 1995; Johnson 
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and Bottjer, 1995; Nordeen and Nordeen, 1989), enhances cell proliferation in 
the hippocampus and the subventricular zone aft er brain injury in birds (Lee 
et al., 2007), and reduces glial proliferation aft er traumatic brain injury in 
rodents (Garcia-Estrada, 1993; see also Chapter 9). Progesterone and the pro-
gesterone metabolites dihydroprogesterone and tetrahydroprogesterone are 
also involved in the regulation of cell replacement in the adult rodent brain. 
Dihydroprogesterone and tetrahydroprogesterone have been shown to reduce 
cell proliferation in the subependymal layer of adult male rats (Giachino et al., 
2003, 2004), and progesterone down-regulates glial proliferation aft er brain 
injury (Garcia-Estrada, 1993).

ROLE OF BRAIN ESTRADIOL SYNTHESIS IN THE REGULATION OF SYNAPTIC 
PLASTICITY AND NEURONAL REPLACEMENT

An important question that has recently emerged is the role of local estrogen 
synthesis by neural tissue in the regulation of synaptic plasticity. Testosterone 
and other C19 steroids are converted to estradiol by aromatase, an enzyme 
that consists of two components: a cytochrome P450 (P450arom), the product 
of the cyp19 gene, and the ubiquitous fl avoprotein NADPH (reduced nicotin-
amide adenine dinucleotide phosphate)–cytochrome P450 reductase (Kamat 
et al., 2002; Simpson and Davis, 2001). Aromatase activity in the brain was 

Figure 4.7. Methylene blue–stained section of an olfactory bulb showing BrdU-
immunoreactive nuclei (arrows) in the granule cell layer of the main olfactory bulb of 
an ovariectomized rat. Scale bar = 50 μm. (Microphotograph courtesy of Dr. Arpad 
Parducz.)
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fi rst detected by Frederick Naft olin and collaborators in the fetal human lim-
bic system and in the rat hypothalamus (Naft olin et al., 1971a, b, 1972a; Ryan 
et al., 1972). Aft er these pioneering fi ndings, numerous studies have shown 
the expression, activity, and distribution of aromatase in the central ner-
vous system of several species of vertebrates (Flores et al., 1973; Jakab et al., 
1993; Naft olin et al., 1975; Roselli et al., 1985; Schumacher and Balthazart, 
1987; Shinoda et al., 1994) including humans (Ishunina et al., 2005; Sasano 
et al., 1998; Steckelbroeck et al., 1999; Stoff el-Wagner et al., 1998, 1999; Yague 
et al., 2006). Brain aromatase is thought to be involved in regulatory eff ects 
of androgens, via conversion to estrogens, on reproductive neuroendocrine 
development. Th us, by the regulation of local estrogen levels, aromatase 
activity participates in the sexual diff erentiation of brain regions involved in 
the control of gonadotropin secretion and sexual behavior (see Chapter 6). 
During adult life, brain aromatase activity also controls local estrogen levels 
within brain regions involved in the regulation of reproduction (Hutchison, 
1991; Lephart, 1996; MacLusky and Naft olin, 1981; Naft olin, 1994). In addi-
tion to these classical reproductive roles of brain aromatase, its activity may 
also modulate mood and aff ective status (Fink et al., 1999). Th us, aromatase 
knockout (ArKO) female mice (Dalla et al., 2004)—but not ArKO male mice 
(Dalla et al., 2005)—show increased depressive-like behaviors; polymorphisms 
in the cyp19 gene are associated with depressive symptoms in women (Kravitz 
et al., 2006). Furthermore, ArKO male mice develop compulsive behaviors, 
such as excessive barbering, grooming, and wheel-running (Hill et al., 2007). 
Modifi cations in brain aromatase activity may also play an important role in 
the regulation of aggressive behavior (Soma, 2006; Trainor et al., 2006), and in 
its modulation by social experiences (Trainor et al., 2006). Some clinical and 
experimental studies suggest that aromatase activity also impacts cognitive 
function. Two randomized, placebo-controlled clinical trials have assessed 
the eff ect of aromatase inhibition on cognition. In one of these studies, the 
aromatase inhibitor letrozole did not aff ect the improvements in visual and 
verbal memory caused by testosterone administration on postmenopausal 
women (Shah et al., 2006). In contrast, another clinical trial has shown that 
aromatase inhibition in healthy older men prevents the improvement in verbal 
memory produced by testosterone (Cherrier et al., 2005). Other studies sug-
gest that aromatase inhibitors used as a treatment for breast cancer may impair 
verbal and visual learning in women (Bender et al., 2007; Jenkins et al., 2002). 
Studies in animals also suggest that aromatase activity may interfere with 
cognitive processing. Local aromatization of testosterone to estradiol within 
the brain of songbirds enhances hippocampal function, including spatial 
memory performance (Oberlander et al., 2004). In contrast, in male rats, inhi-
bition of brain aromatase counteracts spatial learning impairment induced by 
the injection of testosterone into the hippocampus (Moradpour et al., 2006), 
and the systemic administration of an aromatase inhibitor facilitates work-
ing memory acquisition (Alejandre-Gomez et al., 2007). Aromatase activity 
may therefore improve or impair specifi c cognitive modalities, probably by 
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the fi ne regulation of estradiol levels at precise moments and in specifi c brain 
regions, since estradiol exerts dose, time, and region-specifi c actions on cog-
nition (Holmes et al., 2002; Sinopoli et al., 2006; Wide et al., 2004).

Th e role of aromatase on cognition may be related to its regulatory 
actions on brain plasticity (Fig. 4.8). Gabriele M. Rune from the University 
of Hamburg and her collaborators have provided solid evidence indicating 
that local estradiol synthesis in the hippocampus by the enzyme aromatase 
induces dendritic spine synapses in CA1 pyramidal hippocampal neurons. 
Th ey have shown that the pharmacological inhibition of aromatase activity in 
hippocampal slices decreases the number of synapses and the expression of 
spinophilin, a marker of dendritic spines, and synaptophysin, a protein of pre-
synaptic vesicles (Kretz et al., 2004; Prange-Kiel et al., 2006; Prange-Kiel and 
Rune, 2006; Rune and Frotscher, 2005). Th erefore, at least in vitro, estradiol 
synthesized by hippocampal cells is an endogenous regulator of synaptic plas-
ticity (see below for in vivo studies using aromatase inhibitors). Studies from 
Suguru Kawato and his collaborators at the University of Tokyo have shown 
that, in contrast to what is observed in females, estradiol rapidly enhances 
long-term synaptic depression in CA1, CA3, and dentate gyrus in hippocam-
pal slices from male rats (Mukai et al., 2007). Th is suggests that locally formed 
estradiol in the hippocampus of male rats may exert a diff erent regulation of 
functional synaptic plasticity than hormonal estradiol in females. However, as 
in females, estradiol increases the number of dendritic spines in CA1 pyrami-
dal neurons in hippocampal slices from male rats by a mechanism involving 
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Figure 4.8. Estrogen synthesized in the brain by the enzyme aromatase is a regula-
tor of synaptic plasticity and cellular replacement. Aromatase activity in neurons is 
rapidly regulated by synaptic activity. In turn, aromatase regulates synaptic function, 
synaptic plasticity, and neurogenesis. Brain aromatase, conceivably via its actions on 
synapses and neurogenesis, aff ects behavior, mood, and cognition.
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the mitogen-activated protein kinase and the estrogen receptor α (Mukai 
et al., 2007; Ogiue-Ikeda et al., 2008). Th e enzyme may also infl uence synaptic 
development and plasticity in other nonreproductive regions of the central 
nervous system, since cerebellar Purkinje cells in ArKO mice show decreased 
dendritic growth and decreased formation of dendritic spines and synapses 
(Sasahara et al., 2007).

Th e eff ects of aromatase on behavior and brain plasticity suggest that the 
enzyme may aff ect synaptic function and information processing through neu-
ronal circuits. Interestingly, studies by Jacques Balthazart from the University 
of Liège and Gregory F. Ball from Johns Hopkins University and their collabo-
rators have demonstrated that brain aromatase is rapidly modulated by aff erent 
synaptic inputs (including glutamatergic aff erents) by a mechanism potentially 
mediated by increased intracellular Ca2+ levels, and Ca2+-dependent phosphor-
ylation that could be mimicked by K+-induced depolarization (Balthazart and 
Ball, 2006; Balthazart et al., 2006a, b; Cornil et al., 2006). Th ese studies have 
shown that brain estrogen levels can be regulated within minutes by changes 
in aromatase activity. Th e rapid modulation of aromatase activity by synaptic 
inputs has implications for the processing of information by neuronal circuits. 
Th us, acute inhibition of aromatase activity in the dorsal horn of the spinal 
cord in quail results in a rapid (within 1 minute) reduction in the response 
to a thermal painful stimulus (Evrard, 2006; Evrard and Balthazart, 2004). 
Th erefore, estradiol produced by local aromatase activity exerts rapid eff ects 
on neuronal physiology, probably by nongenomic mechanisms of action. Th is 
role of aromatase as an acute modulator of neuronal information processing 
also has implications for behavior. Indeed, Balthazart and colleagues have 
shown that rapid modulation of aromatase activity and the consequent rapid 
fl uctuations in brain estrogen concentrations are followed within minutes 
by changes in male sexual behavior (Balthazart and Ball, 2006; Balthazart 
et al., 2006a, b; Cornil et al., 2006; Taziaux et al., 2007). Th erefore, synap-
tic activity may quickly regulate brain aromatase activity and, consequently, 
local estrogen formation by aromatase may quickly regulate synaptic function 
and behavior (Fig. 4.8). In addition, Rune and collaborators have shown that 
the aromatase inhibitor fadrozole decreases GABA synthesis in hippocam-
pal cultures, while bicuculline, a GABAA receptor blocker that induces over-
excitation of hippocampal neurons, decreases both the number of dendritic 
spines and the synthesis of estradiol in hippocampal slices, suggesting that 
aromatase may play an important role in brain function by linking neuronal 
activity and synaptic plasticity (Zhou et al., 2007). Since testosterone may be 
synthesized from endogenous cholesterol in the rat hippocampus (Hojo et al., 
2004; Mukai et al., 2006), the neuromodulatory role of aromatase may at least 
in part be independent of exogenous testosterone. However, brain aromatase 
may be subjected to endocrine regulation, and a recent study from Prange-
Kiel, Rune, and collaborators indicate that GnRH regulates estradiol synthesis 
and spine synaptic density in a dose-dependent manner in hippocampal cells 
by a mechanism mediated by aromatase (Prange-Kiel et al., 2008). Th erefore, 
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the neuromodulatory and neuroplastic actions of brain aromatase may play 
an important role by coupling neuronal and hormonal signaling with behav-
ior and cognition.

Th e subcellular localization of aromatase within the brain suggests that its 
neuromodulatory function may be exerted, at least in part, directly on syn-
apses. In the brain of birds and mammals, aromatase immunoreactivity is 
located in the cytoplasm of neuronal perikarya and neuronal processes (Hojo 
et al., 2004; Ishunina et al., 2005; Jakab et al., 1993; Shinoda et al., 1994; Yague 
et al., 2006). In addition, aromatase is present in presynaptic terminals. Th e 
localization of aromatase on synapses was indicated by early studies show-
ing aromatase activity in synaptosomal preparations (Schlinger and Arnold, 
1992; Schlinger and Callard, 1989). Immunohistochemical localization of aro-
matase in brain sections from quails, rats, monkeys, and humans, as well as 
studies by immunoelectron microscopy, have confi rmed that the enzyme is 
located in presynaptic terminals (Horvath et al., 1997c; Naft olin et al., 1996b; 
Peterson et al., 2005; Saldanha et al., 2000; Yague et al., 2006). Th erefore, 
estrogen formed on presynaptic terminals may potentially be released to 
activate estrogen receptors located in postsynaptic structures (Milner et al., 
2005; Towart et al., 2003) or may also potentially act within the presynap-
tic terminals, targeting synaptic vesicles expressing estrogen receptors (Hart 
et al., 2007; Woolley, 2007) to regulate neurotransmitter release and synaptic 
plasticity.

Local synthesis of estradiol in the hippocampus is also involved in the regu-
lation of adult neurogenesis. Th e laboratory of Gabriele Rune in Hamburg has 
shown that the treatment of hippocampal dispersion cultures with letrozole, 
a specifi c aromatase inhibitor, decreases the number of proliferative cells and 
increases the number of apoptotic cells. Similar eff ects were observed aft er 
the inhibition of steroidogenesis in cultures using siRNA against the steroido-
genic acute regulatory protein (StAR). StAR is one of the proteins involved in 
the transport of cholesterol through the hydrophilic space between the outer 
and inner mitochondrial membranes to allow cholesterol to reach the cyto-
chrome P450 side-chain cleavage (P450scc), the fi rst enzyme in the steroido-
genic pathway, in which converts cholesterol to pregnenolone (Hauet et al., 
2005; Stocco, 2001; see also Chapter 9). Application of estradiol to the medium 
had no eff ect on proliferation and apoptosis, whereas the antiproliferative 
and proapoptotic eff ects of StAR knock-down and letrozole treatment were 
restored by the treatment of the cultures with estradiol (Fester et al., 2006). 
Th ese fi ndings suggest that local estradiol formed within the rodent hippo-
campus may regulate neurogenesis, at least under certain conditions (Fig. 4.8). 
Locally formed estradiol has also been shown to promote cell proliferation in 
the hippocampus and the subventricular zone in the zebra fi nch brain aft er 
injury (Lee et al., 2007). Furthermore, other steroids locally synthesized in 
the hippocampus may also act as modulators of adult neurogenesis. One of 
these steroids is pregnenolone which is synthesized from cholesterol and is 
the precursor of progesterone, testosterone, and estradiol. Willy Mayo and his 
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collaborators at INSERM in Bordeaux, France, analyzed the eff ect of pregnen-
olone sulfate on adult hippocampal neurogenesis and found that its admin-
istration to young adult or aged male rats increases the number of cells that 
incorporate BrdU in the dentate gyrus, and the expression of PSA-N-CAM 
(Mayo et al., 2005), which is also a marker of neurogenesis (Bonfanti, 2006).

ANDROGENS, SYNAPTIC PLASTICITY, AND CELLULAR REPLACEMENT IN 
THE SONG SYSTEM OF SONGBIRDS

In 1980, Fernando Nottebohm from Rockefeller University provided one 
of the fi rst and more striking evidence linking androgen-induced neuronal 
plasticity in adult animals and the generation of a new specifi c behavior. He 
showed that the treatment of adult ovariectomized female canaries with tes-
tosterone increased the volume of two sexually dimorphic regions of the telen-
cephalon, the hyperstriatum ventrale pars caudale (HVC, the caudal nucleus 
of the ventral neostriatum, subsequently renamed High Vocal Center and 
then HVC as a proper noun; Reiner et al., 2004), and the nucleus robustus 
archistriatalis (now robustus arcopallialis or RA) (Nottebohm, 1980). Th ese 
telencephalic regions are involved in male song behavior and are larger in 
males than in females (see Chapter 6). Interestingly, the hormonal treatment 
of adult females resulted in the generation of male-like song behavior, sug-
gesting that the morphological mutability of the HVC and the nucleus RA 
induced by testosterone in adult animals was casually linked to the generation 
of a new behavior. Further studies demonstrated that physiological seasonal 
variation in circulating androgens also induced changes in male song behav-
ior and in the volume of the telencephalic nuclei controlling such behavior 
(Kirn et al., 1994; Nottebohm, 1981). Logically, the question arises on how 
these testosterone-induced changes in the volume of specifi c brain structures 
are generated. To assess whether testosterone could induce the incorporation 
of new neurons, Fernando Nottebohm and Steven A. Goldman identifi ed 
proliferating cells using radiolabeled thymidine and autoradiography. Th ey 
found a relatively high number of neurons that incorporate [3H]thymidine in 
the HVC of adult intact female canaries, even in the absence of testosterone 
treatment. Th is indicated that new neurons were incorporated into this brain 
structure, but that this process was not regulated by testosterone (Goldman 
and Nottebohm, 1983).

Th e analysis by electron microscopy of newly generated, [3H]thymidine-
labeled neurons revealed that these neurons, inserted into existing neural 
networks, were contacted in the cell body and proximal dendrites by sev-
eral types of synaptic terminals, with symmetrical or asymmetrical synaptic 
junctions (Burd and Nottebohm, 1985). In addition, many newly generated 
neurons grow long axons to the nucleus RA and become part of the eff er-
ent pathway for song control (Alvarez-Buylla et al., 1990; Kirn et al., 1991). 
Th erefore, the newly generated neurons are integrated into functional synap-
tic circuits, and the plasticity in the song system of song birds represents an 
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example of hormonally regulated cellular replacement within specifi c neuro-
nal circuits (see also Chapter 8).

Goldman and Nottebohm identifi ed the origin of the new neurons in the 
ventricular zone overlying the HVC (where stem cells proliferate). Th ey also 
reported that although testosterone did not induce this process of neurogen-
esis, the hormone increased glial and endothelial proliferation (Goldman 
and Nottebohm, 1983). More recent studies have demonstrated that although 
neurogenesis is not initiated by testosterone, both testosterone and its metab-
olite estradiol modulate the integration and survival of new neurons in the 
HVC (Hidalgo et al., 1995; Johnson and Bottjer, 1995; Nordeen and Nordeen, 
1989; Rasika et al., 1994). In addition, Abner Louissaint, Sudha Rao, Caroline 
Leventhal, and Steven A. Goldman have shown that the recruitment of new 
neurons in the HVC is infl uenced by previous hormonal eff ects on endothe-
lial proliferation. Testosterone induces the production of vascular endothelial 
growth factor and its receptor, VEGFR-2/Quek1/KDR, in the HVC. In turn, 
vascular endothelial growth factor, but not gonadal steroids, induces endo-
thelial cell proliferation. Th en, testosterone induces the production of BDNF 
(brain-derived neurotrophic factor) by endothelial cells, and this factor pro-
motes the migration and recruitment of neurons from the ventricular zone to 
the HVC (Louissaint et al., 2002).

To further characterize the morphological cellular changes induced by tes-
tosterone and to assess whether the hormone regulates synaptic connectivity 
in the telencephalic regions controlling singing, Fernando Nottebohm and 
Timothy J. DeVoogd, using a quantitative analysis on Golgi-stained prepa-
rations, examined the eff ect of hormonal treatments on the dendritic arbor 
in neurons from the nucleus RA. Th ey found that physiological doses of tes-
tosterone, estradiol, or dihydrotestosterone increased dendritic length. In 
addition, dendrites from ovariectomized females treated with testosterone 
had more branches than the dendrites from animals treated with estradiol 
or dihydrotestosterone, and had a morphological appearance that resembled 
the dendrites of adult males (DeVoogd and Nottebohm, 1981). A further step 
forward in the characterization of the plastic changes induced by testoster-
one was the demonstration, together with Barbara Nixdorf, that the number 
of synapses formed on neurons of the nucleus RA were also aff ected by the 
hormonal treatment (DeVoogd et al., 1985). Systemic testosterone treatment 
of adult female canaries produced a 51% increase in the number of synapses 
formed on RA neurons, an increase in the number of synaptic vesicles per 
synapse, and larger synapses. In addition, housing in spring-like conditions 
was also associated with larger synapses and more vesicles per synapse than 
housing in fall-like conditions. Plastic changes induced by testosterone have 
also been observed in the HVC, where singing female canaries implanted with 
testosterone propionate have an increased number of neuronal soma-somatic 
gap junctions compared with the untreated singing females. Th e hormonal 
eff ect on gap junctions is accompanied by the development of a male-like 
song, suggesting that modifi cations in the electric coupling between neurons 
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of the HVC could be important for the testosterone-dependent changes of the 
song pattern of canaries (Gahr and Garcia-Segura, 1996).

ANDROGENS AND SYNAPTIC PLASTICITY IN MOTONEURONS

Another region of the central nervous system showing androgen-induced 
plasticity related to a specifi c behavior is the spinal cord. In 1986, the labo-
ratory of Arthur P. Arnold reported that castration of adult rats produced a 
marked decrease in the dendritic length and soma size of androgen-sensitive 
motoneurons of the spinal nucleus of the bulbocavernosus, and that these 
plastic changes were reversed by androgen replacement (Kurz et al., 1986). Six 
years earlier, S. Marc Breedlove and Arthur P. Arnold had reported that the 
spinal nucleus of the bulbocavernosus is smaller in females than in males, and 
that both motoneurons in this nucleus and the muscles they innervate express 
androgen receptors (Breedlove and Arnold, 1980). Furthermore, Breedlove 
and Arnold found that the size of the individual spinal nucleus of bulbocav-
ernosus neurons was increased in the presence of androgen (Breedlove and 
Arnold, 1981). Motoneurons of the spinal nucleus of the bulbocavernosus 
innervate perineal muscles (bulbocavernosus and levator ani) are involved in 
penile refl exes and mediate male copulatory functions. Th us, the morphologi-
cal eff ects in neuronal perikarya and dendrites induced by androgens in these 
motoneurons (Fargo and Sengelaub, 2004; Kurz et al., 1991) further support a 
link between androgen-induced neuronal plasticity and a specifi c behavior.

Further studies showed that testosterone increases the number of synap-
tic inputs on these neurons (Leedy et al., 1987; Matsumoto, 1997; Matsumoto 
et al., 1988) and that androgens delay the development-related loss of the mul-
tiple innervations to muscle fi bers of the levator ani muscle (Jordan et al., 
1989). Neuronal size, dendritic length, and size of levator ani and bulbocaver-
nosus muscles are also reduced in the spinal nucleus of the bulbocavernosus 
in castrated male mice (Zuloaga et al., 2007). Androgens also control synaptic 
inputs on the dorsolateral nucleus of the rat lumbar spinal cord, increasing 
dendritic length in motoneurons from this nucleus (Kurz et al., 1991).

Motoneurons of the spinal nucleus of the bulbocavernosus are a good 
example of how synaptic targets may aff ect plasticity in presynaptic neurons, 
since the eff ect of androgens on the motoneurons is related with an action on 
the target muscles. Indeed, androgens increase the size of the bulbocavernosus 
and levator ani muscles, and in turn, muscle size regulates the dendritic size of 
the motoneurons of the spinal nucleus of the bulbocavernosus. Evidence for 
this was obtained by Rand and Breedlove (1995), who administered testoster-
one or an androgen receptor antagonist in the target muscles and observed the 
eff ect on dendrites in the spinal nucleus of the bulbocavernosus. Th ey found 
that motoneurons innervating androgen-deprived muscles had dendritic 
arbors which were reduced by 44% overall relative to those of motoneurons 
innervating androgen-stimulated muscles, and signifi cant reductions in den-
drite lengths. More recent studies suggest that testosterone may promote the 
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release of trophic factors by muscle cells or interact with trophic factors pro-
duced by these cells to induce dendritic growth in motoneurons. Yang et al. 
(2004) have shown that BDNF administered in the muscle increases dendritic 
growth in motoneurons from the spinal nucleus of the bulbocavernosus, and 
that the join treatment with BDNF and testosterone results in longer dendrites 
than BDNF or testosterone alone.

Androgen eff ects were also detected in motoneurons that control the syr-
inx in songbirds. Clower et al. (1989) reported that synapse density was lower 
in testosterone-treated canaries than in control canaries in the caudal por-
tion of the hypoglossal nucleus, which contains the motoneurons that control 
the syrinx. In addition, the number of synapses was lower in the fall than in 
spring, suggesting that the synaptic changes induced by testosterone may be 
related to the seasonal control of vocalization.

More evidence for the eff ects of androgens on synaptic inputs on motoneu-
rons was obtained in the laboratory of Kathryn J. Jones at Loyola University 
Chicago. For many years Jones has been studying the eff ects of androgens 
on synaptic inputs on hamster motoneurons aft er an axotomy. Her work 
has shown that androgens prevent the synaptic loss of presynaptic inputs on 
motoneurons that occurs aft er axotomy (Jones et al., 1997a; see also Chapter 9). 

Testosterone has been also shown to decrease synaptic loss on motoneurons 
of the spinal nucleus of the bulbocavernosus muscle aft er exposure to chronic 
stress (Matsumoto, 2005).

ANDROGENS, SYNAPTIC PLASTICITY, AND CELLULAR REPLACEMENT IN 
THE MAMMALIAN BRAIN

Th e eff ects of androgens on synaptic plasticity were also detected in regions 
of the mammalian brain related to neuroendocrine regulation and sexual 
behavior. Th e research team of Michael J. Baum at the Department of Biology 
at Boston University studied the dendrites of a sexually dimorphic group of 
cells at the dorsal border of the preoptic/anterior hypothalamic area of ferrets, 
using the Golgi-Cox impregnation method. Tridimensional reconstruction of 
78 multipolar neurons from 12 ferrets revealed signifi cant sex diff erences in 
the somal area and dendritic morphology, including total length, number of 
branches, and total dendritic surface area. In addition, testosterone adminis-
tration increased dendritic arborization in both sexes (Cherry et al., 1992).

Another brain region in which androgens regulate the somal sizeand den-
dritic length is the medial amygdala, a brain region involved in the control of 
sexual behavior. Gomez and Newman (1991), using the Golgi method, detected 
in male Syrian hamsters a decline in dendritic length and branching and a 
decline in the volume of neuronal perikarya of the posterior medial amyg-
dala. Testosterone and estradiol prevent the eff ect of castration on the length 
and branching of dendrites in the posterior medial amygdala. In contrast, 
the nonaromatizable testosterone metabolite 5α-dihydrotestosterone, which 
acts on androgen receptors, did not prevent the eff ect of castration (Gomez 
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and Newman, 1991). Th is suggests that the eff ect of testosterone is mediated 
through the conversion to estradiol by the enzyme aromatase and the conse-
quent activation of estrogen receptors. Bradley M. Cooke, S. Marc Breedlove, 
and their collaborators have also demonstrated that circulating androgen 
regulates the volume of the posterodorsal subnucleus of the medial amygdala. 
Th ese eff ects of androgens are in part mediated by an increase in the volume 
of neurons in this brain area. In addition, it is probable that changes in the 
growth of dendrites and glial processes may also infl uence the total volume 
of the nucleus. Testosterone increases the size of neuronal perikarya and the 
regional volume of the posterodorsal subnucleus of the medial amygdala in 
castrated male rats. Interestingly, administration of dihydrotestosterone and 
estradiol reverses the eff ect of castration, suggesting that the activation of 
both androgen and estrogen receptors is involved in the action of androgens 
on neuronal size. In contrast, only estrogen receptors appear to mediate the 
eff ects of testosterone on the regional volume of the posterodorsal subnucleus 
of the medial amygdala (Cooke et al., 1999, 2003). Furthermore, the volume of 
the posterodorsal subnucleus of the medial amygdala increases signifi cantly 
during puberty in male Syrian hamsters (Romeo and Sisk, 2001; see also 
Chapter 7), and seasonal variation in androgen is correlated with morpho-
logic plasticity in this nucleus in the Siberian hamster (Cooke et al., 2002a, b). 
Furthermore, Christie D. Fowler, Marc E. Freeman, and Zuoxin Wang from 
Florida State University in Tallahassee have shown that testosterone increases 
the incorporation of newly generated cells in the amygdala of adult male 
meadow voles (Fowler et al., 2003). Treatment of castrated animals with tes-
tosterone propionate and estradiol benzoate resulted in a signifi cant increase 
in the density of cells that were labeled with the cell proliferation marker BrdU 
in the amygdala. In contrast, dihydrotestosterone did not aff ect the number 
of BrdU-labeled cells, suggesting that the eff ect of testosterone may be medi-
ated by its aromatization to estradiol. It is probable that the androgen-induced 
morphological changes in the medial amygdala are associated with the role of 
this nucleus in the actions of androgens on sexual behavior (Cooke, 2006).

In addition to their role in the regulation of reproduction and sexual 
and aggressive behaviors (Bancroft , 2005; Christiansen, 2001; Soma, 2006; 
Wilson, 2001), androgens exert analgesic and anxiolytic eff ects (Edinger and 
Frye, 2005) and modulate mood and cognition (Cherrier, 2005; Christiansen, 
2001; Janowsky, 2006). Th erefore, neuroplastic actions of androgens in brain 
regions not involved in the control of reproduction may aff ect aff ection, learn-
ing, and memory. Th e eff ects of androgens on neurogenesis in the adult hip-
pocampus have not been explored in detail, and the results are in some aspects 
contradictory. Some studies have shown no eff ect, other studies suggest that 
androgens promote neurogenesis or survival of newly generated neurons, and 
there is also evidence that some androgens may reduce neurogenesis (Galea 
et al., 2006). For instance, DHEA increases cell proliferation and cell survival 
in the dentate gyrus of adult male rats (Karishma and Herbert, 2002), while 
19-nortestosterone reduces the number of BrdU-labeled cells in the dentate 
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gyrus of adult male and female rats (Brannvall et al., 2005). We have more 
information on the eff ects of androgens on synaptic plasticity in the hippo-
campus. Th is is relatively recent information, since in contrast to the numer-
ous studies that have analyzed the eff ect of estradiol on synaptic plasticity in 
the hippocampus, the possible infl uence of androgens on synaptic plasticity in 
this brain region was largely ignored. Electrophysiological studies suggested 
that testosterone reduces long-term potentiation in CA1 in castrated males 
(Harley et al., 2000), in contrast to the induction of long-term potentiation 
by estrogen in females. However, the eff ects of androgens on dendritic spines 
were not assessed. Th e situation changed when Csaba Leranth and his col-
laborators at Yale University, together with Neil J. MacLusky then at Columbia 
University, New York , demonstrated that castration and testosterone replace-
ment aff ected the number of synapses on CA1 dendritic spines in male rats 
(Leranth et al., 2003).

Using unbiased morphometric techniques applied to electron microscopy, 
Leranth and his collaborators detected that castrated males had a reduction 
of about 50% in the number of dendritic spine synapses in the stratum radia-
tum of the CA1 subfi eld of the hippocampal formation (Leranth et al., 2003). 
Given that the hippocampus expresses aromatase, the enzyme that catalyzes 
the conversion of androgens to estrogens, Leranth and his collaborators con-
sidered as possible the eff ect of an orchidectomy might be due to decreased 
hippocampal estrogen biosynthesis, resulting from the loss of circulating 
testosterone. To test this idea, rats were orchidectomized and then given 
replacement treatments with testosterone, dihydrotestosterone, or estradiol. 
Th e expectation was that if the eff ects of orchidectomy were due to the loss 
of testicular androgen as a substrate for intracerebral estrogen biosynthesis, 
then these eff ects should be reversed by treatment with testosterone or estra-
diol, but not by dihydrotestosterone, a metabolite of testosterone that cannot 
be aromatized into estradiol (MacLusky et al., 2006b). As expected, the tes-
tosterone replacement recovered the number of dendritic spine synapses to 
control values. Th ese fi ndings indicated that dendritic spine synapses in the 
hippocampus of male rats are also under the control of gonadal hormones, 
as in females. However, a crucial and unexpected observation was that dihy-
drotestosterone had similar eff ects to that of testosterone, and increased the 
dendritic spine synapse numbers of castrated males to control levels. Th is was 
an important discovery, since it clearly showed that androgens per se, with-
out conversion to estrogens, are able to aff ect synaptic formation or stability 
in the hippocampus of adult animals. Furthermore, estradiol treatment did 
not aff ect the number of spine synapses in castrated males, further indicating 
that the eff ect of testosterone was not mediated by its conversion into estradiol 
(Leranth et al., 2003).

Subsequent studies by Csaba Leranth and his co-workers lead to another 
important fi nding: androgens also regulate spine synapses in the hippocam-
pus of females. It should be noted that testosterone is produced by the rat 
ovary, and that circulating levels of testosterone in female rats are higher than 
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that of estradiol (Rush and Blake, 1982). Th erefore, it was conceivable that 
testosterone could also aff ect spine synapses in the hippocampus of female 
rats. Indeed, Leranth and his collaborators discovered that pyramidal cell 
spine synapse density was signifi cantly higher in the CA1 stratum radiatum 
of ovariectomized females treated with testosterone propionate or dihydrotes-
tosterone than that of ovariectomized females treated with vehicle in the same 
hippocampal region. Th is fi nding indicated that androgens also regulate syn-
apse plasticity of CA1 hippocampal dendritic spines in females. An interesting 
observation was that although both testosterone propionate and dihydrotes-
tosterone increased the number of spine synapses, the eff ect of testosterone 
was more potent than that of dihydrotestosterone. Th is suggested that part 
of the eff ect of testosterone propionate in the female hippocampus was due to 
its conversion into estradiol. Leranth and his collaborators then assessed the 
eff ect of an inhibitor of aromatase, the enzyme that catalyzes the conversion 
of testosterone into estradiol. Treatment of ovariectomized females with the 
aromatase inhibitor letrozole did not aff ect the basal number of spine synap-
ses; however, letrozole signifi cantly reduced the eff ect of testosterone propio-
nate on the number of CA1 spine synapses, confi rming that part of the eff ect 
of testosterone on CA1 synapses was mediated by estrogen biosynthesis. As 
expected, the aromatase inhibitor did not aff ect the response of synapses to 
the nonaromatizable androgen dihydrotestosterone (Leranth et al., 2004).

Th ese fi ndings suggest that, in male brains, androgens exert a direct eff ect 
on the number of CA1 spine synapses, while in females, this eff ect is in part 
direct and in part mediated by estrogen. Further studies that assessed the 
eff ect of the adrenal androgen DHEA have confi rmed this point. Leranth 
and his collaborators observed that the number of CA1 spine synapses was 
increased in adult castrated male rats and in adult ovariectomized females 
aft er the administration of DHEA. However, the pretreatment with the aro-
matase inhibitor letrozole abolished the induction of CA1 spine synapses by 
DHEA in females, but did not signifi cantly aff ect the response to DHEA in 
castrated males (Hajszan et al., 2004; MacLusky et al., 2004). Th erefore, DHEA 
may exert its eff ect on spine synapses in females aft er consecutive metabolism 
to testosterone and estradiol, while in males, DHEA does not need to be con-
verted into estradiol to exert its eff ect.

Th e mechanisms of action of androgens in regulating spine synapses in the 
hippocampus have not yet been completely elucidated. In particular, the role of 
androgen receptors is unclear. DHEA, testosterone, and dihydrotestosterone 
induced a similar number on synapses, although their potency as androgen 
receptor agonists is very diff erent. In addition, the androgen receptor antago-
nist fl utamide not only was unable to block the increase in synapses induced 
by DHEA and dihydrotestosterone, but unexpectedly, also further increased 
the eff ects of androgens, and by itself, increased the number of synapses 
(MacLusky et al., 2004, 2006b). Furthermore, androgen receptor– defi cient 
Tfm male rats exhibit increases in CA1 spine synapse density in response to 

dihydrotestosterone that are indistinguishable from the eff ects observed in 
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normal wild-type males (MacLusky et al., 2006a). All these fi ndings suggest 
that the eff ects of androgens on CA1 spine synapses are not mediated by clas-
sical androgen receptor transcriptional mechanisms. Several possible alterna-
tive mechanisms may be postulated, including androgen activation of kinases 
involved in membrane signaling. In this regard, it is important to mention 
that androgen receptors have been detected in extranuclear sites in the brain, 
including dendrites, axons, synaptic terminals, and glial processes (DonCarlos 
et al., 2003, 2006; Lorenz et al., 2005; Sarkey et al., 2008). Alternatively, andro-
gens may be converted into metabolites capable of interacting with the GABA 
receptor (Melcangi et al., 2001) or with the estrogen receptor β (Handa et al., 
2008). Finally, the possible relation of the changes induced by androgens in 
the number of dendritic spines with functional modifi cations in synaptic 
plasticity remains to be explored.
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Chapter 5

Hormonal Infl uences on Brain Plasticity: 
III. Peptide Hormones

INTRODUCTION: PEPTIDE HORMONES AS REGULATORS OF 
BRAIN REMODELING

In the two previous chapters I have examined neuroplastic eff ects of  nonpeptide 
hormones in the adult central nervous system. In this chapter I will analyze 
the role of peptide hormones in the regulation of neural mutability and the 
involved cellular and molecular mechanisms. I will fi rst consider the eff ects 
of vasopressin and oxytocin, hormones released in the neurohypophysis. 
Vasopressin and oxytocin act both as hormones and as neuromodulators. For 
instance, in addition to being released as a hormone by magnocellular vaso-
pressin neurons, several parvocellular neurons located in the paraventricular 
and suprachiasmatic nuclei of the hypothalamus, the bed nucleus of the stria 
terminalis, and the medial amygdala send vasopressinergic innervation to 
other brain regions. Th e neuroplastic actions of oxytocin, which is involved in 
the promotion of synaptic plasticity on magnocellular oxytocinergic neurons 
in the hypothalamus, may also represent an autocrine or paracrine action 
rather than a hormonal one, since oxytocin is locally released in the brain in 
addition to being released in the neurohypophysis.

Th is duality of hormonal and autocrine/paracrine actions will be a common 
consideration regarding the eff ects of peptide hormones on neural remodel-
ing. Th is will also be the case for the hypothalamic corticotropin-releasing 
hormone (CRH) and the pituitary hormone prolactin. CRH (also known as 
corticotropin-releasing factor) regulates synaptic plasticity in diff erent brain 
regions, including the neuronal networks involved with control of the stress 
response. CRH, together with several related peptides (the urocortins), is an 
important mediator for the cognitive and emotional eff ects of stress. Another 
peptide hormone, prolactin, aff ects the activity of specifi c neurons in the brain 
(including magnocellular oxytocinergic neurons), and regulates neurogenesis 
in the subventricular zone of the adult brain.

Gonadotropin-releasing hormone (GnRH) plays an important role in the 
regulation of synaptic plasticity via the modulation of local estradiol synthe-
sis within the brain. Particular attention will be devoted in this chapter to 
insulin, since there is abundant information on the neuroplastic alterations 
caused by insuffi  cient hormonal insulin levels or by decreased responsiveness 
to the hormone. Insulin is transported through the blood–brain barrier, and 
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may play a prominent role in the regulation of morphological and functional 
synaptic plasticity and cell replacement in the adult brain. Another protein 
hormone that is known to regulate brain plasticity is growth hormone. As is 
the case for insulin and for other peptide hormones, growth hormone crosses 
the blood–brain barrier, and may act directly on growth hormone receptors 
expressed in the brain and spinal cord. In addition, growth hormone may 
indirectly regulate neural mutability via the regulation of the levels of insu-
lin-like growth factor-I (IGF-I), which exerts a variety of morphological and 
functional plastic eff ects in the central nervous system. I will analyze with 
some detail the plastic actions of IGF-I, since they have been relatively well 
studied.

Less characterized are the neuroplastic eff ects of erythropoietin, although 
there is good evidence indicating that this hormone regulates neurogenesis 
in the adult brain, in particular under pathological conditions. Circulating 
angiotensin II, as well as angiotensin peptides locally formed in the brain 
from angiotensin II, regulates functional synaptic plasticity in the hippocam-
pal formation and in the lateral nucleus of the amygdala. Finally, I will con-
sider the eff ects of feeding hormones leptin and ghrelin on neural plasticity. 
Th ese hormones exert important plastic actions on the organization of neu-
ronal circuits involved in the control of food intake and energy balance, but 
also promote, as other peptide hormones do, plastic remodeling of cognitive 
brain areas. Indeed, infl uences on cognition are a common consequence of the 
plastic actions of peptide hormones in the adult brain.

VASOPRESSIN AND OXYTOCIN

In addition to their classical peripheral eff ects, arginine vasopressin and 
 oxytocin in mammals, and arginine vasotocin, their homologous hormone in 
nonmammalian vertebrates, also act in the brain and are involved in the regu-
lation of affi  liative behavior, matting, maternal and parenting behavior, and 
social bonding (Bielsky and Young, 2004; Goodson and Bass, 2001; Lim and 
Young, 2006; Storm and Tecott, 2005). Th ese hormones are also involved in 
aff ective disorders (see Chapter 9). Vasopressin acts on vasopressin 1A and 1B 
receptors expressed in brain and spinal cord regions involved in cardiovascu-
lar and temperature regulation, memory, cognition, fear and anxiety-related 
behavior, sexual behavior, social behavior, aggression, affi  liation, pair-bond 
formation, and social recognition (Bartz and Hollander, 2006; Caldwell et al., 
2008; Lim and Young, 2006; Raggenbass, 2008). Vasopressin is also involved 
in the neuroendocrine response to stress, as well as in aff ective disorders 
(Hammock and Young, 2006; Surget and Belzung, 2008). Th e neuromodula-
tory actions of vasopressin include the enhancement of inhibitory inputs in 
some neuronal populations, and the promotion of excitation in other neurons 
(Raggenbass, 2008; Urban, 1998). Vasopressin promotes neuroplastic modifi -
cations during development and in the adult brain, regulating the outgrowth 
of neuronal processes and neuritic branching in several regions, including the 
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cerebral cortex (Brinton and Gruener, 1987; Chen et al., 2000). An absence of 
vasopressin in Brattleboro rats is associated with modifi cations in the branch-
ing of basal dendrites of pyramidal cells in the occipital cortex (Greer et al., 
1982). Th e hormone has also been shown to regulate functional synaptic plas-
ticity in the lateral septum (van den Hooff  et al., 1989) and the hippocampal 
formation (Chen et al., 1993; Dubrovsky et al., 2003; Wang et al., 2001); vaso-
pressin 1B receptors are involved in the regulation of adult neurogenesis in the 
dentate gyrus (Alonso et al., 2004).

In addition to its classical hormonal actions in the regulation of  uterine 
contraction, milk ejection, and other peripheral eff ects, oxytocin is also 
involved in matting, maternal behavior, and social memory (Bielsky and 
Young, 2004; Crawley et al., 2007; Goodson and Bass, 2001; Lim and Young, 
2006; Storm and Tecott, 2005). Oxytocin neurons play an important role in 
coordinating brain plasticity in preparation for maternity. Pregnancy, par-
turition, and lactation are associated with marked neuroglial modifi cations 
in the oxytocin system (see Chapter 2). In addition, oxytocin has been shown 
to promote glial and synaptic changes on oxytocin magnocellular neurons in 
the  hypothalamus. Since oxytocin is locally released centrally in the brain, 
the neuronal and glial plastic eff ects of oxytocin may refl ect a paracrine or 
autocrine action, rather than a hormonal eff ect. As we have seen in Chapter 2, 
the stimulation of oxytocin hormone release during diff erent physiological 
conditions, such as parturition, lactation, and osmotic stimulation, is asso-
ciated with a transient plastic reorganization of glial processes and synaptic 
connections on oxytocin neurons in the hypothalamus. Stimulation of oxy-
tocin release is accompanied by the retraction of astrocytic processes around 
oxytocin neurons in the supraoptic and paraventricular nucleus, allowing 
the direct juxtaposing of plasma membranes from adjacent neuronal per-
ikarya and adjacent dendrites. Th e retraction of glial cells processes allows an 
increased formation of GABAergic and glutamatergic synapses on the soma 
and dendrites of oxytocin neurons. Dionysia Th eodosis and her collaborators 
have shown that oxytocin participates in the neuroglial and synaptic remodel-
ing associated with an increased oxytocin hormonal release (Th eodosis et al., 
2006a). Infusion of oxytocin in the third cerebral ventricle produces the same 
neuroglial remodeling that dehydration, parturition, or lactation does: an 
increased juxtaposition of neuronal membranes and formation of new syn-
apses associated with a retraction of the glial processes. Oxytocin-induced 
neuroglial plasticity aff ects oxytocin neurons exclusively; oxytocin does not 
induce synaptic changes on vasopressin neurons and does not alter the inter-
action of these neurons with glial cells.

Th eodosis and collaborators have also used acute hypothalamic slices in 
vitro to assess the eff ect of oxytocin on synaptic plasticity. Oxytocin facili-
tates the expression of plastic changes on glial processes and synapses in 
hypothalamic slices that are identical to those observed in vivo. Once more, 
the changes are specifi c for oxytocin neurons. Th e in vitro studies have 
allowed the analysis of the time-course of plastic changes. Th e glial changes 
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in response to oxytocin are rapid (within one hour aft er the exposure of the 
hypothalamic slices to the hormone) and transient, since the extension of 
glial processes return to basal conditions two hours aft er washing out oxy-
tocin from the incubation medium. Th e eff ect of oxytocin on synapses is also 
rapid and transient. Oxytocin facilitates synapse formation in vitro one hour 
aft er the addition to the incubation medium; the new synapses retract two 
hours aft er removing oxytocin from the medium (Th eodosis et al., 2006b). As 
observed in vivo, the majority of synapses that undergo in vitro remodeling 
are GABAergic. Th e morphological plastic changes facilitated by oxytocin on 
synapses are associated with an increase in the frequency of miniature inhibi-
tory postsynaptic currents, likely refl ecting the increase in the number of 
GABAergic synaptic inputs. Th e facilitatory action of oxytocin on GABAergic 
transmission appears to represent a paracrine mechanism by which oxytocin 
neurons coordinate their activity to optimize hormonal release (Israel et al., 
2008; Oliet et al., 2007). Th ese fi ndings indicate that oxytocin is a key fac-
tor for the regulation of morphological and functional neuroglial plasticity 
in oxytocin neurons. Interestingly, 17β-estradiol facilitates (or even mim-
ics) the eff ect of oxytocin on synaptic and glial plasticity, both in vivo and in 
vitro, suggesting that estradiol and oxytocin may activate the same cellular 
and molecular mechanisms to promote plasticity (Th eodosis et al., 2006b). 
However, the precise mechanisms for the interaction of estradiol and oxytocin 
on synaptic plasticity have not yet been explored in detail.

Oxytocin may also aff ect functional synaptic plasticity in the hippocam-
pus. Kazuhito Tomizawa and collaborators have found that one-train tetanus 
stimulation induces long-lasting, long-term synaptic potentiation and cyclic 
AMP-responsive element binding protein (CREB) phosphorylation in hip-
pocampal slices perfused with oxytocin. Th e eff ect of oxytocin on hippocam-
pal synaptic plasticity is highly relevant for plastic modifi cations associated 
with the maternal experience (see Chapter 8). Indeed, multiparous female 
mice show an increased long-term synaptic potentiation and CREB phospho-
rylation induced by one-train tetanus compared to virgin mice. Interestingly, 
the administration of an oxytocin antagonist signifi cantly inhibited the 
improved spatial memory, long-term synaptic potentiation, and CREB phos-
phorylation of multiparous females (Tomizawa et al., 2003). Th ese fi ndings 
indicate that oxytocin is a regulator of synaptic plasticity in the hippocampus 
of adult female rats, and suggest that the hormone plays an important role in 
the synaptic and functional modifi cations associated with motherhood.

CORTICOTROPIN-RELEASING HORMONE AND UROCORTINS

An important mediator for the cognitive and emotional eff ects of stress is 
CRH, a highly conserved peptide comprising 41 amino acid residues. CRH is 
synthesized in the hypothalamus and regulates the release of adrenocortico-
tropic hormone (ACTH) from the anterior pituitary, which in turn is responsi-
ble for the release of adrenocortical steroids, initiating many of the endocrine, 
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autonomic, immunological, and behavioral responses to stress. Th us, part of 
the eff ects of CRH on neural plasticity may be mediated by ACTH and gluco-
corticoids. In addition, CRH is locally produced by several neuronal systems 
as an endogenous neuromodulator, and many neurons express CRH recep-
tors (type 1 and 2) which are transmembrane G-protein-coupled cell surface 
receptors (De Souza, 1987; Potter et al., 1994). Furthermore, three paralogs of 
CRH have been found in bony fi sh, amphibians, birds, and mammals. Th ese 
peptides, named urocortin/urotensin 1, urocortin 2, and urocortin 3 are also 
expressed throughout the central nervous system. CRH and urocortins acti-
vate the central sympathetic and serotonergic systems, and act on neuronal 
circuits that stimulate locomotor activity and other behavioral responses dur-
ing stress.

It has been reported that the CRH 1 receptor antagonist SSR125543A 
reverses the impairment induced by chronic mild stress on dentate gyrus 
neurogenesis in adult mice (Alonso et al., 2004), suggesting that CRH is a 
physiological regulator of cellular replacement in the hippocampus. In addi-
tion, several studies indicate that locally produced CRH and urocortins reg-
ulate synaptic plasticity. An example of this is CRH produced by the neurons 
of the inferior olivary nucleus. Th e inferior olivary neurons are the origin 
of climbing fi bers, a potent excitatory input to Purkinje neurons. CRH may 
act on climbing fi bers and Purkinje cells, since both structures express CRH 
receptors (Swinny et al., 2003). Although climbing fi bers are excitatory, their 
activity triggers long-term depression of parallel fi ber synapses, the other 
major excitatory input to Purkinje neurons, which originates in cerebellar 
granule cells. Joint stimulation of climbing and parallel fi bers in cerebellar 
slices results in long-term depression of parallel fi ber synapses, an eff ect that 
is likely highly relevant for the mechanism of codifi cation of information 
by Purkinje cells. Long-term depression of parallel fi ber synapses may also 
be obtained in cerebellar slices by a combination of stimulation of paral-
lel fi bers with the injection of depolarizing current pulses in Purkinje cells. 
Studies from the laboratory of Masao Ito in Japan have demonstrated that 
CRH released by climbing fi bers is essential for the induction of long-term 
depression in parallel fi ber synapses. Th ey show that long-term depression of 
parallel fi ber synapses induced by their conjunctive activation with the stim-
ulation of climbing fi bers is blocked by the antagonists of CRH receptors. 
Furthermore, the long-term depression of parallel fi ber synapses induced by 
a combination of stimulation of parallel fi bers with the injection of depolar-
izing current pulses in Purkinje cells is not observed in animals in which 
climbing fi bers have been eliminated, demonstrating that climbing fi bers are 
required for the induction of long-term depression in the synapses of parallel 
fi bers. Finally, the administration of CRH to cerebellar slices from animals 
deprived of climbing fi bers restored long-term depression in parallel fi ber 
synapses (Miyata et al., 1999).

Several laboratories have shown that local CRH and urocortin actions 
are also important for the function and synaptic plasticity of the amygdala. 
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Th e amygdala is a major extrahypothalamic source of CRH-containing neu-
rons; amygdala neurons express both CRH type 1 and 2 receptors. CRH is 
released into the amygdala during stress, which activates local CRH recep-
tors. Th e local actions of CRH and urocortins in the amygdala seem to be 
involved in modifi cations of aff ective behavior, and also in the synaptic plastic 
changes that occur in this brain region in response to stress. Th us, it has been 
shown that CRH and urocortins induce the excitation of basolateral amygdala 
neuronal circuits, and this eff ect is involved in the generation of long-term 
potentiation of basolateral amygdala synapses by stress (Matys et al., 2004; 
Rainnie et al., 2004; Shekhar et al., 2005). In contrast, in the central nucleus of 
the amygdala, CRH depresses excitatory glutamatergic transmission through 
type 1  receptors, whereas urocortin 1 facilitates synaptic responses through 
type 2 receptors (Liu et al., 2004). Th erefore, within the amygdala, the syn-
aptic changes regulated by CRH and urocortins seem to have a clear regional 
specifi city.

CRH and urocortins also act with regional specifi city to regulate synaptic 
plasticity in other brain structures related to the stress response. For instance, 
in the mediolateral nucleus of the lateral septum, CRH and urocortin 1 have 
opposing eff ects to those exerted in the central nucleus of the amygdala. CRH 
facilitates glutamatergic transmission in the mediolateral nucleus of the lateral 
septum via type 1 receptors, while urocortin 1 depresses transmission via type 
2 receptors (Liu et al., 2004). In the bed nucleus of the stria terminalis, a brain 
region that regulates the hypothalamic–pituitary–adrenal axis and reward 
circuits, CRH and urocortin enhance, via type 1 receptors, GABAergic trans-
mission (Kash and Winder, 2006). Another region responsive to CRH that is 
important for the acute stress response is the locus coeruleus. CRH enhances 
neuronal activity and stimulates the growth and arborization of neuronal 
processes in the locus coeruleus (acting on type 1 receptors), while urocortin 
2 inhibits the outgrowth of neuronal processes (acting on the same receptor, 
but by the activation of a diff erent intracellular signaling pathway). Protein 
kinase A, mitogen-activated protein kinase (MAPK), and Rac1 (a member of 
the Rho family of GTPases that regulates the cytoskeleton) are involved in the 
plastic changes induced by CRH, while protein kinase C and RhoA mediate 
the eff ects of urocortin 2 (Swinny et al., 2006). CRH also regulates synaptic 
plasticity in the hippocampus, and its injection into the dentate gyrus results 
in a dose-dependent and long-lasting enhancement of synaptic effi  cacy (Wang 
et al., 1998).

CRH and urocortins may also regulate synaptic plastic changes in hypo-
thalamic circuits involved in the stress response. Luis de Lecea and his 
 collaborators (Winsky-Sommerer et al., 2004) have shown that CRH aff ects 
the activity of hypocretin neurons in the lateral hypothalamus. Hypocretin-1 
(also known as orexin-A) and hypocretin-2 (orexin-B) are two neuropep-
tides involved in the regulation of vigilance and arousal. Th ey are produced 
from a common precursor and act via two G-protein-coupled receptors. 
Hypocretin-expressing neurons are located in the perifornical region of 
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the lateral hypothalamus, and innervate many brain regions, including the 
hypothalamus, thalamus, and brainstem, as well as the peripheral autonomic 
nervous system. By means of an elegant and meticulous electron microscopy 
analysis, Lecea and his colleagues have detected CRH-immunoreactive syn-
aptic boutons in direct contact with hypocretin-expressing neurons in the 
lateral hypothalamus. Th ey also found numerous hypocretin immunoreac-
tive neurons expressing CRH receptors type 1 and 2, and they show that the 
application of CRH to hypothalamic slices increases the fi ring rate of hypo-
cretinergic cells, an eff ect that was mediated by type 1 receptors. Th ese results 
suggest that CRH may regulate arousal in response to stress by acting on the 
hypocretinergic system.

PROLACTIN

Prolactin is a protein hormone secreted by the lactotrophs of the anterior 
 pituitary that stimulates mammary gland development and milk production. 
In addition, prolactin has many other important eff ects for maternal physi-
ological functions, including actions in the immune system and the brain. 
Th ere is little information on neuroplastic eff ects of prolactin. In the rodent 
uterine myometrium, prolactin has been shown to reverse the suppression 
of neuritogenesis induced by estrogen, which induces a rapid and extensive 
decrease in uterine sympathetic neuritic growth (Krizsan-Agbas and Smith, 
2002). It is unknown whether prolactin antagonizes in a similar way the eff ects 
of estrogen on synaptic plasticity in the central nervous system. However, it is 
known that prolactin may aff ect the activity of specifi c neuronal populations 
in the brain, including magnocellular oxytocinergic neurons. By extracellular 
recording of single neuron activity in identifi ed oxytocin and vasopressin neu-
rons of anesthetized nonpregnant rats, Kokay et al. (2006) have detected that 
prolactin induces a signifi cant decrease in fi ring rates of oxytocin neurons. In 
contrast, prolactin does not aff ect the activity of vasopressin neurons. Th e dif-
ferent eff ects of prolactin on the activity of oxytocin and vasopressin neurons 
are in agreement with the diff erent expression of prolactin receptors in both 
populations of magnocellular neurons. In the supraoptic neurons, the major-
ity of magnocellular neurons expressing prolactin receptors are oxytocin neu-
rons, while less than 10% of vasopressin neurons express prolactin receptors. 
Prolactin receptors are also predominantly expressed by oxytocin neurons in 
the paraventricular nucleus. In addition, the proportion of oxytocin neurons 
expressing prolactin receptors increases signifi cantly during pregnancy and 
lactation (Kokay et al., 2006).

Another plastic eff ect of prolactin in the central nervous system is the pro-
motion of remyelination. Remyelination is enhanced in the maternal murine 
central nervous system and prolactin seems to be involved in this eff ect, pro-
moting the generation of myelin-forming oligodendrocytes and enhancing 
remyelination of white matter lesions (Gregg et al., 2007). Prolactin may also 
aff ect brain remodeling by promoting astroglia proliferation (DeVito et al., 
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1992). However, one of the most dramatic neuroplastic eff ects of prolactin in 
the central nervous system is the regulation of adult neurogenesis in the sub-
ventricular zone of the brain. New neurons are generated in this brain region, 
and the newly generated neurons migrate to the olfactory bulb and diff erenti-
ate in olfactory bulb granule neurons. Tetsuro Shingo and colleagues in the 
laboratory of Samuel Weiss at the University of Calgary reported that prolactin 
aff ects the generation of new neurons in the subventricular zone of the brain 
(Shingo et al., 2003). Th ey found that the production of new progenitor cells in 
the subventricular zone of the mouse brain is increased in pregnant females 
compared to virgins. Th e rate of neurogenesis peaks on the seventh day of 
the mouse’s 21-day gestation period, and again aft er delivery. Shingo and col-
leagues have provided solid evidence indicating that the eff ect was mediated 
by prolactin. Furthermore, they have tracked the new neurons and detected 
that they migrate and become interneurons in the olfactory bulb. Increased 
neurogenesis was also observed in females that mate with sterile males. It is 
interesting to note that mating is also associated with an increase in prolactin. 
Th erefore, the fi ndings of Shingo and colleagues suggest that prolactin during 
pregnancy and/or mating increases the production of new neurons for the 
olfactory bulb. Given the importance of olfaction and olfactory discrimina-
tion for mating, off spring recognition, and rearing, the eff ect of prolactin may 
be highly relevant for the regulation of reproduction and maternal behavior 
(see also Chapter 8).

GONADOTROPIN-RELEASING HORMONE

GnRH regulates the release of gonadotropins and the function of the gonads. 
It also acts within the central nervous system to modulate synaptic activity 
(Wong et al., 1990; Yang et al., 1999). Recent studies from the laboratory of 
Gabriele Rune in Hamburg indicate that GnRH regulates the formation of 
spine synapses in the CA1 region of hippocampal slices (Prange-Kiel et al., 
2008). Th e eff ect of GnRH depends on the dose—increasing spine formation 
at low concentrations and decreasing it at high concentrations. Interestingly, 
the mechanism involves the regulation of the local production of estradiol in 
the slices. GnRH increases estradiol synthesis and spine synapses; the inhibi-
tion of aromatase, the enzyme that synthesizes estradiol, blocks the eff ect of 
GnRH on synapses (Prange-Kiel et al., 2008). In addition, local hippocam-
pal estradiol decreases the expression of GnRH receptors in the hippocam-
pus; this may represent a negative feedback mechanism to regulate adequate 
amounts of estradiol synthesis within the hippocampus (Prange-Kiel et al., 
2008). Th ese fi ndings suggest that the fl uctuation in the number of spines syn-
apses observed in the hippocampus during the estrus cycle (see Chapter 8) 
may, at least in part, be regulated by the fl uctuation of GnRH levels via the 
modulation of local estradiol synthesis within the hippocampus (see also 
Chapter 4 for the role of local brain estradiol synthesis in the regulation of 
synaptic plasticity and neurogenesis).
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INSULIN

Insulin is one of the best studied hormones, given its implication in the 
 regulation of glucose homeostasis and the serious pathological consequences 
that insuffi  cient hormonal insulin levels or decreased responsiveness to the 
hormone have for an organism. However, in contrast to the detailed knowl-
edge of insulin eff ects in many tissues (accumulated for decades since its 
discovery), hormonal actions in neural tissue have been poorly studied. Th e 
main reason for this situation is due to the fact that, for much too long, the 
central nervous system was considered to be insensitive to insulin, since it was 
assumed that the hormone was unable to cross the blood–brain barrier (or 
that it did in insignifi cant amounts). A challenge to this idea was the identi-
fi cation of insulin receptors in the nervous system, and the results of several 
studies showing insulin transport through the blood–brain barrier. Indeed, 
we know today that insulin is transferred across the blood–brain barrier by a 
saturable transporter (Woods and Porte, 1977) and acts within the brain on 
insulin receptors, which are widely distributed in the central nervous system 
(Havrankova et al., 1978). In addition, insulin at high concentrations may bind 
and activate IGF-I receptors, which are also broadly distributed in the brain. 
Th us, insulin seems to be important for brain function. Th e deleterious eff ects 
of diabetes mellitus on brain function are indicative of the role that insulin 
has in the maintenance of neuronal activity, synaptic plasticity, and cognition, 
either by direct hormonal eff ects in the central nervous system, by peripheral 
eff ects, or by the control of glycemia (Gispen and Biessels, 2000). It is obvi-
ous that from the analysis of the eff ects of diabetes we cannot infer what the 
direct eff ects of insulin on neural plasticity are. Among many other reasons, 
this is because diabetes has many peripheral eff ects that may indirectly aff ect 
brain plasticity, and because it aff ects the plasma levels of other hormones 
(such as IGF-I and gonadal steroids) that are known to regulate neuronal and 
glial plasticity. However, diabetes gives a general picture of the neural plastic 
alterations caused by insulin insuffi  ciency or decreased insulin responsiveness 
in the whole organism. From this picture we may infer the importance that 
insulin has, acting by direct or indirect mechanisms, for brain function and 
plasticity under physiological conditions.

It is well known that the peripheral nervous system is aff ected by diabetes; 
alterations in peripheral nerves are a common complication of this pathology. 
In addition, there is also clinical evidence of alterations in the central nervous 
system as a consequence of diabetes. Small defi cits in attention, processing 
speed, long-term memory, and executive skills have been detected in some 
children with type 1 diabetes. Type 2 diabetes mellitus, which is not neces-
sarily associated with hypoinsulinemia, also aff ects brain function. Indeed, 
electrophysiological studies have detected reduced amplitudes and prolonged 
latencies of evoked potential components in the brain of adults with both type 
1 and type 2 diabetes (Di Mario et al., 1995; Suzuki et al., 2000). Some studies 
have revealed an association of diabetes with cognitive decline in middle-aged 
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people. In addition, impairments in memory, attention, abstract reasoning, 
and execution of visual-motor tasks are also frequent in diabetic older peo-
ple; apparently the negative eff ects of diabetes on brain function worsen with 
age. Other studies suggest that diabetes may also increase the risk of vascular 
dementia, depression, and Alzheimer’s disease in older people (Trudeau et al., 
2004).

Animal studies have confi rmed that diabetes may be associated with dif-
ferent degrees of brain dysfunction. Many of these studies have used systemic 
administration of the glucosamine-nitrosourea compound streptozotocin to 
induce diabetes in rodents. Th is is a well accepted experimental method to 
induce diabetes, since the insulin-producing β cells of the islets of Langerhans 
in the pancreas are particularly vulnerable to streptozotocin toxicity (Schnedl 
et al., 1994). Using this experimental approach, it has been detected that 
diabetic rodents exhibit impairments in memory processes, such as during 
shock avoidance and spatial water maze learning (Biessels et al., 1996). Th e 
hippocampus is involved in these memory processes impaired by diabetes. 
Interestingly, the expression and phosphorylation of insulin receptors are 
increased in the hippocampus of normal rats aft er training in the water maze 
tests, suggesting that insulin signaling in the hippocampus is involved in 
water maze learning (Zhao et al., 1999).

Since the hippocampus seems to be involved in the cognitive impairments 
associated with diabetes, several laboratories have analyzed this brain region 
in streptozotocin-injected animals in search of possible alterations in synap-
tic plasticity. Ana María Magariños and Bruce S. McEwen from Rockefeller 
University have analyzed the eff ect of diabetes on morphological synaptic 
parameters in the hippocampus (Magariños and McEwen, 2000). Th ey found 
that rats with streptozotocin-induced diabetes have a retraction and reduced 
number of branch points of apical dendrites of CA3 pyramidal neurons. 
Diabetes also results in a depletion of synaptic vesicles of mossy fi ber termi-
nals that form excitatory synaptic contacts with the proximal CA3 apical den-
drites. Th ese morphological changes are similar to those produced by chronic 
stress (see also Chapters 3 and 8).

Interestingly, Magariños and McEwen detected an interaction between 
diabetes and chronic stress on dendritic atrophy, since one week of repeated 
stress (which per se does not aff ect dendritic morphology in nondiabetic ani-
mals) induced a stronger dendritic atrophy in diabetic rats compared to non-
stressed diabetic animals. Changes in the expression of synaptic markers also 
suggest morphological plasticity of synaptic circuits in diabetic animals. For 
instance, streptozotocin-induced diabetes increases synaptophysin expression 
in CA1, CA3, and the dentate gyrus in rats (Grillo et al., 2005). Morphological 
changes in dendrites induced by diabetes are not restricted to the hippocam-
pus; for instance, diabetes also results in dendritic alterations in the retina. 
Indeed, diabetic retinopathy is a frequent complication of diabetes in humans 
and a major cause of visual loss and blindness in adults. In rats, streptozoto-
cin-induced diabetes results in a signifi cant loss of retinal ganglion cells. Th e 
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surviving retinal ganglion cells show an enlargement of their dendritic fi eld, 
which has been interpreted as a compensatory response to the overall loss of 
retinal ganglion cells with diabetes (Qin et al., 2006).

In addition to alterations in dendritic morphology, diabetes also induces 
glial remodeling. In many regions, such as the hippocampus and retina, dia-
betes increases the expression of glial cell markers associated with reactive gli-
osis (Baydas et al., 2003; Lieth et al., 1998; Mizutani et al., 1998; Saravia et al., 
2006). However, Julie Chowen and her collaborators have recently reported 
that diabetes reduces the extension of glial fi brillary acidic protein (GFAP)-
immueactive astrocytic processes, decreases astroglial proliferation, and 
increases astroglial cell death in the hypothalamus and cerebellum (Lechuga-
Sancho et al., 2006a, b). Th e glial changes induced by diabetes may have a 
direct impact on synaptic plasticity, since astrocytes are involved in many 
plastic changes in the hypothalamus and other brain areas. Furthermore, 
the glial plastic changes may be associated with a modifi cation in glutamate 
metabolism, which in turn may aff ect synaptic plasticity; this has been studied 
with detail in the retina. Müller glial cells in the retina are important regula-
tors of glucose metabolism, retinal blood fl ow, and the formation and main-
tenance of the blood–retinal barrier. Diabetes induces reactive activation of 
Müller glia (Lieth et al., 1998; Mizutani et al., 1998), which is associated with 
an accumulation of GABA and decreased activity of glutamine synthetase and 
the glutamate/aspartate transporter (GLAST) in these cells (Ishikawa et al., 
1996; Li and Puro, 2002; Lieth et al., 1998).

Th e eff ects of diabetes on functional alterations in synaptic plasticity have 
been analyzed in the hippocampus. Willem Hendrik Gispen and collabora-
tors in Utrecht were the fi rst to characterize the eff ects of diabetes in long-
term synaptic potentiation in the CA1 region of the hippocampus. Th ey found 
that streptozotocin-diabetic rats have defi cits in learning (assessed in the 
Morris water maze) and also present defi cits in CA1 hippocampal long-term 
synaptic potentiation (Biessels et al., 1996). Insulin treatment, commenced 
at the onset of diabetes, prevented these impairments. However, insulin was 
unable to reverse established defi cits in maze learning and restored long-term 
potentiation only partially (Biessels et al., 1998). Further characterization of 
the synaptic plastic changes induced by diabetes revealed that the expression 
of N-methyl-D-aspartate (NMDA) receptor-dependent long-term synaptic 
potentiation was impaired in the CA1 fi eld and dentate gyrus in hippocampal 
slices of streptozotocin-diabetic rats. In addition, NMDA receptor-indepen-
dent long-term synaptic potentiation was impaired in the CA3 fi eld. In con-
trast, diabetes facilitates the expression of long-term depression in Schaff er 
collateral synapses in hippocampal CA1 slices (Artola et al., 2005; Kamal 
et al., 1999).

Th e alterations in hippocampal synaptic plasticity induced by diabetes 
develop progressively (Kamal et al., 2005), may involve both metabolic and 
vascular changes related to chronic hyperglycemia, and may also be the con-
sequence of a lack of direct insulin action in the brain (Gispen and Biessels, 
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2000). It is diffi  cult to determine the relative weight of each one of these 
factors in the fi nal eff ects of diabetes on synaptic plasticity. However, it has 
been reported that in hippocampal slices from diabetic rats, the addition 
of pyruvate or incubation of the slices with insulin allows for the recovery 
of induction of long-term potentiation. Furthermore, incubation with high 
extracellular glucose levels (30 mmol/L) does not alter the long-term potenti-
ation in slices from healthy animals (Izumi et al., 2003). Th ese results suggest 
that acute hyperglycemia is likely not the cause of the synaptic impairment. 
However, these fi ndings do not exclude the possibility that chronic hypergly-
cemia may have an eff ect, per se, on synaptic plasticity. Nevertheless, the data 
supports that impaired energy utilization from insulin defi ciency may be one 
important factor involved in the defi cit in synaptic plasticity. Indeed, repeated 
periods of hypoglycemia causes defi cits in long-term synaptic potentiation in 
the hippocampus (Yamada et al., 2004). Furthermore, long-term potentiation 
in CA1 and spatial learning are not altered in hyperglycemic Zucker diabetic 
fatty rats, a model of type 2 diabetes (Belanger et al., 2004). Th is further sug-
gests that hyperglycemia is not the cause of the alterations of functional syn-
aptic plasticity in the hippocampus. However, hyperglycemic Zucker diabetic 
fatty rats have high plasma levels of insulin; it is therefore possible that insulin 
exerts a protective eff ect against high glucose levels in these animals.

Studies of nondiabetic animals or with nondiabetic models have pro-
vided complementary and more direct evidence of the eff ects on insulin on 
synaptic plasticity. For instance, it has been detected that insulin, acting on 
the insulin receptor, induces a rapid potentiation of responses to NMDA in 
Xenopus oocytes expressing NMDA receptors (Chen and Leonard, 1996; Liao 
and Leonard, 1999; Liu et al., 1995). In CA1 hippocampal neurons in culture, 
insulin has been shown to induce long-term synaptic depression or long-term 
synaptic potentiation, depending on the frequency of stimulation, an eff ect 
that involves NMDA receptors; this may be mediated by the activation of the 
phosphatidylinositol 3-kinase (PI3K)/protein kinase B/Akt signaling pathway 
associated with insulin receptors (Huang et al., 2004; van der Heide et al., 
2005). Th e eff ects of diabetes and insulin on hippocampal synaptic plastic-
ity may be mediated by a plastic restructuring of neurotransmitter synaptic 
receptors, including the reorganization of its subcellular distribution. Early 
phases of diabetes are associated with an increase of glutamate receptor bind-
ing in several brain regions (Valastro et al., 2002); however, chronic diabetes 
results in a down-regulation of glutamate receptors. Both the expression and 
phosphorylation of NMDA receptors are decreased in the brain of chronic 
diabetic rats; this is associated with an alteration of NMDA currents in hip-
pocampal pyramidal neurons monitored by intracellular recording (Di Luca 
et al., 1999; Gardoni et al., 2002). In contrast, incubation of rat hippocampal 
slices with insulin results in an increased tyrosine phosphorylation of the 
NR2A and 2B subunits of NMDA receptors (Christie et al., 1999). In addition, 
streptozotocin-induced diabetes results in a decrease of [3H]AMPA binding 
in diff erent brain regions such as the striatum, the cerebral cortex, and the 
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hippocampus. Th e reduced [3H]AMPA binding in the brain of diabetic rats 
may be the consequence of changes in the properties of the glutamate recep-
tor subunit GluR1, which is essential for the expression of long-term poten-
tiation in CA1 (Gagné et al., 1997). Th is alteration may be the consequence 
of a defi cit in the up-regulation of AMPA receptors by phospholipase A2 in 
the diabetic rat hippocampus (Chabot et al., 1997). Interestingly, insulin may 
facilitate clathrin-dependent internalization of AMPA receptors, leading to 
long-term depression of AMPA receptor-mediated synaptic transmission in 
hippocampal pyramidal neurons (Huang et al., 2003, 2004; Man et al., 2000). 
Insulin may also enhance NMDA channel activities by recruiting NMDA 
receptors to the membrane surface (Skeberdis et al., 2001), and may recruit 
functional GABAA receptors onto the postsynaptic and dendritic membranes 
(Wan et al., 1997).

Diabetes may also aff ect adult neurogenesis. Streptozotocin-induced dia-
betes is associated with a decrease in cell proliferation in the dentate gyrus of 
adult rats (Jackson-Guilford et al., 2000) and mice (Saravia et al., 2004), and 
also causes a decrease in neurogenesis in the subventricular zone of adult mice 
(Saravia et al., 2004). Th e mechanisms involved in neurogenesis reduction by 
diabetes have not been analyzed in detail yet. Potentially, the reduction in neu-
rogenesis may be the direct consequence of a reduction in insulin signaling on 
neuronal precursors, or may involve the alteration by diabetes of other factors 
that are involved in the regulation of neurogenesis, such as growth hormone 
and IGF-I. Interestingly, the group headed by Alejandro De Nicola in Buenos 
Aires has demonstrated that estradiol therapy may prevent the alterations in 
neurogenesis induced by diabetes, as well as the alterations in the expression 
of glial markers (Saravia et al., 2004, 2006). Estradiol is known to regulate 
neurogenesis and exert neuroprotective eff ects (see also Chapters 4 and 9); the 
eff ects of estradiol on diabetic animals are a good example of the protective 
actions of the ovarian hormone.

Finally, it should be emphasized that the consequences of neural remodel-
ing induced by diabetes are not limited to cognitive aspects. I have already 
mentioned that diabetes may induce plastic changes in neurons and glial cells 
in the retina, which may have an impact on vision. Diabetes-induced synaptic 
remodeling may also occur in other regions of the central nervous system, 
including the spinal cord. Indeed, synaptic reorganization in superfi cial dor-
sal horn neurons induced by diabetes may be involved in diabetic neuropathic 
pain. Dorsal horn neurons in the spinal cord receive the input from primary 
pain aff erents, and are involved in pain processing and transmission to higher 
brain levels. Th ere is evidence that glutamatergic input from primary aff erents 
to dorsal horn neurons is increased in diabetic neuropathic pain in rats (Wang 
et al., 2007). In addition, GABAB receptor function at the primary aff erent 
terminals appears to decline under these conditions; this may contribute to 
increased glutamatergic input, since GABAB receptors at the glutamatergic 
terminals can limit synaptic glutamate release in the spinal cord. Th erefore, 
diabetes may cause presynaptic remodeling of pain aff erents to dorsal horn 
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neurons, which may result in an anomalous hyperactivity of these neurons 
that may be linked to an alteration in pain information processing and the 
development of diabetic neuropathic pain.

GROWTH HORMONE/INSULIN-LIKE GROWTH FACTOR-I

Growth hormone is an important modulator of brain function and plasticity. 
Th e amount and pattern of growth hormone release show important changes 
during life. Growth hormone levels are high in early childhood; the peaks of 
frequency and amplitude of growth hormone secretion increase during the 
period of pubertal growth. Th en the growth hormone basal levels, and the 
frequency and amplitude of secretion peaks, decrease progressively in adult-
hood. Growth hormone crosses the blood–brain barrier and acts within the 
brain on growth hormone receptors, which is expressed by neurons, astro-
cytes, oligodendrocytes, and the choroid plexus (Lai et al., 1991; Lobie et al., 
1993). High levels of growth hormone receptor expression have been detected 
in the hypothalamus and the hippocampus, among other brain regions.

Growth hormone defi ciency in humans is associated with moderate changes 
in memory, processing speed, and attention (Falleti et al., 2006; Maruff  and 
Falleti, 2005; van Dam, 2005) and growth hormone therapy has been shown 
to improve cognitive function in growth hormone defi cient patients (Arwert 
et al., 2006; Maruff  and Falleti, 2005; Sathiavageeswaran et al., 2007). Th e 
decline of growth hormone levels in plasma with aging may contribute to 
the development of age-related cognitive defi cits in animals and humans. 
Growth hormone therapy ameliorates cognitive function in elderly patients 
with adult-onset growth hormone defi ciency (Sathiavageeswaran et al., 2007); 
chronic treatment with growth hormone (or with growth-hormone-releasing 
hormone, which increases the growth hormone pulse amplitude) have been 
shown to exert cognitive benefi ts in aging rats (Ramsey et al., 2004; Th ornton 
et al., 2000), improving the performance in the Morris water maze test to lev-
els similar to those of young animals. Th ese eff ects may be mediated by an 
increase in plasmatic levels of IGF-I. In addition, growth hormone adminis-
tration increases the levels of IGF-I in the brain in an anatomically specifi c 
manner (Frago et al., 2002; Lopez-Fernandez et al., 1996). Th erefore, it is 
diffi  cult to diff erentiate whether the eff ects of growth hormone in the brain 
are direct or mediated by IGF-I. For this reason (and since many eff ects of 
growth hormone in other target tissues are mediated by IGF-I), I will con-
sider both molecules together. In addition, the nervous tissue is also able to 
produce growth hormone; there is evidence that this local production may 
aff ect brain plasticity and promotes adult neurogenesis in the hippocampus of 
growth-hormone-defi cient animals (Sun et al., 2005a, b; see also Chapter 10). 
Th erefore, growth hormone receptors in the brain may be targeted by growth 
hormone from both a systemic and local origin.

Since the hippocampus may be involved in the cognitive eff ects of growth 
hormone, this brain region has been particularly studied to detect possible 
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hormonal eff ects on functional synaptic plasticity. For instance, William E. 
Sonntag and his collaborators have assessed the eff ect of growth hormone on 
hippocampal short-term synaptic plasticity in aged rats using an extracellu-
lar paired-pulse protocol. Th e responses to the second stimulus (conditioned 
response) and to the fi rst stimulus (test response) were compared using the 
paired-pulse ratio (PPR) calculation. Both facilitatory and inhibitory mecha-
nisms modulate the conditioned response in pyramidal cells. In particular, 
the amplitude of the conditioned response in pyramidal cells may be reduced 
compared with the test response due to activation of GABAergic interneurons 
by the test stimulus. Using this method, Sonntag and his colleagues detected 
that aged rats have increased paired-pulse ratios compared with adult rats, 
suggesting an alteration in the balance between excitatory and inhibitory syn-
aptic inputs with aging. However, aged rats that were treated for six months 
with growth hormone had paired-pulse ratio values comparable to those 
observed in adult controls (Ramsey et al., 2004). Th ese functional synaptic 
changes may be mediated by modifi cations in the subunit composition of 
GABAA receptors (in particular, by an increase in the subunit α1) with growth 
hormone treatment. Th us, growth hormone may aff ect short-term synaptic 
plasticity in the hippocampus, and the decline in growth hormone levels with 
aging may result in an impairment of synaptic plasticity.

Unfortunately, there is limited information concerning the possible eff ects 
of growth hormone on morphological plasticity in the brain. As mentioned 
before, one important problem is to diff erentiate direct growth hormone 
actions from eff ects mediated by IGF-I. Nevertheless, some studies suggest that 
growth hormone, directly or indirectly, may exert important brain structure 
remodeling. For instance, in aged rats, administration of growth hormone for 
28 days was found to increase the growth of small arterioles on the cortical 
surface (Sonntag et al., 1997), suggesting that growth hormone plays a role 
in the maintenance of brain microvasculature. Given the important role of 
brain microvasculature for neuronal and glial function, this eff ect of growth 
hormone is highly relevant. Th e hormonal eff ect may refl ect a direct action of 
growth hormone on the microvasculature of the brain, or be secondary to a 
hormonally induced increase in neuronal activity. Once more, the eff ect may 
be mediated by IGF-I, since high levels of IGF-I expression are detected in 
cerebral cortex microvessels (Sonntag et al., 2000b). Th ere is also evidence that 
growth hormone may control dendritic morphology. For instance, cortical 
pyramidal neurons have a decreased dendritic branching in growth hormone 
receptor null mice, but also in null mice for suppressor of cytokine signaling-2 
(SOCS2), an intracellular inhibitor of growth hormone signaling (Ransome 
et al., 2004). Th is suggests that adequate levels of growth hormone signaling, 
neither too low nor too high, are necessary for the maintenance of a normal 
dendritic morphology. However, the defi cits observed in dendritic branching 
in these animals may refl ect a developmental eff ect of growth hormone rather 
than a plastic eff ect in adults, and are accompanied by changes in cortical, 
neuronal, and glial density that may also refl ect a developmental alteration.
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Insulin-Like Growth Factor-I and Synaptic Plasticity

Th e actions of IGF-I on central nervous system plasticity are relatively well 
documented in comparison with the limited available information for the 
eff ects of growth hormone. Th e main origin of IGF-I in plasma is the liver, 
where it is produced in response to growth hormone action. In addition, 
growth hormone induces IGF-I synthesis in target tissues. Th erefore, IGF-I 
acts as a hormonal signal and a paracrine or autocrine factor. Th is is also the 
situation in the brain, where IGF-I is locally produced by neurons, glial cells, 
ependymal cells, endothelial cells, and the choroid plexus of the adult brain 
(Garcia-Segura et al., 1991b; Werther et al., 1990). IGF-I receptor, a tyrosine–
kinase membrane receptor, is also widely expressed in the brain, which also 
expresses IGF binding proteins. IGF-I receptors are expressed by neurons, 
glial cells, endothelial cells, the choroid plexus, and meninges in the adult 
central nervous system (Aguado et al., 1993; Bondy and Cheng, 2004; Garcia-
Segura et al., 1997; Werther et al., 1989, 1990). As in other tissues, IGF-I recep-
tors in the brain signal through two major pathways, the MAPK and the PI3K 
(Bondy and Cheng, 2004; Cardona-Gomez et al., 2002a). In adult rats, the 
expression of IGF-I is dramatically reduced in many brain areas compared to 
fetal and postnatal ages (Andersson et al., 1988; Garcia-Segura et al., 1991b; 
Rotwein et al., 1988), excluding the hypothalamus and the median eminence 
where IGF-I levels increase with puberty (Daft ary and Gore, 2003; Dueñas 
et al., 1994; Garcia-Segura et al., 1996; Miller and Gore, 2001). In contrast 
to the decrease in local IGF-I production, the expression of IGF-I receptor is 
maintained in neurons and glia in the adult rat brain (Garcia-Segura et al., 
1997). Th is suggests that peripheral, rather than locally formed IGF-I, is acting 
on brain IGF-I receptors in most brain areas during adult life, at least under 
physiological conditions. Indeed, the importance of peripheral IGF-I in the 
regulation of synaptic plasticity and neurogenesis has been well documented 
by the group of Ignacio Torres-Aleman, at the Instituto Cajal in Madrid (Carro 
et al., 2000, 2001; Torres-Aleman, 1999; Trejo et al., 2001, 2007).

Manuel Castro-Alamancos and Ignacio Torres-Aleman were the fi rst to show 
that IGF-I may induce plastic functional alterations of synapses. Exploring the 
eff ects of IGF-I in the olivocerebellar system, these authors found that IGF-I 
produces a long-lasting depression of GABA release by cerebellar Purkinje cells 
in response to glutamate (Castro-Alamancos and Torres-Aleman, 1993). Th e 
eff ect of IGF-I was dose-dependent and mimicked by the electrical stimula-
tion of inferior olivary neurons, the origin of climbing fi bers to the cerebellum. 
Climbing fi bers, a potent excitatory input to Purkinje cells, transport IGF-I 
from the inferior olive to the cerebellum, and are responsible for about half of 
the IGF-I content of the cerebellum (Nieto-Bona et al., 1993; Torres-Aleman 
et al., 1991). Interestingly, the electrical stimulation of climbing fi bers results 
in the release of IGF-I in the cerebellar cortex (Castro-Alamancos and Torres-
Aleman, 1993). Th ese fi ndings suggested that IGF-I released in the cerebel-
lar cortex aft er climbing fi ber stimulation interacts with Purkinje neurons to 
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modulate their response to glutamate. In addition, these results opened up the 
possibility of IGF-I involvement in the learning-related phenomenon of cer-
ebellar long-term depression, which is characterized as a protracted inhibition 
of the glutamatergic synapse between parallel fi ber aff erents and Purkinje cell 
dendrites, subsequent to concurrent stimulation of climbing fi ber and paral-
lel fi ber terminals (Ito, 2002). For this reason, Castro-Alamancos and Torres-
Aleman decided to investigate whether IGF-I released by climbing fi bers was 
implicated in the learning or in the retention of the classical conditioning of 
the eye-blink response, where inferior olive and long-term depression was 
postulated to be involved. Th ey delivered an antisense oligonucleotide to an 
inferior olivary nucleus in order to inhibit the synthesis of IGF-I and the con-
sequent release of IGF-I by climbing fi bers. As expected, this treatment resulted 
in a transient depletion of cerebellar IGF-I levels. In addition, the treatment 
markedly and reversibly impaired the acquisition of the conditioned eye-blink 
response without aff ecting its retention once it was learned (Castro-Alamancos 
and Torres-Aleman, 1994). Th ese fi ndings supported the possible involvement 
of IGF-I in the long-term depression of the parallel fi ber–Purkinje cell dendrite 
synapse in the acquisition of the conditioned eye-blink response, and provided 
the fi rst evidence for a causal link between the eff ects of IGF-I on synaptic 
 plasticity and its eff ects on a learning task.

Further characterization of the mechanisms involved on the eff ects of 
IGF-I on long-term depression of glutamate-induced GABA release revealed 
a role for protein kinase C and nitric oxide. Short-term inhibition of gluta-
mate-induced GABA release by IGF-I appears to be mediated either by pro-
tein kinase C or nitric oxide signaling. In contrast, the long-term depression 
of glutamate-induced GABA release by IGF-I appears to be mediated by the 
simultaneous activation of both protein kinase C and nitric oxide signaling 
(Castro-Alamancos et al., 1996). Th e functional synaptic plasticity induced in 
Purkinje cells by IGF-I released from climbing fi bers also has a morphologi-
cal counterpart, since the injection of an IGF-I antisense oligonucleotide in 
the inferior olivary nucleus of adult rats resulted in a signifi cant reduction in 
the size and numerical density of Purkinje cell dendritic spines (Nieto-Bona 
et al., 1997) assessed by electron microscopy. Th ese fi ndings suggest that IGF-I 
released by climbing fi bers participates in the regulation of the formation of 
Purkinje cell dendritic spines. Finally, it should be mentioned that the regula-
tion of Purkinje cell plasticity by IGF-I released by climbing fi bers also has 
important consequences for the pathophysiology of the olivocerebellar circuit. 
IGF-I maintains the normal function of this circuit, and there is a correlation 
between alterations in serum IGF-I levels and pathological alterations of the 
olivocerebellar system (Busiguina et al., 2000). Loss of IGF-I input to Purkinje 
cells may result in ataxia; ataxia induced by climbing fi ber destruction can be 
compensated for by the administration of IGF-I (Fernandez et al., 1998, 1999, 
2005; see also Chapter 9).

While the plastic eff ects of IGF-I on the cerebellum are relevant for motor 
learning and proper motor control, the regulation of synaptic plasticity by 



Hormones and Brain Plasticity122

IGF-I in other brain regions may be highly relevant for cognition. William 
E. Sonntag and collaborators have examined the cognitive eff ects of IGF-I in 
male aged rats, and have found that a 28-day intracerebroventricular infusion 
of IGF-I improves working memory and reference memory, attenuating age-
related cognitive defi cits (Markowska et al., 1998). Th ese cognitive actions may 
be related to the eff ects of IGF-I on hippocampal plasticity. A decrease in CA1 
synapses is observed in aged rats; this synaptic change may be associated with 
the cognitive decline with aging. Although IGF-I infusion is not able to restore 
aging-associated an decline in CA1 synapses (Shi et al., 2005), it regulates the 
expression of NMDA receptor subtypes in the hippocampus and reverses 
the age-related decline in subunits 2A and 2B (Sonntag et al., 2000a). IGF-I 
infusion also increases local cerebral glucose utilization in the CA1 region of 
the hippocampus and in the cingulate cortex of aged rats (Lynch et al., 2001). 
Furthermore, intracerebroventricular infusion of IGF-I increases postsynaptic 
density length in CA1 synapses of aged rats (Shi et al., 2005). Th is change may 
represent a morphological correlate of an increased synaptic function, since 
both NMDA and AMPA subtypes of glutamate receptors are clustered in the 
postsynaptic density. In addition, infusion of IGF-I to aged rats increases the 
number of synaptic profi les in multiple spine button complexes in CA1 synap-
ses (Shi et al., 2005). Multiple spine button complexes originate from preexist-
ing simple synapses and are a morphological correlate of long-term synaptic 
potentiation. Th is may therefore refl ect and enhance synaptic effi  cacy related 
to the cognitive improvement caused by IGF-I treatment. Th e functional acute 
eff ect of IGF-I on CA1 synapses has been assessed on hippocampal slices of 
young rats (Ramsey et al., 2005). Treatment of the slices for 15 minutes with 
des-IGF-I, an active fragment of the IGF-I molecule, resulted in a concentra-
tion-dependent increase in the slope of CA1 fi eld excitatory postsynaptic poten-
tials. Th e potentiation was initiated within fi ve minutes of the start of des-IGF-I 
application, and partially recovered during a 15-minute washout period. Th is 
action of des-IGF-I was due to a postsynaptic mechanism involving AMPA but 
not NMDA receptors, and was mediated by PI3K activation. Th erefore, IGF-I 
may increase AMPA receptor-mediated synaptic transmission, and this eff ect 
may be involved in the cognitive actions of the hormone.

Insulin-Like Growth Factor-I and Adult Neurogenesis

Adult neurogenesis is another important plastic modifi cation regulated by 
IGF-I in the hippocampus. Maria A. I. Åberg and her collaborators at Göteborg 
University explored the eff ect of IGF-I on adult hippocampal neurogenesis 
using bromodeoxyuridine labeling to identify newly generated cells. Th ey 
observed an increased cellular proliferation and increased neurogenesis in the 
dentate subgranular proliferative zone aft er peripheral IGF-I administration 
(Åberg et al., 2000). Th is plastic eff ect of IGF-I may have a strong impact on 
hippocampal function and cognition. Neurogenesis in the subgranular layer of 
the hippocampus progressively and signifi cantly decreases with aging—both 
the number of newly generated cells and their diff erentiation. Some evidence 
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suggests that there is a link between decreased neurogenesis and cognitive 
impairment in aged rats. Interestingly, the intracerebroventricular infusion of 
IGF-I to senescent rats signifi cantly restored neurogenesis through an approx-
imately three-fold increase in the production of new neurons (Lichtenwalner 
et al., 2001). IGF-I also partially restores neurogenesis and learning perfor-
mance in the water maze task in aged rats submitted to stress during the prena-
tal period (Darnaudery et al., 2006). Furthermore, peripheral IGF-I mediates 
the eff ects of physical exercise on hippocampal neurogenesis.

Th e infl uence of the body on psychological functions was known by early 
civilizations and postulated by early philosophers; the classic Roman apho-
rism, mens sana in corpore sano (a sound mind in a sound body), is a good 
example of this. Th e scientifi c foundation for this assertion is relatively mod-
ern. Th e idea that a healthy body helps to maintain healthy brain function has 
received substantial scientifi c support in recent times by a series of studies 
showing the importance of physical exercise and a healthy diet for cognitive 
function. Physical activity enhances learning and memory skills in young 
and older animals and humans, and appears to reduce the risk of cognitive 
decline and dementia in later life (Fordyce and Wehner, 1993; Kramer et al., 
1999, 2006; Laurin et al., 2001; Lautenschlager and Almeida, 2006). Physical 
exercise may promote diff erent forms of neural plasticity in the hippocam-
pus: facilitating long-term potentiation of synaptic transmission, increasing 
the length and complexity of dendrites, and promoting the formation of den-
dritic spines (Eadie et al., 2005; Farmer et al., 2004). One of the plastic events 
regulated by physical exercise in the brain is adult hippocampal neurogen-
esis. Voluntary running in rodents increases cell proliferation and neurogen-
esis in the adult dentate gyrus (van Praag et al., 1999). IGF-I seems to mediate 
at least part of these plastic eff ects of exercise in the brain. Torres-Aleman 
and his collaborators have detected an increased uptake of circulating IGF-I 
by cells of diff erent brain regions (including the hippocampus) aft er physical 
exercise, and have proposed that this increased uptake of circulating IGF-I by 
brain cells is involved in the eff ects of exercise on brain function (Carro et al., 
2001). In addition, José Luis Trejo, Eva Carro, and Ignacio Torres-Aleman 
have shown that peripheral IGF-I mediates the eff ects of exercise in adult 
neurogenesis in the hippocampus. To determine the role of peripheral IGF-I 
on neurogenesis induced by physical exercise, they prevented the entrance 
of circulating IGF-I into the brain by subcutaneous infusion of a blocking 
IGF-I antiserum. When the entrance of peripheral IGF-I in the brain of rats 
undergoing exercise was prevented with this method, a complete inhibition 
of exercise-induced increases in the number of new neurons in the hippo-
campus was observed (Trejo et al., 2001). Local IGF-I synthesis in the hippo-
campus may also be involved in the eff ects of exercise on synaptic plasticity. 
Fernando Gomez-Pinilla’s group at UCLA has shown that exercise increases 
IGF-I mRNA levels in the hippocampus, an eff ect that is mediated by IGF-I 
receptors. Th is suggests that exercise may increase IGF-I levels in the brain 
by increasing IGF-I uptake and by increasing IGF-I local synthesis. Since an 
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IGF-I receptor blockade (using a specifi c IGF-I receptor-binding antibody) 
abolishes the eff ect of exercise on IGF-I mRNA levels in the hippocampus, 
it is plausible that peripheral IGF-I acting on brain IGF-I receptors would 
induce the local synthesis of IGF-I. Furthermore, the blockade of hippocam-
pal IGF-I receptors during a fi ve-day voluntary exercise period prevented the 
exercise-induced enhancement in memory recall in the Morris water maze 
task. In contrast, the blockade of IGF-I receptors did not aff ect the recall 
abilities of sedentary animals, and did not aff ect the ability of exercise to 
enhance learning acquisition (Ding et al., 2006). Th is fi nding suggests that 
IGF-I receptors are specifi cally involved in mediating the eff ect of exercise 
on memory. Gomez-Pinilla and his colleagues have also proposed that an 
IGF-I receptor blockade may interfere with the eff ects of exercise in cognition 
by aff ecting the expression of brain-derived neurotrophic factor (BDNF), 
a potent modulator of hippocampal plasticity (Lo, 1995). Indeed, physical 
activity increases the expression of BDNF in the hippocampus (Gomez-
Pinilla et al., 2002; Neeper et al, 1996; Vaynman et al., 2003), as well as the 
expression of the synaptic protein synapsin I (Ding et al., 2006), which is 
regulated by BDNF and is involved in presynaptic structure formation and 
maintenance, and in axonal elongation. Th erefore, it has been postulated 
that BDNF may mediate the eff ects of exercise on hippocampal plasticity and 
cognition. In agreement with this proposal, the laboratory of Torres-Aleman 
has shown that IGF-I increases the expression of BDNF in the hippocam-
pus (Carro et al., 2001). Furthermore, IGF-I receptor blockade abrogates the 
exercise-induced increase in mRNA and protein levels of BDNF and its pre-
cursor (pro-BDNF), and also blocks the eff ect of exercise on the expression of 
synapsin I (Ding et al., 2006). Th erefore, IGF-I receptors in the hippocampus 
appear to mediate the eff ects of exercise on BDNF expression, synaptic mol-
ecules, and memory recall.

BDNF is likely not the only mediator of the plastic eff ects of IGF-I in the 
central nervous system. As in other organs, the actions of IGF-I in the brain 
may be aff ected by the interaction with other molecules. Th ese include neu-
rotransmitters, neuromodulators, cytokines, hormones, and other growth 
factors. Neurotransmitters, such as glutamate, may aff ect the actions of IGF-I 
in the brain by interfering with the signaling of IGF-I receptors. Indeed, the 
group of Torres-Aleman has shown that glutamate (at high concentrations) 
induces a loss of sensitivity to IGF-I by phosphorylating the IGF-I receptor 
docking protein IRS-1 (insulin receptor substrate-1) in serine 307 through a 
pathway involving the activation of protein kinases A and C (Garcia-Galloway 
et al., 2003). Th e proinfl ammatory cytokine tumor necrosis factor-α also 
induces IGF-I resistance in neurons by altering IGF-I receptor phosphoryla-
tion of IRS-2 (insulin receptor substrate-2) (Venters et al., 1999), and leuke-
mia inhibitory factor has been shown to regulate IGF-I levels in peripheral 
nerves (de Pablo et al., 2000), where the PI3K/Akt/glycogen synthase kinase 3β 
(GSK3β) pathway seems to underlay a synergism of nerve growth factor and 
IGF-I on axonal growth (Jones et al., 2003).
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Interactions of Insulin-Like Growth Factor-I and Estradiol in the 
Regulation of Brain Plasticity

Among the factors that aff ect IGF-I action in the nervous system, one of 
the best characterized is the ovarian hormone estradiol. IGF-I may regulate 
the transcriptional activity of estrogen receptors, and estradiol may rapidly 
activate in the brain the two main signal transduction cascades coupled to 
the IGF-I receptor: the PI3K and MAPK signaling pathways (see Mendez 
et al., 2006, for review). Th e interaction of estradiol and IGF-I (or estro-
gen receptors and IGF-I receptors) in the brain during development and 
under pathological conditions are reviewed in other chapters in this book 
(see Chapters 6 and 9). Here I will mention some studies showing that: (i) 
estrogen receptors are involved in the actions of IGF-I to promote adult neu-
rogenesis in the hippocampus, and (ii) estradiol and IGF-I interact to pro-
mote synaptic plasticity in the hypothalamus. However, I will fi rst examine 
some basic molecular aspects of the interaction between estrogen and IGF-I 
receptors in the brain.

IGF-I may aff ect the hormonal actions of estradiol by modulating estrogen 
receptor transcriptional activity. Th ere is now persuasive evidence indicating 
that, in addition to the classical activation of estrogen receptors by estradiol 
binding, estrogen-receptor-mediated transcriptional activity can be regulated 
by ligand-independent mechanisms. Intracellular kinase signaling pathways, 
activated by extracellular growth or trophic factors, regulate the ability of 
estrogen receptors to promote changes in gene expression. IGF-I is one of the 
extracellular regulators of these kinase pathways that have been shown to pro-
mote estrogen-receptor-dependent transcription. IGF-I regulation of estrogen 
receptor transcriptional activity has been extensively studied in nonneuronal 
tissues and cell lines (Klotz et al., 2002; Martin et al., 2000). Th ese studies have 
shown that, by phosphorylating estrogen receptors and some transcriptional 
cofactors, the intracellular kinases regulated by IGF-I positively regulate 
estrogen-receptor-mediated gene expression (Font de Mora and Brown, 2000; 
Martin et al., 2000). Several components of the IGF-I intracellular signaling 
system have been shown to aff ect estrogen receptor activity in neuronal cells. 
Studies from the laboratory of Adriana Maggi at the University of Milan have 
determined that insulin/IGF-I signaling can activate the unliganded estrogen 
receptor α in neuronal cells via the Ras-MAPK pathway (Agrati et al., 1997; 
Patrone et al., 1996) and that this activation involved the N-terminal activa-
tion function 1 (AF-1) domain of the receptor (Patrone et al., 1998). Estradiol-
independent estrogen receptor activation in the brain in vivo is suggested 
by studies on an estrogen receptor transgenic strain of mouse with a lucifer-
ase transgene driven by a promoter containing estrogen response elements. 
Estrogen-receptor-dependent transgene expression is observed in the brain of 
these animals when plasma estrogen levels are low and when brain aromatase 
is inhibited, suggesting that estrogen receptors can be activated by estro-
gen-independent mechanisms (Ciana et al., 2002). Th is ligand-independent 
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activation of a hormonal nuclear receptor is not a  peculiarity of estrogen 
receptors. For instance, dopamine and other molecular signals activate the 
unoccupied progesterone receptors in the brain to regulate sexual receptivity 
(Auger, 2001; Blaustein, 2004; Mani, 2001).

Although IGF-I promotes ligand-independent estrogen receptor tran-
scriptional activity, it has a diff erent eff ect in the presence of estradiol. In 
the absence of estradiol, IGF-I increases estrogen receptor α activity in N2a 
cells, as in other neuroblastoma cells. In contrast, IGF-I negatively regulates, 
through activation of the PI3K pathway, the estradiol-induced activation of 
estrogen receptor α transcriptional activity in this cell type (Mendez and 
Garcia-Segura, 2006). Th is eff ect of IGF-I in N2a cells depends on its ability 
to regulate GSK3β through the PI3K pathway. In contrast, MAPK blockade 
has no eff ect in the regulation by IGF-I of estradiol-induced transcriptional 
activity of estrogen receptor α (Mendez and Garcia-Segura, 2006). Th us, by 
using diff erent components of its signaling system, IGF-I may regulate ligand-
independent and dependent estrogen receptor transcriptional activity in neu-
ronal cells, and by this mechanism regulate the hormonal actions of estradiol 
via estrogen receptors.

In addition to the actions of IGF-I on the activity of estrogen receptors 
in neural cells, we should also consider that estradiol in turn regulates the 
activity of IGF-I receptor signaling pathways. In vitro and in vivo studies have 
shown that in the brain, estradiol may rapidly activate the two main signal 
transduction cascades coupled to the IGF-I receptor: the PI3K and MAPK 
signaling pathways. In primary cultures of astroglia, primary neuronal cul-
tures, and explants of cerebral cortex and hippocampus, estradiol induces a 
rapid activation of ERK, in the range of minutes (Toran-Allerand et al., 1999). 
Estradiol-induced activation of ERK in the brain may also be detected in vivo 
aft er systemic administration of the hormone and during cyclic fl uctuations 
of estrogen levels in the estrus cycle (Bi et al., 2001; Cardona-Gomez et al., 
2002a, b). ERK activation may be involved in the induction of synaptic plas-
ticity and neurite arborization by estradiol (Bi et al., 2001; Dominguez et al., 
2004). Estradiol also induces rapid phosphorylation of Akt (one of the main 
eff ectors of the PI3K pathway) in dissociated neurons from the rat cerebral 
cortex and the hippocampus, in cerebral cortical explants and in the adult 
rat brain in vivo (Cardona-Gomez et al., 2002b; Ivanova et al., 2002; Wilson 
et al., 2002; Znamensky et al., 2003). Furthermore, IGF-I and estradiol act 
synergistically to increase Akt activity in the rat brain (Cardona-Gomez et al., 
2002b). Activation of Akt may regulate estradiol-induced synaptic plasticity 
(Znamensky et al., 2003) and this eff ect may be mediated by the modulation 
of GSK3β activity (Cardona-Gomez et al., 2004).

Th e reciprocal eff ects of IGF-I on estrogen receptor activity and estradiol 
on IGF-I receptor signaling may be, at least in part, the consequence of an 
interaction of the estrogen receptor α and IGF-I receptor in a macromolec-
ular complex associated with components of the PI3K signaling pathway. 
Immunohistochemical analyses have shown that estrogen receptors and IGF-I 
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receptors are coexpressed by diff erent neuronal and glial populations in the 
rat central nervous system in vivo (Cardona-Gomez et al., 2000b; Garcia-
Segura et al., 2000; see Fig. 5.1). In addition, the administration of estradiol 
to adult ovariectomized rats results in a transient increase in the association 
between the IGF-I receptor and estrogen receptor α in the brain, detected by 
immunoprecipitation studies (Mendez et al., 2003). Th e maximal association 
is observed between one and three hours aft er the hormone administration; 
however, it should be mentioned that shorter time periods (less than one hour) 
have not been examined, and therefore the kinetics of the interaction is largely 
unknown. Th e association returns to control levels 24 hours aft er hormone 
treatment. Th e interaction is specifi c for the subtype α of estrogen receptors 
and is coincidental in time with the increase in tyrosine phosphorylation of 
the IGF-I receptor, suggesting a possible causal relationship. Estradiol also 
increases the interaction between the PI3K subunit p85 and insulin recep-
tor substrate-1, one of the fi rst events in the signal transduction of the IGF-I 
receptor, further suggesting that the increase in IGF-I receptor phosphoryla-
tion induced by estradiol refl ects a functional activation of this receptor. In 
addition, estrogen receptor α interacts with other components of the IGF-I 
receptor signaling pathway in the brain, such as p85, Akt, GSK3β, β-catenin, 

Figure 5.1. Localization of estrogen receptor α and IGF-I receptor immunoreactivi-
ties in the arcuate nucleus of the rat hypothalamus. Estrogen receptor α immunoreac-
tivity is observed in neuronal cell nuclei (green) and IGF-I receptor immunoreactivity 
in the soma and cell processes (red) in the same neurons (arrow). Scale bar, 20 μm. 
(Microphotograph courtesy of Dr. Gloria Patricia Cardona-Gomez).
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and tau (Cardona-Gomez et al., 2004; Mendez et al., 2003). Interestingly, the 
interaction between estrogen and IGF-I systems in the hypothalamus seems to 
be reciprocal, since the intracerebroventricular administration of IGF-I also 
resulted in an increase in the levels of association between the estrogen recep-
tor α and IGF-I receptor (Mendez et al., 2003). Th ese fi ndings suggest that the 
interaction of estrogen receptor α with IGF-I receptor is part of the mecha-
nisms involved in the signaling of both IGF-I and estradiol in the brain. Th is 
may explain why estrogen receptor α inhibition blocks IGF-I eff ects on adult 
neurogenesis in the hippocampus, and why the inhibition of IGF-I receptors 
blocks the action of estradiol on synaptic plasticity in the hypothalamus.

Together with my collaborators Margarita Perez-Martin, Iñigo Azcoitia, 
Jose Luis Trejo, and Amanda Sierra, we examined the role of estrogen receptors 
on the eff ect of IGF-I on adult hippocampal neurogenesis (Perez-Martin et al., 
2003). We used ovariectomized rats to which either a silastic capsule fi lled with 
a mixture of cholesterol and estradiol, or estradiol alone, was inserted sub-
cutaneously. In addition, an osmotic minipump fi lled with saline, IGF-I, the 
estrogen receptor antagonist ICI 182780, or a mixture of IGF-I and the estrogen 
receptor antagonist, was subcutaneously implanted. Minipumps were attached 
to a brain infusion cannula that was implanted into the right lateral cerebral 
ventricle. All animals received six daily intraperitoneal injections of 5-bromo-
2-deoxyuridine (BrdU) to label proliferating cells. Cells incorporating BrdU 
were found in the hilus of the dentate gyrus of the hippocampus, in the sub-
granular zone, and in the inner part of the granule cell layer. Treatment with 
IGF-I increased the number of total BrdU-positive cells. Interestingly, the estro-
gen receptor antagonist ICI 182780 blocked the eff ect of IGF-I, independent of 
whether the animals were treated or not with estradiol. ICI 182780 by itself did 
not aff ect the number of BrdU-positive cells. A study using confocal micros-
copy to determine the number of BrdU cells labeled with neuronal marker 
βIII-tubulin revealed that the total number of BrdU-labeled neurons was sig-
nifi cantly higher in animals treated either with IGF-I alone or with IGF-I and 
estradiol, compared to control rats. Interestingly, rats treated with IGF-I and 
estradiol showed a higher number of BrdU-positive neurons than rats treated 
with IGF-I alone, and the antiestrogen ICI 182780 blocked the eff ect of IGF-I 
on the number of BrdU neurons. Th erefore, it seems that estrogen receptors are 
involved in the eff ect of IGF-I on hippocampal neurogenesis. It is important to 
note that the blockade of IGF-I-induced neurogenesis by the estrogen recep-
tor antagonist ICI 182780 was observed in ovariectomized rats in absence of 
estradiol replacement, indicating that the implication of estrogen receptors in 
the neurogenic eff ects of IGF-I is independent of ovarian estradiol. As I have 
mentioned before, studies on neuroblastoma cells indicate that IGF-I receptor 
signaling is able to regulate the transcriptional activity of estrogen receptors. 
Th erefore, the eff ects of IGF-I on adult hippocampal neurogenesis may be, in 
part, mediated by the regulation by IGF-I of the activity of estrogen recep-
tors. Estrogen receptors may then aff ect adult hippocampal IGF-I-induced 
neurogenesis by participating as a component of IGF-I receptor signaling. Th is 
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interaction of IGF-I with estrogen receptors may occur directly in the prolifer-
ating cells, since they express receptors for both IGF-I and estrogen (Isgor and 
Watson, 2005; Perez-Martin et al., 2003). In addition, the activity of estrogen 
receptors may be necessary to maintain an adequate expression of IGF-I recep-
tors in the hippocampus in order to sustain the eff ects of IGF-I on neurogenesis 
(Cardona-Gomez et al., 2001).

We have also found interactions of estrogen and IGF-I, or estrogen 
 receptors and IGF-I receptors, on synaptic plasticity in the hypothalamic 
arcuate nucleus, a key center for neuroendocrine regulation of the growth 
and reproductive axes, and for the control of food intake and energy balance. 
As it has been already mentioned in Chapter 4, this nucleus shows estrogen-
 induced and estrus-cycle-related plastic changes in synaptic connectivity 
and glial–neuronal interactions in female rodents. During the preovulatory 
and ovulatory phases of the estrus cycle, there is a transient disconnection of 
axosomatic GABAergic synapses on the arcuate neuronal perikarya of adult 
female rats and a transient increase in excitatory synaptic inputs on dendritic 
spines. Th e synaptic remodeling is induced by estradiol and is linked to plas-
tic modifi cations in astroglial processes and to modifi cations in the frequency 
of neuronal fi ring of arcuate neurons. Th e estrogen-induced synaptic and 
glial remodeling in the arcuate nucleus may participate in the regulation of 
secretion of parvocellular hypothalamic hormones, such as growth-hormone-
releasing hormone, somatostatin, and gonadotropin-releasing hormone (see 
also Chapters 4 and 8). Peripheral IGF-I produced in the liver and other tis-
sues may reach the brain and may aff ect neuroendocrine regulation by the 
hypothalamus. IGF-I may regulate pituitary growth hormone secretion by 
actions on growth-hormone-releasing hormone and somatostatin neurons in 
the arcuate nucleus. In addition, IGF-I may also aff ect pituitary gonadotro-
pins by actions in the arcuate nucleus and the median eminence; IGF-I from 
a peripheral origin also appears to be one of the signals related to the initia-
tion of puberty. IGF-I levels increase dramatically in the rat arcuate nucleus 
with the onset of female puberty, and fl uctuate during the estrus cycle in 
parallel to the release of gonadotropins (Dueñas et al., 1994). High levels of 
IGF-I immunoreactivity in glial cells (mainly in tanycytes) are detected in 
the aft ernoon of proestrus and the morning of estrus in the arcuate nucleus 
of cycling female rats, then IGF-I immunoreactivity declines in the morn-
ing of metestrus. Th erefore, IGF-I immunoreactivity follows the changes in 
plasma levels of estradiol and progesterone during the estrus cycle. Indeed, 
estradiol and progesterone regulate IGF-I immunoreactivity in arcuate glial 
cells. IGF-l immunoreactivity is low in glial cells of ovariectomized rats and 
increases in a dose-dependent manner when ovariectomized rats are injected 
with estradiol, an eff ect blocked by the simultaneous administration of pro-
gesterone. Th erefore, IGF-I levels fl uctuate in the rat hypothalamic arcuate 
nucleus during the estrus cycle in parallel with the remodeling of synaptic 
contacts and the fl uctuation of ovarian hormones in plasma. Furthermore, 
the administration of estradiol to ovariectomized rats results in a signifi cant 
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increase in IGF-I levels in the arcuate in parallel with a decrease in the  number 
of  axosomatic synapses. Th ese fi ndings suggest that IGF-I is involved in the 
eff ects of estradiol on synapses (Dueñas et al., 1994; Garcia-Segura et al., 
1994a). Th e fl uctuation of IGF-I levels in arcuate glia may be in part medi-
ated by the over-expression of insulin-like growth factor binding protein-2 by 
hypothalamic tanycytes (Cardona-Gomez et al., 2000a). Tanycytes are spe-
cialized glial cells located in the arcuate nucleus and the median eminence 
(Rodriguez et al., 2005; see also Chapter 2) that express IGF-I receptors and 
accumulate IGF-I from the cerebrospinal fl uid (Fernandez-Galaz et al., 1996). 
Th is accumulation of IGF-I by tanycytes is mediated by IGF-I receptors, and 
shows marked diff erences during the estrus cycle. Th erefore, tanycytes may 
regulate IGF-I incorporation in the arcuate nucleus, determining the local 
availability of this modulator of synaptic plasticity.

Results from in vivo experiments using intracerebroventricular infusion 
of specifi c receptor antagonists have shown that both estrogen receptors and 
IGF-I receptors are involved in the induction of synaptic and glial plastic 
modifi cations in the arcuate nucleus during the estrus cycle (Cardona-Gomez 
et al., 2000a, c; Fernandez-Galaz et al., 1997, 1999a). Under control conditions, 
the number of synaptic inputs on arcuate neuronal perikarya of cycling female 
rats decreases between the morning and aft ernoon of proestrus, remains low 
in estrus, and recovers the following day; these changes are accompanied by 
the remodeling of astroglial processes. To explore whether IGF-I may aff ect 
this plasticity, Carmen Fernandez-Galaz infused an IGF-I receptor antagonist 
into the lateral cerebral ventricle of cycling female rats to neutralize the local 
action of IGF-I in the brain. Th e intracerebroventricular administration of the 
IGF-I receptor antagonist JB1 resulted in the blockage of the phasic remodel-
ing of synapses and glial processes observed in the arcuate nucleus during the 
estrus cycle (Fernandez-Galaz et al., 1999a). In contrast, JB1 did not aff ect the 
number of synapses in proestrus rats, suggesting that IGF-I receptor activa-
tion is necessary for the estrus-cycle-associated synaptic plastic changes but 
not for the normal maintenance of synaptic inputs.

Th e decrease in the number of synapses on the day of proestrus can be 
mimicked by the injection of estradiol to ovariectomized rats. Th e intrac-
erebroventricular administration of ICI 182780, an antagonist of estrogen 
receptors, or JB1, an antagonist of IGF-I receptors, did not aff ect the basal 
number of axosomatic synapses in ovariectomized rats injected with oil. Even 
the simultaneous administration of both receptor antagonists did not aff ect 
the number of axosomatic synapses in rats injected with oil, indicating that 
the activation of estrogen receptors and IGF-I receptors are not necessary for 
the maintenance of the synaptic inputs on arcuate neuronal perikarya. In 
contrast, the infusion in the lateral cerebral ventricle of the estrogen receptor 
antagonist ICI 182780 prevented the decrease in axosomatic synapses aft er the 
administration of estradiol to ovariectomized rats. Th is fi nding indicates that 
estrogen-induced synaptic plasticity in the arcuate nucleus is mediated by the 
activation of estrogen receptors. In addition, the estrogen-induced decrease in 
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the number of axosomatic synapses is also prevented by the administration 
of the IGF-I receptor antagonist JB1, either alone or in combination with the 
estrogen receptor antagonist, indicating that the estradiol-induced decrease 
in the number of axosomatic synapses in the arcuate nucleus of ovariecto-
mized rats is dependent on IGF-I receptors (Cardona-Gomez et al., 2000c). 
Th erefore, it seems that both estrogen and IGF-I receptors are involved in the 
induction of synaptic plasticity in the hypothalamus of intact rats during the 
estrus cycle.

Arcuate neurons express estrogen and IGF-I receptors (Garcia-Segura et al., 
1997; Shughrue et al., 1997) and may therefore be a direct target for both estra-
diol and IGF-I. IGF-I may aff ect pre- and/or postsynaptic mechanisms, since 
ultrastructural studies have shown that the IGF-I receptor is present both in 
axosomatic presynaptic terminals as well as in neuronal perikarya of the rat 
arcuate nucleus (Garcia-Segura et al., 1997). In addition, arcuate astrocytes are 
also a target for IGF-I, since they also express IGF-I receptors (Garcia-Segura 
et al., 1997). Arcuate astrocytes appear to be directly involved in the regulation 
of synaptic inputs to arcuate neurons, since synaptic disconnection of arcuate 
neurons in estrus females is accompanied by an increased extension of GFAP 
immunoreactive astrocytic processes (detected by light microscopy), and by 
an increase in the ensheathment of neuronal surfaces by astrocytic processes 
(detected by electron microscopic analysis). Interestingly, studies on hypo-
thalamic tissue fragments from ovariectomized rats have shown that IGF-I 
receptor activation is needed for the induction of GFAP changes by estrogen 
in the arcuate nucleus (Fernandez-Galaz et al., 1997). In addition, tanycytes 
may play an important role in the interaction of estradiol and IGF-I for the 
regulation of synaptic plasticity, regulating the levels of IGF-I in the arcuate 
nucleus (Dueñas et al., 1994; Fernandez-Galaz et al., 1996, 1997). Indeed, the 
administration of the IGF-I receptor antagonist JB1 in the rat lateral cerebral 
ventricle is able to block both the accumulation of IGF-I by arcuate nucleus 
tanycytes and estrogen-induced synaptic plasticity (Fernandez-Galaz et al., 
1996, 1997; Garcia-Segura et al., 1999a). Th e interaction of IGF-I and estradiol 
in the plastic events on the arcuate nucleus during the estrus cycle may par-
ticipate in the control of gonadotropin secretion and reproduction. However, 
as we will see later on in this chapter, plastic reorganization of synapses in the 
arcuate nucleus is also involved in the hormonal control of feeding.

ERYTHROPOIETIN

Th e glycoprotein erythropoietin (Jelkmann, 2007), the major regulator 
of erythropoiesis, is a relative newcomer among the hormones that have 
been shown to regulate neural plasticity. During fetal life, erythropoietin 
is mainly produced in the liver; in adults it is mainly synthesized in the 
kidney, and to a lesser extent in liver hepatocytes (Jelkmann, 1992; Krantz, 
1991). Th e expression of erythropoietin in mammals is increased to enhance 
blood red cell production when oxygen levels are low. In addition to its key 
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function in erythropoiesis, erythropoietin may also target several tissues, 
including the brain.

Th e actions of erythropoietin in the brain were unexpected, and were fi rst 
detected in studies using stimulus-related evoked potentials and neuropsycho-
logical tests in hemodialysis patients. Th ese studies revealed an improvement 
of brain function, cognition, and sensory processing in those patients treated 
with erythropoietin to increase blood red cell levels compared to hemodial-
ysis patients that were not treated with erythropoietin (Grimm et al., 1990; 
Marsh et al., 1991; Nissenson, 1992; Sagales et al., 1993). Th e cognitive eff ects 
of erythropoietin in these patients may in part be the consequence of better 
oxygen delivery to the brain as a result of the increase in blood red cell lev-
els. However, further studies suggested that erythropoietin may also directly 
aff ect the central nervous system. In fact, we know today that erythropoietin 
is able to cross the blood–brain barrier (Brines et al., 2000), and then it may 
act on erythropoietin receptors, members of the cytokine receptor superfam-
ily (Youssoufi an et al., 1993), which are expressed by neurons (Morishita et al., 
1997) and brain capillary endothelial cells (Yamaji et al., 1996) from several 
brain regions, including the cerebral cortex, the hippocampus, the capsula 
interna, and the midbrain (Digicaylioglu et al., 1995; Morishita et al., 1997). 
In addition, as is the case for many other hormones, erythropoietin is also 
locally produced by the nervous tissue. Th us, erythropoietin mRNA has been 
detected in biopsies from the human hippocampus, amygdala, and temporal 
cortex, and in various regions of the brain of monkeys and mice (Marti et al., 
1996). Astrocytes and neurons are among the cells that synthesize erythropoi-
etin in the adult central nervous system (Bernaudin et al., 1999, 2000; Marti 
et al., 1996).

Erythropoietin decreases microglia activation, cytokine production, nitric 
oxide formation, and infl ammation; it promotes the expression of BDNF, 
decreases excitotoxicity, and inhibits neuronal apoptosis, protecting neurons 
from a variety of pathological insults, including ischemia (see Chapter 9). 
Th ese neuroprotective actions of erythropoietin are accompanied by plastic 
remodeling of neuronal connectivity. For instance, the infusion of erythro-
poietin into the lateral cerebral ventricles of gerbils rescue hippocampal CA1 
neurons from ischemic damage, and at the same time increases the number of 
synapses on CA1 pyramidal neurons (Sakanaka et al., 1998). Th ere is also evi-
dence suggesting that erythropoietin may increase adult neurogenesis in the 
dentate gyrus aft er a traumatic brain injury in rats (Lu et al., 2005). Another 
plastic action of erythropoietin in the rodent adult brain is the promotion 
of neurogenesis in the subventricular germinal zone, where erythropoietin 
receptors are expressed (Shingo et al., 2001). In vitro studies have shown that 
modest hypoxia increases the production of neurons from cultured neural 
stem cells. Th is eff ect of hypoxia is accompanied by an induction of erythro-
poietin gene expression. Incubation of neural stem cells with erythropoietin 
also results in an increased production of neurons, while an erythropoietin 
neutralizing antibody blocks the induction of neuronal production by hypoxia. 
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Th ese fi ndings suggest that hypoxia induces the expression of erythropoietin 
in neural stem cells, and erythropoietin then promotes the diff erentiation of 
neural stem cells in neuronal progenitors (Shingo et al., 2001). Similar results 
have been obtained aft er the infusion of erythropoietin into the lateral cere-
bral ventricles of young adult mice. Erythropoietin increases the number of 
newly generated cells migrating to the olfactory bulb in parallel to a decrease 
in the number of neural stem cells in the subventricular zone. Th e newly gen-
erated cells are incorporated in the olfactory bulb, resulting in an increase in 
the number of new olfactory bulb interneurons. Th e infusion of anti-eryth-
ropoietin antibodies in the lateral cerebral ventricles increases the number of 
neural stem cells in the subventricular zone and decreases the generation of 
new olfactory bulb interneurons. Th ese fi ndings indicate that erythropoietin 
is a regulator of the production of neuronal progenitor cells by neural stem 
cells in adult mammals, although erythropoietin regulation of adult neuro-
genesis may be mediated by an autocrine and/or paracrine mechanism, rather 
than by a hormonal action (Shingo et al., 2001). In addition, using conditional 
erythropoietin receptor knock-down mice, Tsai et al. (2006) have demon-
strated that the erythropoietin receptor is involved in cell proliferation in the 
subventricular zone and in poststroke neurogenesis, by mediating migration 
of neuroblasts to the peri-infarct cortex.

ANGIOTENSIN

Th e brain renin-angiotensin system (RAS) regulates blood pressure, sodium, 
and water balance; additionally, the RAS aff ects the secretion of other hor-
mones. Th e brain is a target for circulating angiotensin II. Circulating angio-
tensin I is transformed within the brain into angiotensin II and in turn, 
angiotensin II may be transformed into angiotensin III. In addition, circu-
lating angiotensin II may directly act on angiotensin II receptors within the 
brain. Th e brain expresses both the subtypes 1 and 2 of the angiotensin II 
receptor, and angiotensin II and III have a similar affi  nity for both receptor 
subtypes. Angiotensin II and III promote the release of vasopressin by mag-
nocellular vasopressinergic hypothalamic neurons, increasing blood pressure. 
Angiotensin II is also involved in the brain response to stress (Saavedra and 
Benicky, 2007). In addition, the brain expresses the angiotensin IV receptor, 
which appears to be involved in eff ects of angiotensin peptides on the regula-
tion of blood fl ow, exploratory behavior, and cognition. Th e angiotensin IV 
receptor interacts with brain matrix metalloproteinases, inducing the modi-
fi cation of extracellular matrix molecules involved in synaptic remodeling 
(Wright et al., 2002; Wright and Harding, 2004).

Angiotensin II has been shown to regulate functional synaptic plasticity, 
blocking long-term synaptic potentiation in the hippocampus (Armstrong 
et al., 1996; Denny et al., 1991; Wayner et al., 1993, 1996) and suppressing both 
long-term synaptic potentiation and long-term synaptic depression in the lat-
eral nucleus of the amygdala (Tchekalarova and Albrecht, 2007; von Bohlen 
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und Halbach and Albrecht, 1998). Angiotensin III also blocks long-term 
synaptic potentiation in the hippocampus, but is 40- to 50-fold less potent 
than angiotensin II (Denny et al., 1991). Angiotensin II also appears to reg-
ulate hippocampal neurogenesis, since it has been shown that an antagonist 
of angiotensin II type 1 receptors signifi cantly reduced running-enhanced 
neurogenesis in the adult rat hippocampus (Mukuda and Sugiyama, 2007). 
Besides angiotensin II and III, other angiotensin peptides, such as angiotensin 
IV and angiotensin-(1–7) may also have important regulatory eff ects on brain 
plasticity. Th us, angiotensin IV analogues promote long-term synaptic poten-
tiation in the hippocampus (Kramár et al., 2001; Wayner et al., 2001), while 
angiotensin-(1–7) increases long-term synaptic potentiation in the hippocam-
pus (Hellner et al., 2005) and in the lateral nucleus of the amygdala (Albrecht, 
2007).

Feeding Hormones: Leptin, Ghrelin and Glucagon-Like Peptide-1

Food and feeding aff ect brain plasticity and cognition. Th e deleterious cogni-
tive eff ects of undernutrition at early ages are well-known; diet in adult life 
may also aff ect cognition and brain plasticity. Dietary restriction has been 
reported to enhance neurogenesis in the hippocampus of adult mice (Lee et al., 
2002), and a high fat diet suppresses neurogenesis in adult rats (Lindqvist et al., 
2006). Food texture and mastication (Aoki et al., 2005; Mitome et al., 2005) 
also aff ect neurogenesis in the hippocampus of rodents. In addition, modifi -
cations of neurogenesis in the hypothalamic circuits regulating feeding may 
be an important component in the control of food intake and energy balance 
(Kokoeva et al., 2005). Several hormonal factors regulate feeding and energy 
balance, and may have an impact on neural plasticity. Here I will review recent 
data indicating that actions of leptin, ghrelin, and glucagon-like peptide-1, 
three major hormonal regulators of feeding, involve brain remodeling.

One of the most surprising fi ndings in the last few decades is the con-
trol exerted by adipocytes on the brain. Th ese modest cells, whose function 
appeared in the past to be limited to fat accumulation, do indeed regulate the 
function of the most complex organ of the body. Fat cells regulate our impulses 
to eat and therefore our behavior. Th is is a good lesson of humility. In my view, 
the discovery of leptin, the hormone released by fat cells that control feed-
ing behavior, has as many philosophical as scientifi c implications. Ghrelin, 
another hormone regulating feeding, appears to also have an impact on cogni-
tion. Th ese hormonal eff ects are associated with plastic changes in the circuits 
controlling feeding, and in brain cognitive areas such as the hippocampus.

Leptin, which is mainly (but not exclusively) produced by adipocytes, 
is a 167-amino acid protein encoded by the obese (ob) gene (Zhang et al., 
1994). Leptin regulates feeding and energy balance, at least in part by mod-
ulating the activity of neuropeptide Y and proopiomelanocortin neurons in 
the hypothalamic arcuate nucleus (Fig. 5.2). Tamas L. Horvath and his col-
laborators at Yale University and other institutions have shown the infl uence 
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of leptin on hypothalamic synaptic plasticity (Horvath, 2005, 2006). Th ey 
have shown that leptin-defi cient (ob/ob) mice diff er from wild-type mice in 
the number of excitatory and inhibitory synapses. and postsynaptic currents 
onto neuropeptide Y and proopiomelanocortin neurons (Pinto et al., 2004). 
When leptin was delivered to ob/ob mice, the synaptic density and synap-
tic currents were modifi ed toward control wild-type values. Th is eff ect was 
detectable several hours before the eff ect of leptin on food intake. Th erefore, 
the work of Horvath and his collaborators demonstrates that leptin induces 
structural and functional synaptic remodeling in the hypothalamic cir-
cuits regulating food intake. Th e time course of these changes, preceding 
the behavioral eff ect, is compatible with a causal relationship. Th ese obser-
vations also raised the possibility that synaptic rewiring is an inherent and 
mandatory characteristic of hypothalamic circuits for adequate regulation of 
energy balance (Horvath and Diano, 2004). Indeed, the laboratory of Tamas 
Horvath has provided evidence that other neuronal circuits associated with 
feeding control are also plastic (Fig. 5.2). Th is is the case with hypocretin/
orexin hypothalamic neurons. As I have mentioned before, hypocretin, also 
called orexin, is a hypothalamic peptide involved in the regulation of feeding 
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Figure 5.2. Metabolic hormones regulate glutamatergic (Glut) and GABAergic 
(GABA) synaptic plasticity in diff erent brain regions. In the arcuate nucleus (A), both 
leptin and ghrelin alter the synaptology of proopiomelanocortin (POMC) neurons in 
support of either satiety (leptin) or hunger (ghrelin). In the lateral hypothalamus (B), 
leptin-dependent reorganization of excitatory inputs and miniature excitatory post-
synaptic currents were observed on hypocretin (Hcrt) neurons in response to fasting 
in a manner that promotes increased arousal. In the ventral tegmentum (C), dopa-
mine neurons showed rapid changes in the GABAergic and glutamatergic inputs in 
response to ghrelin in association with increased dopamine neuronal activity and 
feeding. Ghrelin also altered synaptic spine density in granular/pyramidal cells of the 
hippocampus (D) in parallel with increased propagation of long-term synaptic poten-
tiation and enhanced performance of animals in various behavioral tasks. (Courtesy 
of Dr. Tamas Horvath).
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and arousal. Hypocretin/orexin neurons are located in the lateral hypothal-
amus and project to many regions of the brain and spinal cord, forming a 
circuitry that may synchronize various autonomic, endocrine, and meta-
bolic events (de Lecea et al., 1998; Sakurai et al., 1998; Sutcliff e and de Lecea, 
2002). Hypocretin/orexin neurons express leptin receptors (Håkansson 
et al., 1999; Horvath et al., 1999a) and may be involved with the eff ects of 
leptin on arousal. Tamas Horvath and Xiao-Bing Gao examined the aff erent 
inputs to hypocretin/orexin neurons using patch-clamp recordings in lateral 
hypothalamic slice preparations from transgenic mice in which hypocretin/
orexin neurons are visualized by green fl uorescence protein. In addition, 
they assessed the number of synapses on the perikarya of hypocretin/orexin 
neurons by electron microscopy. Th ey found that overnight food deprivation 
promoted the formation of more asymmetric, putatively excitatory synapses 
on hypocretin/orexin perikarya, and increased miniature excitatory post-
synaptic currents onto hypocretin/orexin cells. Th ese synaptic changes were 
not observed when the animals were treated with leptin (Horvath and Gao, 
2005). Th us, it appears that leptin may control synaptic plasticity in multiple 
synaptic circuits related to feeding.

Th e eff ects of leptin on synaptic plasticity are not limited to brain regions 
directly involved in the control of feeding and energy balance. Leptin receptors 
are expressed in many brain regions such as the cerebral cortex, cerebellum, 
brainstem, basal ganglia, and hippocampus (Elmquist et al., 1998).Th erefore, 
leptin may have many other actions in the brain, including the modulation 
of cognition. Lynne J. Shanley, Andrew J. Irving, and Jenni Harvey from the 
Universities of Dundee and Aberdeen in the UK, reported in 2001 that leptin 
aff ects synaptic plasticity in the hippocampus. Th ey used a modest primed 
burst stimulation of the Schaff er collateral commissural pathway in rat hip-
pocampal slices to induce short-term potentiation of synaptic transmission, 
which returned to baseline aft er 30–35 minutes. Incubation with leptin at 
concentrations comparable with those circulating in plasma and immedi-
ately before the stimulation paradigm resulted in the conversion of short-term 
potentiation into robust long-term potentiation lasting up to 60 minutes. Th is 
eff ect was mediated by a facilitation of NMDA receptor-mediated synaptic 

transmission. In hippocampal cultures, leptin rapidly enhanced NMDA-
induced increases in intracellular Ca2+ levels, and this eff ect was blocked by 
inhibitors of the PI3K, MAPK, and Src tyrosine kinases (Harvey et al., 2006; 
Shanley et al., 2001).

Further evidence of the eff ects of leptin on synaptic plasticity in the 
 hippocampus was provided by the analysis of hippocampal long-term poten-
tiation and long-term depression of excitatory CA1 synapses in two leptin-
receptor-defi cient rodents: Zucker rats and db/db mice. Th ese animals showed 
an impaired spatial memory (assessed in the Morris water maze test); in both 
cases, an impairment of long-term potentiation and long-term depression 
was observed in hippocampal slices. As expected, due to the lack of recep-
tors, leptin did not aff ect synaptic plasticity in these animals (Li et al., 2002). 



Peptide Hormones 137

It has also been reported that under conditions of enhanced excitability, 
evoked in an Mg2+-free medium or following the blockade of GABAA recep-
tors, leptin induces long-term depression in the CA1 area of the hippocampus 
(Durakoglugil et al., 2005). Th is form of long-term synaptic depression in CA1 
excitatory synapses induced by leptin is only observed under conditions of 
enhanced excitability, it seems to be dependent on the activation of NMDA 
receptors, and is enhanced by the inhibition of PI3K or protein phosphatases 
1 and 2A.

Plastic eff ects of leptin in the hippocampus have also been detected in vivo 
(Wayner et al., 2004). Administration of leptin in the dentate gyrus of anes-
thetized rats either enhances or decreases long-term synaptic potentiation in 
medial perforant path dentate granule cell synapses, depending on the dose. 
Th us, at a 1.0 micromolar concentration leptin enhances long-term potentia-
tion, while both lower and higher doses of leptin inhibit long-term potentia-
tion. Leptin also has dose-dependent eff ects on behavioral performance in the 
Morris water maze test, and on long-term potentiation induced in hippocam-
pal slices (Oomura et al., 2006). Th e eff ects of leptin on hippocampal plasticity 
may be partly direct, and partly related to the synaptic plastic changes induced 
by leptin in the hypothalamic hypocretin/orexin neurons that I have analyzed 
before. Th e lateral hypothalamus is a brain region that facilitates learning and 
memory; hypocretin/orexin neurons (which project their axons widely in the 
brain, including the hippocampus) may be involved in these cognitive eff ects 
(Jaeger et al., 2002; Telegdy and Adamik, 2002). Hypocretin/orexin neurons 
may aff ect hippocampal synaptic plasticity indirectly via the activation of the 
locus coeruleus noradrenergic system (Horvath et al., 1999b). Noradrenergic 
projections from the locus coeruleus innervate the hippocampus (in particular, 
the dentate gyrus), and the activation of these noradrenergic inputs may pro-
duce a long-lasting potentiation of the glutamatergic perforant path input to the 
dentate gyrus (Neuman and Harley, 1983). Indeed, the infusion of hypocretin/
orexin into the locus coeruleus of anesthetized rats produces a robust long-last-
ing potentiation of the perforant path-evoked dentate gyrus population spike 
(Walling et al., 2004). In addition, hippocampal neurons express hypocretin/
orexin receptors, and hypocretin/orexin immunoreactive axon terminals have 
been detected in the hippocampus. Th erefore, leptin may aff ect hippocampal 
plasticity via direct hypocretin/orexin projections to the hippocampus. Indeed, 
hypocretin/orexin infusion into the dentate gyrus of anesthetized rats enhances 
long-term synaptic potentiation in medial perforant path dentate granule cell 
synapses (Wayner et al., 2004). Furthermore, hypocretin/orexin receptors in 
the CA1 hippocampal region of rats are involved in acquisition, consolidation, 
and retrieval tasks in the Morris water maze (Akbari et al., 2006).

Ghrelin is a 28-amino-acid peptide secreted by oxyntic glands of the stom-
ach, which are located in the gastric mucosa and contain epithelial cells that 
secrete gastric acid. Ghrelin is also produced by other tissues, including the 
small intestine, the kidney, or the placenta. Ghrelin stimulates growth hor-
mone release (Kojima et al., 1999) and has other functions, including the 
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regulation of sleep, anxiety, feeding behavior, and energy metabolism (Seoane 
et al., 2004). Acting on the hypothalamus, ghrelin up-regulates food intake 
by a mechanism involving the regulation of the neuropeptide Y (NPY) and 
proopiomelanocortin (POMC) neurons (Cowley et al., 2003; Nakazato et al., 
2001). Ghrelin may also regulate food intake acting in other brain regions. 
For instance, application of ghrelin into the dorsal vagal complex stimulates 
food intake (Faulconbridge et al., 2003). Th ese hormonal actions of ghrelin 
in the control of feeding are associated with a remarkable plastic remodeling, 
including modifi cations in neurogenesis and synaptic plasticity.

Weizhen Zhang, Michael W. Mulholland, and their colleagues at the 
University of Michigan were the fi rst to demonstrate that ghrelin stimulates 
neurogenesis. Th ey analyzed the eff ect of systemic administration of ghrelin on 
the incorporation of the thymidine analogue BrdU in the dorsal motor nucleus 
of the vagus of adult male rats. Th ey found that ghrelin stimulates vagotomy-
induced BrdU incorporation in neuronal precursors in this brain structure. 
Furthermore, ghrelin increased the incorporation of BrdU in neurons from 
the dorsal motor nucleus of the vagus in culture (Zhang et al., 2004). Similar 
results were obtained in the nucleus of the solitary tract. Systemic administra-
tion of ghrelin signifi cantly increased BrdU incorporation in this nucleus in 
adult rats with a cervical vagotomy; Ghrelin also increased the incorporation 
of BrdU in neurons from the nucleus of the solitary tract in culture (Zhang 
et al., 2004). Th e eff ects of ghrelin on neurogenesis, both in the dorsal motor 
nucleus of the vagus and in the nucleus of the solitary tract, appear to be medi-
ated by the activation of L-type calcium channels.

In addition to regulating neurogenesis, ghrelin also aff ects synaptic plastic-
ity in diff erent brain regions (Fig. 5.2). For instance, ghrelin regulates feeding 
and increases dopamine release in the nucleus accumbens by a rapid modula-
tion of synaptic plasticity on ventral tegmental area neurons (Abizaid et al., 
2006). Ghrelin also regulates synaptic plasticity in the hippocampus, inducing 
the formation of synapses on dendritic spines and the generation of long-term 
synaptic potentiation. Th ese neuroplastic actions are accompanied by enhanc-
ing eff ects of ghrelin on spatial learning and memory (Diano et al., 2006). 
Th ese fi ndings suggest that ghrelin may have other functions in the brain in 
addition to the regulation of energy balance.

In addition to leptin and ghrelin, other hormonal signals regulate feed-
ing and energy balance. Furthermore, hormonal signals that regulate feeding 
may interact in specifi c brain neuronal circuits with other hormonal signals 
to integrate diff erent endocrine inputs and coordinate endocrine and behav-
ioral responses. Th erefore, it should be expected that diff erent hormones may 
interact with ghrelin and leptin in the regulation of synaptic plasticity. Th e 
laboratory of Tamas L. Horvath has provided evidence for such interactions 
in the hypothalamus. I have already mentioned that estradiol aff ects synaptic 
plasticity in the hypothalamic arcuate nucleus. Th e plastic changes induced by 
estradiol in this brain region have been interpreted in relation to the hormonal 
regulation of gonadotropins. However, as we have seen, the arcuate nucleus is 
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a key center for the regulation of feeding. In addition, estradiol has anorexi-
genic eff ects. Th erefore, the orexigenic hormone ghrelin and the anorexigenic 
hormone estradiol may have diff erent eff ects on synaptic plasticity in the arcu-
ate nucleus. Horvath and his team have analyzed this question using leptin-
defi cient (ob/ob), leptin receptor-defi cient (db/db), and wild-type mice. Th ey 
found that ghrelin rearranges synapses in wild-type animals to support the 
suppressed proopiomelanocortin tone, whereas estradiol increases the num-
ber of excitatory, glutamate inputs on the perikaryon of proopiomelanocor-
tin neurons, while decreasing food intake and body weight. Th e neuroplastic 
eff ect of estradiol was detected in both wild-type, leptin-defi cient (ob/ob), and 
leptin receptor-defi cient (db/db) mice, indicating that it is not mediated by 
leptin (Gao et al., 2007; Horvath, 2006). Th ese important fi ndings indicate 
that diff erent hormonal signals that regulate feeding and energy balance may 
integrate their eff ects by the selective modulation of synaptic plasticity in spe-
cifi c hypothalamic circuits.

Another hormone involved in the control of feeding that has been shown 
to regulate synaptic plasticity is glucagon-like peptide-1 (GLP-1), a 37-amino 
-acid peptide produced by intestinal cells and released into the blood in 
response to food ingestion. GLP-1 regulates glucose homeostasis by stimu-
lating the insulin synthesis and release from pancreatic β cells, and also has 
direct eff ects on the hypothalamus to regulate food intake (Christophe, 1998; 
Perry and Greig, 2003). GLP-1 and GLP-1 receptors are expressed in several 
hypothalamic nuclei and in the hippocampus, among other brain regions 
(Alvarez et al., 2005; Chowen et al., 1999; Rodriguez de Fonseca et al., 2000). 
In addition to regulating food intake and glucose metabolism acting on the 
hypothalamus, GLP-1 promotes learning and memory (During et al., 2003), 
facilitates synaptic transmission, and enhances long-term synaptic potentia-
tion in the hippocampus (Gault and Hölscher, 2008).

HORMONAL INFLUENCES ON BRAIN PLASTICITY: RECAPITULATION OF 
CHAPTERS 3, 4 AND 5

In this chapter (and the two previous chapters) I have examined the regulatory 
actions exerted by a variety of hormones on brain plasticity. Although I have 
examined the neuroplastic actions of each hormone separately in these three 
chapters, it is obvious that all hormonal actions are integrated in the organism. 
It is important to consider that diff erent hormones may reciprocally interact 
in the regulation of their plasma or brain levels. Th us the neuroplastic actions 
of a given hormone may be mediated by the modifi cation in the levels of other 
hormones. For instance some actions of growth hormone may be mediated 
by IGF-I and the actions of some peptide hormones may be mediated by hor-
monal steroids. In addition, we have seen that several hormones regulate plas-
ticity in the same brain region. For instance, oxytocin, estradiol, and prolactin 
regulate synaptic and glial plasticity in oxytocin neurons; melatonin, thyroid 
hormones, estradiol, progesterone, androgens, stress hormones, vasopressin, 
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GnRH, erythropoietin, IGF-I, ghrelin, GLP-1, and angiotensin regulate syn-
aptic plasticity in pyramidal cells in the hippocampus; ghrelin, leptin, IGF-I, 
and estradiol regulate synaptic plasticity in the arcuate nucleus; and several 
hormones regulate neurogenesis in the hippocampus and the subventricu-
lar zone. Th erefore, the plastic events on oxytocin neurons, CA1 pyramids, 
and arcuate neurons, and the rate of neurogenesis in the hippocampus and 
the subventricular zone (among other brain regions) are modulated at every 
moment by the interaction of many diff erent hormonal signals. We have also 
seen some examples of the outcome of these hormonal interactions on plastic-
ity, including the interaction of melatonin and gonadal hormones for seasonal 
brain plasticity in songbirds; the interaction of estradiol and progesterone 
in the regulation of synaptic and glial plasticity in several brain regions of 
rodents; the interactions of androgens and estrogens in androgen-regulated 
synaptic plasticity; the interaction of estradiol and oxytocin on synaptic and 
glial plasticity associated with oxytocin neurons; or the interaction of leptin 
and estradiol in the regulation of synaptic plasticity in the arcuate nucleus.

For some hormonal interactions on brain plasticity, we have considerable 
information regarding the cellular and molecular mechanisms involved. Th us, 
I have examined with some detail the mechanisms of the interaction of estra-
diol, progesterone, and IGF-I on synaptic plasticity in the arcuate nucleus. In 
addition, we have seen that the eff ects of diff erent hormones on a single neu-
roplastic event may be exerted via the same intracellular signaling pathways, 
or via a common intermediary molecule, such as BDNF. Moreover, the neu-
roplastic response to a given hormone integrates actions on diff erent mecha-
nisms of plasticity and at diff erent brain regions. Th us, we have also seen that 
a given hormone does not target a single regulatory molecular mechanism or a 
single neuroplastic event. In fact, the same hormone may have diff erent eff ects 
on the same molecular mechanism in diff erent brain regions, and may regulate 
diff erent mechanisms of plasticity in diff erent cells within the same (or diff er-
ent) brain regions. Th erefore, the brain responds to the same hormone by coor-
dinated and, in some cases, opposite changes in functional and morphological 
synaptic plasticity in diff erent regions. Th e convergent interaction of multiple 
hormonal signals on the regulation of single neuroplastic events, together with 
the divergent action of each hormone on multiple neuroplastic events, opens 
up the possibility for an integrated metaplastic hormonal regulation of plas-
ticity in adaptation to changing homeodynamic conditions and previous life 
events (see Fig. 3.1). Th erefore, the brain may potentially integrate, under the 
form of metaplasticity, the consecutive physiological variations in the levels of 
multiple hormones. As an approximation to the study of the metaplastic regu-
lation exerted by hormones, in the following chapters I will examine integrated 
multiple hormonal actions within the context of diff erent life stages.
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Chapter 6

Life Stages, Hormones, and Brain 
Remodeling: Early Hormonal Infl uences 
on Brain Mutability

INTRODUCTION: HORMONAL IMPRINTING OF THE NERVOUS SYSTEM

As mentioned in Chapter 1, there is no doubt that the phase of maximal muta-
bility of the nervous system corresponds to the developmental period. Th e 
developmental organization of the brain and spinal cord from the primitive 
neural epithelium is not a linear process of growth. Proliferation, diff eren-
tiation, and maturation of neural cells are also accompanied by cell death, 
cellular elimination, and tissue remodeling. Th e adult organization of neural 
cells in cortical layers and nuclei in the grey matter are the result of several 
intermediate stages in which consecutive groups of cells, by radial or tangen-
tial migration from distant sites, are incorporated into each structure, in some 
cases transiently. Neuronal connectivity is developed in multiple transitory 
steps, and the fi rst connections established between neurons will be soon 
replaced by new ones or reorganized to reach its mature state. Axonal growth 
cones and dendritic fi lopodia develop while exploring their environment in a 
complex process of consecutive advancements and retractions in which they 
are guided by multiple permissive, attractive, repulsive, and directional sig-
nals in the search for their targets. Axons grow for considerable distances in 
some cases, oft en following highly intricate trajectories. In parallel, neurons 
extend their dendritic processes as well, which establish transient connections 
with incoming axonal terminals. A fi rst phase of developmental exuberance of 
neuronal synaptic connections is followed by a process of selection of axonal 
branches, dendrites, and synapses. Th en, dendrites and axonal terminals suf-
fer diff erent phases of structural and functional remodeling until the estab-
lishment of the fi nal functional pattern of synaptic connectivity.

Glial cells are also highly active during the developmental period. Radial 
glial cells will act as progenitors for intermediate progenitors, neurons, and 
other glial cells, and will establish transitory scaff oldings for neuronal migra-
tion. Th en, in higher vertebrates, radial glial cells will be transformed into 
astrocytes, which will migrate to new central nervous system regions and 
change its cellular form and shape in adaptation to the new cellular milieu. 
Microglial cells participate in the permanent developmental remodeling of 
neural structures and synaptic connections, removing transitory cellular 
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elements. Oligodendroglial cells, mainly during the early postnatal period, 
will elaborate myelin and transform unmyelinated regions of the white matter 
into fully functional myelinated structures. In addition, we should add to the 
picture the growth of blood vessels and the establishment of anatomical, func-
tional, and metabolic interactions of astrocytes with capillaries and neurons. 
Th us, the development of the central nervous system represents a process of 
radical cellular and tissue reorganization. Although the brain and spinal cord 
will keep a considerable degree of mutability aft er the end of the developmen-
tal period and the plastic responses of neural tissue will be incremented in the 
case of an injury or under degenerative processes, the central nervous system 
will never again show such a high degree of plasticity.

Hormonal signaling is essential for the coordinated development of diff er-
ent regions of the body. Th e developmental maturation of the endocrine sys-
tem during prenatal and early postnatal life occurs in parallel to the building 
of the central nervous system, and there is a continuous and progressive inter-
action between the organizational events in both systems. Early hormonal 
secretions from endocrine glands aff ect many aspects of neural development, 
including the building of the functional organization of the neuroendocrine 
hypothalamus, which in turn will impact the activity of endocrine glands. 
Hormones have an important impact on brain development—acting as per-
missive or organizational factors and exerting an early imprinting in the cen-
tral nervous system that will aff ect future neuroendocrine, neuroimmune, 
behavioral, aff ective, and cognitive functions. Hormonal imprinting is one of 
the most important physiological and adaptive infl uences for the future plas-
ticity of the nervous system (Fig. 6.1). Hormonal modifi cations of the pattern 
of neural diff erentiation during fetal and early postnatal development will 
have a strong impact on adult life. Fetal life is indeed a very sensitive period for 
the programming of future individual development in adaptation to maternal 
and environmental conditions. In addition to hormones, many other factors 
during fetal life may have permanent organizational eff ects in the brain.

One highly infl uential theory elaborated by David J. Barker and colleagues 
working at the University of Southampton proposed that nourishment before 
birth and during infancy programs future development and the appearance 
of risk factors for adult diseases, such as raised blood pressure, fi brinogen 
concentration, or glucose intolerance. In its original form, the prediction 
was that poor nutrition early in life increases susceptibility to the eff ects of 
an affl  uent diet (Barker and Osmond, 1986). According to this theory, which 
has been elaborated on and disseminated in several papers and books, many 
adult diseases originate through the adaptation that the fetus makes when it 
is undernourished (Barker, 2004; Hales and Barker, 2001). In agreement with 
this theory, studies with identical twins have shown that intrauterine environ-
mental factors have a strong impact on the risk of disease in later life (Iliadou 
et al., 2004). Undernourishment is only one of the multiple infl uences that may 
aff ect development. Th ese include modifi cations in the temperature and other 
parameters in the physical environment, modifi cations in social interactions, 
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infections, and genetic or chromosomal alterations. For instance, since the 
early works of Marian C. Diamond, Mark R. Rosenzweig, David H. Hubel, 
Torsten N. Wiesel, and Facundo Valverde and their collaborators, we know 
that sensory deprivation during development alters neural plasticity in dif-
ferent brain regions of the mammalian brain (Grubb and Th ompson, 2004; 
Hubel and Wiesel, 1965; Ruiz-Marcos and Valverde, 1969; Valverde, 1967, 
1968; Walsh, 1980, 1981; Wiesel and Hubel, 1963), while exposure to a physi-
cally and socially enriched environment during early postnatal life in mam-
mals promotes an enriched structure and functionality of the adult brain, 
including increased numbers of glial cells, enhanced adult neurogenesis, 
enhanced complexity of dendritic trees, and increased numbers of dendritic 
spines and synaptic contacts (Diamond et al., 1964, 1966; Nithianantharajah 
and Hannan, 2006; Rosenzweig et al., 1962). Environmental conditions dur-
ing development also impact on adult brain plasticity in nonmammalian 
vertebrates (Coss and Globus, 1979; Kihslinger et al., 2006; Kihslinger and 
Nevitt, 2006; Lema et al., 2005; Zeutzius et al. 1984). Due to its high degree 
of organizational plasticity during prenatal and early postnatal life, the cen-
tral nervous system is more sensitive to the infl uence of environmental and 
endogenous factors during these periods than at later stages. Environmental 
factors during prenatal and early postnatal life may interfere with the develop-
ment of the anatomical and functional structure of the brain and spinal cord, 
aff ecting the organization of the pattern of synaptic connectivity and deter-
mining future plastic responses of the neural tissue during later periods of life. 
Th e plastic response of the developing central nervous system to environmen-
tal factors is, in part, adaptive in order to prepare the adult brain for life in a 
precise environment. However, in extreme conditions, such as undernutrition 
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Figure 6.1. Hormonal regulation of brain developmental plasticity is an example 
of metaplastic regulation, since it predetermines future neuroplastic responses later 
in life.
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or infection, the prenatal infl uences may result in a permanent malfunction 
of the nervous system.

Th e infl uence of environmental factors may be transmitted from the 
mother to the fetus through hormonal signals. As I have already mentioned, 
hormones are actively involved in the programming and regulation of neural 
developmental mutability, coordinating the development of the nervous sys-
tem with the development of other organs, including the endocrine glands. 
Th erefore, inadequate levels of hormones during fetal or early postnatal life 
may have dramatic and permanent consequences for the functional organiza-
tion of the brain and spinal cord. Environmental factors may aff ect the levels 
of hormones in the mother and/or fetus, and may result in an altered develop-
mental pattern. For instance, low levels of iodine in the environment results in 
a decreased synthesis of thyroid hormones, which are essential for regulating 
the development of the nervous system. Th e hypothyroid status during prena-
tal and early postnatal life will cause a defi cient developmental organization 
of the brain, with devastating consequences for its function during postnatal 
and adult life. Undernutrition may alter the developmental actions of leptin 
and other hormones on the organization of feeding regulatory centers in the 
hypothalamus. Th is will result in alterations in the future plastic functional 
regulatory activity of the hypothalamic control of feeding and energy balance. 
Adverse social or physical environment and infections may cause alterations 
in the levels of stress hormones in the mother that may impact the develop-
mental program of the nervous system of the fetus.

Since the pioneering work conducted by Th ompson (Th ompson, 1957) and 
by Levine (Levine, 1967). we know that maternal stress or infantile experience 
could aff ect stress response later in life. Stress during prenatal and early post-
natal life aff ects the capacity of the hypothalamic–pituitary–adrenal system to 
adequately adapt to stress conditions in adult life and during aging. As a result 
of this maladaptation, the stress response is exacerbated and causes alterations 
in the function of the adult nervous system, including modifi cations in synap-
tic plasticity, adult neurogenesis, learning, aff ection, and cognition. Th erefore, 
stress during the developmental period may be the cause of future malfunc-
tion of the nervous system in adult life, increasing the risk of aff ective and 
neurological alterations. In addition, altered levels of stress hormones dur-
ing development may aff ect the organizational action of other hormones on 
the nervous system. For instance, altered levels of stress hormones may aff ect 
the organizational actions of leptin in the feeding centers of the hypothala-
mus, resulting in future malregulation of energy balance and body weight. 
Stress hormones may also aff ect the developmental actions of sex hormones, 
resulting in a distorted sexual diff erentiation of the brain and the spinal cord. 
However, the prominent capacity for plasticity of the brain also allows inter-
ventions during early postnatal life or even at later life stages to compensate 
for the defi cits caused by an altered prenatal development. For instance, expo-
sure to an enriched environment promotes functional recovery aft er brain 
damage and may compensate for neural developmental defi cits induced by 
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genetic or chromosomal alterations (Dierssen et al., 2003; Martinez-Cue et al., 
2005; Nithianantharajah and Hannan, 2006; Rampon et al., 2000; van Dellen 
et al., 2000) or by extrinsic factors, including the eff ect of prenatal stress on 
adult cognition, neurogenesis, and adult synaptic plasticity (Cui et al., 2006; 
Koo et al., 2003; Yang et al., 2007).

Th erefore, the fi nal organization of the central nervous system aft er the 
developmental period is the result of a process of tissue remodeling that is 
infl uenced by a variety of intrinsic and extrinsic, prenatal and postnatal fac-
tors. Hormones play a central role in this process, generating an emergent 
homeodynamic equilibrium in the developing organism. I will examine in 
this chapter the prominent role that hormones have in defi ning the timing 
and regional specifi city of the plastic developmental changes in the central 
nervous system and how they coordinate neural maturation with the mat-
uration of other body systems. In addition, I will analyze the consequences 
that physiological, experimental, and pathological alterations in hormonal 
levels during the developmental period have for the future plastic responses of 
the central nervous system in response to the changing external and internal 
environment.

HORMONAL ORCHESTRATION OF NEURAL DEVELOPMENT DURING 
PRENATAL LIFE

Thyroid Hormones

Among the hormones that are known to infl uence neural development, the 
major role falls to the thyroid hormones, which are essential for the devel-
opmental organization of the nervous system of vertebrates. Th e infl uence 
of the thyroid gland on brain development has been recognized since the 
last decades of the nineteenth century (Ord, 1888) when a committee of the 
Clinical Society of London associated mental retardation with cretinism. 
Today we know that thyroid hormones play a major role in the regulation of 
early fetal development and in the postnatal maturation of the nervous sys-
tem. We may distinguish three periods in the actions of thyroid hormones on 
brain development (Porterfi eld and Hendrich, 1993). Phase II is the period of 
neural development that precedes the maturation of the fetal thyroid function 
and the synthesis of fetal thyroid hormones; phase II is the period between the 
maturation of the fetal thyroid gland and birth; and phase III is the postnatal 
period. Phase I takes place at approximately the fi rst 17.5–18 days of gestation 
in rats and the fi rst 10–12 weeks of gestation in humans (Morreale de Escobar 
et al., 2004b; Porterfi eld and Hendrich, 1993).

Th e proliferation, diff erentiation, and migration of neurons and glial cells 
in several regions of the central nervous system, including the spinal cord, 
medulla, pons, cerebellum, midbrain, hypothalamus, thalamus, pallidus, stri-
atum, amygdala, olfactory bulb, hippocampal formation, and cerebral cortex, 
is initiated during phase I (Howdeshell, 2002). For instance, the genesis of the 
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neocortex, which involves radial and tangential migration of neurons from 
germinal zones to their fi nal destinations in the layered cortical structure, 
begins by the fi ft h week of gestation in humans and by embryonic day 11 in 

rats. Th erefore, the genesis of the neocortex begins during phase I, before the 
maturation of the fetal thyroid gland. However, this does not mean that the 
thyroid hormones do not aff ect the early stages of cortical maturation. During 
this period, thyroid hormones produced in the mother are essential for proper 
neural development. Indeed, there is now considerable evidence of the impor-
tance of maternal thyroid hormones for the adequate development of the fetal 
nervous system, and iodine defi ciency during pregnancy is a major cause of 
mental retardation in children (Berbel et al., 2007; Morreale de Escobar et al., 
1993, 2004a, b). In the past it was considered that in mammals the placenta 
and embryonic membranes formed an eff ective barrier that prevented free 
passage of T4 and T3 from the mother to the fetus. In addition, maternal T4 
is in part inactivated in the placenta by the type III iodothyronine deiodinase 
enzyme, which removes an iodine molecule. However, today we know that 
thyroid hormones are present in embryonic and fetal tissues well in advance 
of the onset of fetal thyroid function and that maternal thyroid hormones 
reach the fetus and are essential for early neural development. In humans, T3 
is required by the cerebral cortex before midgestation, when the mother is the 
only source of its precursor, T4 (Kester et al., 2004). In agreement with this, 
experiments in rats by the groups of Pere Berbel in Alicante and Gabriella 
Morreale de Escobar in Madrid have shown that neocortical cell migration 
is defective in the progeny of severely hypothyroid dams (Berbel et al., 2001; 
Lucio et al., 1997) and that even a transient and moderate maternal defi ciency 
in thyroxin during fetal development alters the radial and tangential migra-
tion of projection neurons in the neocortex, the cytoarchitecture of the neo-
cortex and hippocampus, and the pattern of interhemispheric cortico-cortical 
connectivity (Auso et al., 2004; Berbel et al., 1994; Cuevas et al., 2005; Lavado-
Autric et al., 2003).

During phase II, when the fetal thyroid has maturated and produces thy-
roid hormones, both thyroid hormones from the mother and the fetus may 
infl uence brain development and may impact the fi nal maturation of neuro-
nal processes, synaptic connectivity, and glial cells. Eff ects of thyroid hor-
mones on astroglia maturation and diff erentiation (Aizenman and de Vellis, 
1987; Nicholson and Altman, 1972; Trentin, 2006) during phases I and II may 
participate in the cytoarchitectonic organization of the cortex. Th is possibil-
ity is supported by fi ndings from the laboratory of Antonio Ruiz-Marcos at 
the Instituto Cajal and his collaborators at the Instituto de Investigaciones 
Biomédicas in Madrid, who have shown that hypothyroidism alters the devel-
opment of radial glial cells in the fetal hippocampus (Martinez-Galan et al., 
1997b), and in the term fetal postnatal neocortex of the rat (Martinez-Galan 
et al., 2004). Th e altered development of radial astroglia in the developing 
hippocampus and neocortex may have a strong negative impact on neuronal 
migration and the fi nal architectonical and functional organization of these 
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cortical regions. Th us, thyroid hormones may promote an adequate neuronal 
migration in the hippocampus and neocortex by regulating radial glia devel-
opment during phases I and II. Finally, during phase III, thyroid hormones 
will aff ect the development of several brain structures, such as the cerebellum, 
in which neurogenesis, neuronal migration, and neuronal and glial matura-
tion occurs during the postnatal period. Th e actions of thyroid hormones on 
the postnatal brain will be analyzed later in this chapter.

Sex Hormones

While thyroid hormones appear to be indispensable factors for the normal 
morphological and functional development of all regions of the nervous sys-
tem, other hormones, such as sex hormones, appear to exert more specifi c 
actions, orienting the developmental organization of certain neural struc-
tures versus a male or female phenotype. In 1959, William Caldwell Young 
(1899–1965), one of the founders of behavioral neuroendocrinology and his 
collaborators Charles H. Phoenix, Robert W. Goy, and Arnie Gerall at the 
Department of Anatomy at the University of Kansas published a seminal paper 
showing that prenatal exposure of genetic female guinea pigs to androgens 
exerts a permanent alteration in their adult sexual behavior. Females prena-
tally exposed to androgens showed a permanent suppression of their capacity 
to display feminine sexual behavior (defeminization) and an enhanced display 
of masculine sexual behavior (masculinization) (Phoenix et al., 1959). Th ese 
fi ndings suggested that prenatal androgens generate permanent modifi cations 
in the brain systems regulating sexual behavior. Since then, many studies have 
confi rmed that gonadal steroids, in particular testosterone and its metabolites 
estradiol and dihydrotestosterone, aff ect mammalian neural development, 
generating sex diff erences in the structure and function of the central and 
peripheral nervous system.

Genes of the sex chromosomes determine the generation of sex diff erences 
in the gonads. Th e sexually diff erentiated production of gonadal hormones 
by male and female gonads generates, in turn, sex diff erences in neural struc-
ture (Arnold and Gorski, 1984; MacLusky and Naft olin, 1981). However, it 
should be quickly remarked that there is considerable evidence indicating 
that the sexual diff erentiation of the brain is not exclusively the result of hor-
monal actions from sexually diff erentiated gonads, and that genes of the sex 
chromosomes may have direct sex-specifi c eff ects on nerve cells (Agate et al., 
2003; Arnold, 2004; Reisert and Pilgrim, 1991). Although some sex diff erences 
in neural structure are generated as a result of hormonal actions, we should 
remember that this is not the exclusive mechanism for generation of sex dif-
ferences in the nervous system of vertebrates. However, the focus of this book 
is on hormonal actions on the nervous system, therefore, I will not analyze 
in this chapter the role of the expression of sex-specifi c genes on the process 
of brain sexual diff erentiation. My aim in this chapter is to analyze how sex 
hormones may aff ect the developmental organization of the brain and spinal 
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cord, and I do not intent to examine in detail the mechanisms of sexual diff er-
entiation of the nervous system.

Metabolism of sex hormones (in particular of testosterone) within the ner-
vous system is part of the mechanism involved in their developmental actions. 
Testosterone is locally metabolized into estradiol in the central nervous sys-
tem by the enzyme aromatase. Testosterone may also be locally converted into 
dihydrotestosterone, by the enzyme 5α-reductase. Both enzymes are present 
in the developing brain. Estradiol is a ligand of estrogen receptors and dihy-
drotestosterone a ligand of androgen receptors. Estradiol and dihydrotestos-
terone, and therefore estrogen and androgen receptors, are involved in the 
organizational eff ects of testosterone in the nervous system. In mammals, 
testosterone exposure organizes neural development to generate a central 
nervous system that supports male behavior and male neuroendocrine reg-
ulation. Absence of testosterone results in the generation of a nervous system 
that is basically female. Th erefore, at diff erence with thyroid hormones, which 
are indispensable for neural development, gonadal hormones are not neces-
sary for the developmental organization of a functional nervous system. Its 
role is to orient the normal process of neural development in the direction of 
generating specifi c male or female traits in the structure and function of the 
brain, spinal cord, and peripheral nervous system.

Th e organizational eff ects of testosterone and its metabolites generate 
male-specifi c traits in specifi c regions of the brain and spinal cord, resulting 
in diff erences in the morphology, size, and number of neurons and glial cells, 
the density of neuronal and glial processes in the neuropil, and the number of 
synapses between males and females. Th e organizational action of testoster-
one in the mammalian nervous system appears to be particularly prominent 
in defi ned critical periods during development. Th ese critical periods diff er 
between species and correspond with surges in plasma testosterone during 
development. In rats and mice, the main critical period spans from late ges-
tation to early postnatal development; in guinea pigs, between days 30 and 37 
of gestation; in sheep, from 30 to 147 days of pregnancy; and in rhesus mon-
keys and humans, it is in the fi rst trimester of pregnancy (Robinson, 2006). 
However, the critical periods may vary between diff erent brain structures, 
may surpass these limits in some cases and may be multiple. For instance, 
both an androgen surge on day 18 of gestation and a neonatal peak of testos-
terone may contribute to the masculinization of the rat brain (Perakis and 
Stylianopoulou, 1986). In addition, the organizational eff ect exerted by sex 
steroids during these early critical periods may be refi ned and reshaped by 
further hormonal actions later on, during postnatal development and puberty 
(see Chapter 7). It is therefore possible to consider the possible existence of 
expanded or multiple critical periods for the sexual diff erentiation of diff erent 
brain structures (Davis et al., 1995; Robinson, 2006). In addition, during adult 
reproductive life, steroids exert activational eff ects on the sexually diff eren-
tiated brain structures, which generate sexually dimorphic behaviors, sexu-
ally dimorphic neuroendocrine regulations, and sexually dimorphic plastic 
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events. Th ese actions of gonadal hormones in adult reproductive life are sup-
posed to activate diff erent sexually dimorphic brain regions without aff ect-
ing their sexual diff erentiation, which is expected to have been fi xed by the 
hormonal organizational eff ects. In theory, it should be easy to diff erentiate 
between the activation of a sexually dimorphic neuronal circuit and the gen-
eration of a sexual dimorphism in such a circuit. However, in practice this 
is not always the case, since as we have seen in Chapter 4, sex hormones in 
the adult exert prominent plastic reorganization of neuronal networks (for 
instance, during the female’s estrus cycle). Is this hormonal remodeling of 
brain structure in adult life an organizational or an activational event? Th is 
question has no simple answers. For instance, we may interpret some struc-
tural and functional changes in neuronal circuits during the estrus cycle of 
adult female rodents as representing transient periods of plastic defemini-
zation of such circuits. Th erefore, the diff erence between organizational and 
activational eff ects of gonadal hormones in the brain may not be as unambig-
uous as originally thought. A similar situation occurs when organizational 
and activational eff ects on behavior are analyzed (Arnold and Breedlove, 
1985). However, with independence of the precise duration, limits, number 
and biological signifi cance of the diff erent possible critical periods for sexual 
diff erentiation of the nervous system, what is well documented is that sex hor-
mones exert important eff ects in the developmental organization of the fetal 
and postnatal brain and spinal cord. In this section I will consider the impact 
of gonadal hormones on the organization of the fetal central nervous system. 
Later on in this chapter, I will analyze the impact of gonadal hormones on the 
organization of the postnatal nervous system before puberty.

One of the most obvious eff ects of fetal actions of testosterone in some 
mammalian species is the masculinization of the brain neuronal circuits reg-
ulating the release of gonadotropins. Th e adult female neuronal network reg-
ulating the activity and secretion of gonadotropin releasing hormone (GnRH) 
neurons is under a complex regulation of sex steroids and responds to the 
estrogen-stimulated GnRH surge. In contrast, the male neuronal network has 
an impaired response to estrogen (Horvath et al., 1997b) and is under the neg-
ative regulation by testicular androgens. Th e action of testosterone in the fetal 
brain of guinea pigs (Connolly and Resko, 1994), rats (Foecking et al., 2005), 
mice (Sullivan and Moenter, 2004), pigs (Elsaesser and Parvizi, 1979), sheep 
(Fabre-Nys and Venier, 1991; Herbosa et al., 1996; Kim et al., 1999; Robinson, 
2006), and rhesus monkeys (Dumesic et al., 1997) results in the reprogram-
ming of the neuronal network regulating GnRH, including modifi cations in 
the number and function of synaptic inputs to GnRH neurons (Chen et al., 
1990; Kim et al., 1999; Sullivan and Moenter, 2004). Th e resulting GnRH 
neuronal network in female animals that have been exposed in utero to tes-
tosterone shows an impaired, male-like response to the estrogen-stimulated 
GnRH surge. Th erefore, androgen action in the fetal developing brain drives 
the development of the neuronal GnRH network that will be desensitized to 
estrogen stimulation in adult life. Th is is an example of a hormonal action in 
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the fetal brain that predetermines the function of specifi c neuronal circuit 
in the adult brain (Fig. 6.1). Th e hormonal action is not indispensable for the 
development of the neuronal circuit, but determines whether its functional 
organization will follow a male or a female pattern.

While the organizational eff ect of testosterone in the developing GnRH 
system appears to mainly aff ect the sexual diff erentiation of neuronal con-
nectivity, in other cases the organizational actions of testosterone and its 
metabolites play an important role in determining the fi nal adult size of spe-
cifi c anatomical neural structures. In vitro studies have shown that gonadal 
hormones promote the survival of fetal neurons from diff erent brain regions, 
including the hypothalamus (Chowen et al., 1992; Dueñas et al., 1996), amyg-
dala (Arimatsu and Hatanaka, 1986), hippocampus (Sudo et al., 1997), and 
neocortex (Brinton et al., 1997). Th e viability of neuronal cultures from these 
brain regions is signifi cantly enhanced by the addition of estradiol to the cul-
ture media. Estradiol also promotes the survival of dorsal root ganglion neu-
rons in culture (Patrone et al., 1999), while androgens enhance the survival of 
neurons in cultures from the spinal cord (Hauser and Toran-Allerand, 1989). 
Th ese fi ndings suggest that sex hormones may promote the survival of specifi c 
neuronal populations during the development of the nervous system. Th ese 
hormonal eff ects may result in the generation of sex diff erences in neuronal 
content. In agreement with these in vitro fi ndings, several studies have shown 
sex diff erences in the volume of specifi c anatomical structures in the brain 
and the spinal cord in vivo.

One well-known example of a sexually dimorphic structure in the brain 
that shows sex diff erences in the number of neurons is the sexually dimorphic 
nucleus of the preoptic area, a brain region involved in male sexual behav-
ior. Th is nucleus, discovered by the prominent neuroendocrinologist Roger 
A. Gorski and his collaborators at UCLA, is a neuronal group in the preop-
tic area of the rat brain that is several-fold larger in volume in males than 
in females. Historically, the sexually dimorphic nucleus of the preoptic area 
represents the fi rst solid evidence for a sex-dimorphic structure in the brain 
of mammals. Th is nucleus is still today one of the best studied examples of a 
sexually dimorphic structure in the brain, and is one of the most robust ana-
tomical sex diff erences in the rodent brain detected so far (Gorski et al., 1978, 
1980). Th e masculinization of the sexual dimorphic nucleus of the preoptic 
area appears to be initiated during fetal life, since prenatal exposure to tes-
tosterone promotes masculinization of the nucleus provided that testosterone 
can be converted into estradiol (Ito et al., 1986; Lund et al., 2000). Th is eff ect 
may be in part mediated by the prevention by prenatal testosterone of natu-
rally occurring neuronal apoptosis during the postnatal period, which is more 
abundant in females than in males (Hsu et al., 2001). Prenatal testosterone 
and its conversion to estradiol are also necessary for the development of the 
male nucleus of the preoptic/anterior hypothalamic area of ferrets, a neuro-
nal group that is not present in female brains (Cherry et al., 1990; Tobet et al., 
1986). It should be noted that the action of prenatal testosterone in the brain 
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does not always induce an increase in the number of neurons. Indeed, pre-
natal testosterone decreases the number of neurons in several brain regions, 
such as the anteroventral periventricular nucleus of the preoptic area of the rat 
(Nishizuka et al., 1993; Sumida et al., 1993). We will see later in this chapter 
that the postnatal actions of testosterone also have diff erent outputs depend-
ing on the brain region or on the specifi c neuronal subpopulation within a 
region.

Although the resulting structural sex diff erences may be not as obvious as 
those observed in the preoptic area of rats and ferrets, prenatal testosterone 
may also aff ect the organization of several other brain structures, including 
the suprachiasmatic nucleus (Abizaid et al., 2004) and the accessory olfactory 
system in rodents (Dominguez-Salazar et al., 2002). Th ese hormonal actions 
may be involved in the generation of sex diff erences in circadian rhythms 
and responsiveness to pheromones, respectively. Sex diff erences in behav-
ior are not limited to reproductive behaviors (for instance, see Hines, 2003). 
Accordingly, prenatal androgens also interfere with the development of cogni-
tive brain regions, inducing larger CA1 and CA3 pyramidal cell fi eld  volumes 
and soma sizes in the hippocampus of male rats (Isgor and Sengelaub, 1998). 
Furthermore, local formation of the testosterone metabolite estradiol in the 
fetal brain may regulate cortical neurogenesis (Martinez-Cerdeno et al., 
2006), and testosterone conversion to estradiol participates in the organiza-
tion of the catecholamine innervation of the frontal cortex in rats (Stewart 
and Rajabi, 1994).

Prenatal testosterone also results in the generation of sex diff erences 
in the spinal cord. A noticeably sexually dimorphic structure is the spinal 
nucleus of the bulbocavernosus, a group of motoneurons in the lumbar spi-
nal cord of male rats that innervate perineal muscles and that is markedly 
reduced or absent in normal females. Prenatal testosterone promotes the mas-
culine development of the spinal nucleus of the bulbocavernosus (Goldstein 
and Sengelaub, 1992) as well as the development of Onuf’s nucleus in dogs. 
Onuf’s nucleus is a group of motoneurons located in the sacral spinal cord that 
innervates perineal muscles involved in copulatory behavior. Th is nucleus is 
also present in the spinal cord of cats and primates, including humans, and is 
 sexually dimorphic (Forger and Breedlove, 1986).

Enduring Effects of Prenatal Stress

Another important hormonal infl uence on the fetal development of the central 
nervous system (with long-lasting consequences in postnatal life) is the one 
exerted by stress hormones. Stress during pregnancy may lead to alterations 
in the developmental pattern of the brain. Th ese stress-induced alterations in 
brain prenatal development may result in permanent impairments in brain 
function and plasticity, and may represent a risk factor for the development 
of psychiatric and cognitive disorders. In particular, prenatal stress may aff ect 
the organization program of the neuroendocrine hypothalamic–pituitary–
adrenal axis that controls stress hormone levels in postnatal life and may also 
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aff ect other hormonal systems, including sex hormones and leptin. In addi-
tion, prenatal stress aff ects the plasticity and function of the hippocampus and 
its responsiveness to stress hormones. Since the hippocampus mediates neg-
ative feedback to the hypothalamic–pituitary–adrenal axis, a hippocampal 
impairment results in further alteration of the axis and its response to stress 
in adult life. Th erefore, prenatally stressed animals show a variety of nonadap-
tive responses to stress (Barbazanges et al., 1996; Clarke et al., 1994; Henry 
et al., 1994; Koehl et al., 1999; Maccari et al., 1995, 2003; Morley-Fletcher et al., 
2003a, b; Weinstock et al., 1992).

Th e infl uence of stress during pregnancy has received increased atten-
tion by clinicians and basic scientists in the last few decades. In humans, 
prenatal stress is considered a risk factor for the development of behavioral 
alterations, and has been associated with aggression, hyperactivity, anx-
iety, attention- defi cit disorders, and cognitive problems in adolescence and 
adulthood (Austin et al., 2005; Gutteling et al., 2005; Huizink et al., 2003, 
2004; Meijer, 1985; O’Connor et al., 2003; Talge et al., 2007; Wadhwa et al., 
2001), including an increase in the risk of schizophrenia, which is considered 
to have a developmental component (Brixey et al., 1993; Howes et al., 2004). 
Indeed, there is  evidence suggesting an increased occurrence of schizophre-
nia in subjects whose mothers were exposed to traumatic or stressful experi-
ences during pregnancy (Huttunen et al., 1994; van Os and Selten, 1998). In 
agreement with human data, prenatal stress in nonhuman primates has also 
been shown to produce functional disturbances of the central nervous sys-
tem in postnatal life. Th ese disturbances are refl ected in reduced exploratory 
behavior, attention-defi cits, neuromotor impairments, and a variety of other 
 behavioral disorders (Clarke and Schneider, 1993; Schneider, 1992; Schneider 
et al., 1999). However, it is in laboratory rodents where the eff ects of prenatal 
stress on postnatal brain function have been examined with more detail.

Several experimental protocols to produce chronic stress in rat dams have 
been assessed, and all have given similar results, indicating that prenatally 
stressed rodents show neurobiological impairments that may be the direct 
consequence of the dysfunction of the hypothalamic–pituitary–adrenal axis, 
such as the increased activation of the sympathetic nervous system (Weinstock 
et al., 1998) and alterations in circadian rhythms and sleep (Dugovic et al., 
1999; Koehl et al., 1997, 1999). Furthermore, prenatally stressed rodents 
may have alterations in maternal (Fride et al., 1985) and sexually diff eren-
tiated behaviors (Ward and Stehm, 1991), as well as cognitive impairments. 
For instance, some paradigms of chronic stress during gestation may reduce 
the ability to fi lter or discriminate relevant from irrelevant information in 
adult life. Th is is one major defect observed in schizophrenic subjects, and 
is assessed by measuring prepulse inhibition, a parameter that is disrupted 
both in schizophrenic patients and in prenatally stressed rats (Koenig et al., 
2005). Prenatal stress also produces learning and memory defi cits in young, 
adult, and aged rats, such as impairments in spatial memory assessed in the 
Morris water maze (Darnaudéry et al., 2006; Gué et al., 2004; Lemaire et al., 
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2000; Lordi et al., 1997; Smith et al., 1981; Vallée et al., 1999). However, one of 
the most obvious eff ects of prenatal stress in rodents is an increase in aff ec-
tive disorders in adult life. Th us, prenatally stressed rodents show enhanced 
emotional reactivity (Fride et al., 1986; Th ompson, 1957; Vallée et al., 1997b; 
Wakshlak and Weinstock, 1990; Weinstock, 1997), increased anxiety behav-
iors (Morley-Fletcher et al., 2003b; Poltyrev et al., 1996; Vallée et al., 1997b), 
enhanced conditioned fear (Griffi  n et al., 2003), and an increase in depression-
like behaviors (Alonso et al., 1991; Louvart et al., 2005; Morley-Fletcher et al., 
2003b; Secoli and Teixeira, 1998). Indeed, prenatal stress in rodents is consid-
ered a valid experimental model of depression.

Th e impact of prenatal stress on the developmental organization program 
of the neuroendocrine hypothalamic–pituitary–adrenal axis also has rele-
vant consequences for the immune system. Clinical studies have shown that 
immune function is reduced in patients with anxiety disorders, and animal 
studies also indicate that there is a link between anxiety and immune function 
(Koh and Lee, 1998; Leonard and Song, 1996; Stein et al., 1988). Th erefore, the 
increased anxiety observed in prenatally stressed animals may play a key role 
in triggering immune alterations. Indeed, the group of Stefania Maccari at the 
University of Lille 1, France, has shown an increased proinfl ammatory sta-
tus in the off spring of dams that were submitted to repeated short-time daily 
restraint immobilization from day 11 of pregnancy until delivery (Vanbesien-
Mailliot et al., 2007).

Th e eff ects of prenatal stress on the postnatal function of the immune sys-
tem and central nervous system may be in part mediated by the prenatal action 
of stress hormones. Th e brain is very sensitive to prenatal programming by 
glucocorticoids (Seckl, 2004), and several studies assessing the prenatal eff ects 
of the synthetic glucocorticoid dexamethasone, which crosses the placenta, 
suggest that these hormones may indeed mediate the prenatal actions of stress 
in the brain as in other organs. Th e brain of rats treated prenatally with dexa-
methasone shows an altered sensitivity to stress hormones in adult life (Levitt 
et al., 1996; Welberg et al., 2001). Furthermore, the administration of dexa-
methasone to pregnant dams during the third week of gestation mimics the 
eff ect of prenatal stress on spatial learning (Brabham et al., 2000). Eff ects of 
stress hormones on myelin maturation may be involved in cognitive defi cits. 
For instance, it has been reported that prenatal corticosteroid administration 
delays myelination of the corpus callosum in fetal sheep (Huang et al., 2001) 
and therefore may aff ect the functional communication of cortical neurons 
between the two cerebral hemispheres.

Th us, prenatal glucocorticoids may program the developing brain and 
permanently impair the functional plasticity of the hypothalamic–pituitary–
adrenal axis during postnatal life. Consequently, prenatally stressed rats 
produce faster, stronger, and/or more prolonged glucocorticoid responses 
throughout life than the controls when exposed to novel or challenging situ-
ations. Th ese altered glucocorticoid responses in postnatal life may in turn 
have an additional impact on the brain, producing further modifi cations in 
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the plasticity of the central nervous system. Th ese alterations in brain plastic 
responsiveness in animals that were prenatally stressed may contribute to—or 
even be the cause of—their behavioral, aff ective, and cognitive disturbances. 
Indeed, the behavioral and cognitive alterations produced by prenatal stress 
in young, adult, and aged rodents are associated with modifi cations in brain 
development and plasticity. Prenatal stress induces a reduction in the number 
of dendritic spines on layer II/III pyramidal neurons of the dorsal anterior 
cingulate and orbitofrontal cortex of young prepubertal male and female rats 
(Murmu et al., 2006). In addition, prenatally stressed males have a decrease 
in the length and complexity of pyramidal apical dendrites in both cortical 
regions (Murmu et al., 2006). Synaptic plasticity in adult life is also aff ected 
by prenatal stress; both a reduced long-term synaptic potentiation (Son et al., 
2006) and decreased number of dendritic spines of pyramidal neurons, 
reduced number of synapses, and reduced serotonin concentration have been 
detected in the hippocampus of prenatally stressed rodents (Hayashi et al., 
1998; Ishiwata et al., 2005). In addition, prenatal stress causes neurogenesis 
impairment and a reduced number of granule cells in the dentate gyrus of the 
hippocampus (Gould and Tanapat, 1999; Lemaire et al., 2000, 2006a; Schmitz 
et al., 2002; Weinstock, 2001). Th is is likely not a peculiarity of prenatal stress 
in rodents, since impaired neurogenesis in the hippocampus as a consequence 
of maternal stress has also been observed in the dentate gyrus of juvenile 
 rhesus monkeys (Coe et al., 2003).

Th e action of other hormones in the brain during prenatal development 
and during postnatal life may interact with the eff ects of prenatal stress in the 
modulation of adult brain plasticity (Fig. 6.1). For instance, the eff ects of pre-
natal stress on brain plasticity are not identical in male and female off spring 
(Weinstock, 2007). Th us, postnatal behavior (Gué et al., 2004; Nishio et al., 
2001; Szuran et al., 2000), the number of granule neurons in the dentate gyrus 
of the hippocampus (Schmitz et al., 2002), and the length and complexity of 
pyramidal apical dendrites in the dorsal anterior cingulate and orbitofron-
tal cortex (Murmu et al., 2006) are not equally aff ected by prenatal stress in 
male and female rodents. Th ese sex diff erences in the eff ect of prenatal stress 
may in part be the consequence of an interaction of stress and sex hormones 
during brain development or during postnatal life. Other hormones, such as 
 thyroid hormones, IGF-I, or leptin may also interact with stress hormones 
during fetal and postnatal brain development and during adult life to modu-
late adult brain plasticity.

Peptide Hormones

Several peptide hormones may aff ect the development of the brain and spinal 
cord and may contribute to organize future neural plastic responses in adult 
life. Gastric hormones, such as ghrelin and the anorexigenic peptide YY, have 
been shown to participate in the developmental organization of the central 
nervous system, aff ecting neural tube development (Yuzuriha et al., 2007). 
In addition, ghrelin promotes neurogenesis in the rat fetal spinal cord (Sato 
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et al., 2006). Leptin, another hormone involved in food intake and energy bal-
ance, also has neurodevelopmental eff ects—its actions during development 
may have an important impact on future body functions. Th is hormone par-
ticipates in the control of growth and development of the fetus (Christou et al., 
2002), and its developmental organizational actions are very important for the 
future regulation of energy homeodynamics, food intake, and body composi-
tion in postnatal and adult life. In addition, the organizational actions of leptin 
may be important for normal brain development during fetal and postnatal 
periods, although our knowledge of leptin actions in the developing brain is 
still quite limited. Nevertheless, leptin defi cient (ob/ob) mice have a reduced 
brain size, defective neuronal and glial maturation, increased apoptosis, and 
alterations in myelination and synaptic markers (Ahima et al., 1999; Bereiter 
and Jeanrenaud, 1979; van der Kroon and Speijers, 1979). Leptin treatment 
during development is able to counteract these brain alterations (Ahima et al., 
1999).

Growth hormone is also known to infl uence neural development 
(Scheepens et al., 2005). Clear evidence of the participation of growth hor-
mone on the development of the central nervous system is that the size of the 
brain and spinal cord are reduced in growth hormone defi cient humans and 
animals (Behringer et al., 1990; Noguchi, 1991). In contrast, transgenic mice 
that overexpress growth hormone have an increased brain and spinal cord 
weight (Chen et al., 1998). Interestingly, mice that overexpress a growth hor-
mone antagonist have a reduced velocity and magnitude of postnatal brain 
and spinal cord growth (McIlwain et al., 2004). Th e neurodevelopmental 
eff ects of growth hormone may be related to the promotion of neuronal pro-
liferation and survival. For instance, growth hormone has been shown to pro-
mote neuronal survival during the development in the chick retina (Harvey 
et al., 2006), and promotes proliferation and diff erentiation of fetal neurons 
and astrocytes from the cerebral cortex in a primary culture (Ajo et al., 2003). 
Growth hormone defi ciency also results in a decrease of synaptic formation 
and hypomyelination, suggesting that growth hormone promotes synapto-
genesis and myelin formation (Noguchi, 1996). Th ese fi ndings indicate that 
growth hormone regulates brain development. However, the mechanisms of 
the action of this developmental eff ect of growth hormone are still not clari-
fi ed. Growth hormone may directly act on growth hormone receptors within 
the brain, or may have an indirect eff ect via IGF-I (Ajo et al., 2003), which is a 
potent promoter of neural development. Local production of growth hormone 
by brain cells (Hojvat et al., 1982) and its action as a paracrine or autocrine 
factor (Harvey et al., 2003) may also be involved in its neurodevelopmental 
eff ects.

Insulin/IGF-I signaling is essential for neural development in vertebrates 
(Bateman and McNeill, 2006; Hernandez-Sanchez et al., 2006; Varela-Nieto 
et al., 2004). Insulin may aff ect brain and spinal cord development either by 
direct activation of insulin signaling in the central nervous system, or indi-
rectly by controlling glucose levels. Insulin prevents early neural cell death 
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during embryonic mouse retina development (Valenciano et al, 2006) and 
participates in oligodendrocyte diff erentiation (Vicario-Abejon et al., 2003). 
IGF-I has many developmental eff ects in the brain and spinal cord—it 
 regulates the proliferation, maturation, and diff erentiation of neural stem 
cells (Otaegi et al., 2006; Ye and D’Ercole, 2006), promoting the production of 
neurons (Camarero et al., 2003; Russo et al., 2005; Vicario-Abejon et al., 2003) 
and oligodendrocytes (Hsieh et al., 2004; Vicario-Abejon et al., 2003; Zeger 
et al., 2007) during embryonic development. Th ese actions probably refl ect the 
role of IGF-I as a local growth factor and not its role as a hormone, since IGF-I 
is highly and widely expressed in the fetal and early postnatal central nervous 
system (Russo et al., 2005).

HORMONAL REGULATION OF BRAIN MUTABILITY DURING EARLY 
POSTNATAL LIFE

Metamorphosis in Vertebrates

Th e maturation of the brain and spinal cord in vertebrates still continues aft er 
hatching or birth, and the organization of some brain regions is mainly a post-
natal event. One extreme example of neural transformations aft er hatching 
is provided by metamorphosis in some vertebrates. Th ere is likely no better 
illustration of the inherent remodeling capacity of the nervous system than 
the spectacular transformations that occur in the brain, spinal cord, periph-
eral nervous system, and sensory organs during a typical amphibian meta-
morphosis, a process that is regulated by thyroid hormone (Brown and Cai, 
2007). Th e metamorphosis of tadpoles to frogs represents an almost complete 
reorganization of the body in the adaptation process from living in an aquatic 
environment to a terrestrial life. Tadpoles are fi shlike, water-dwelling animals 
with external gills and a predominantly vegetarian diet. Frogs are land ani-
mals, with skin and lung-based respiration, front legs and forelimbs, and are 
mainly carnivorous. Th e development of hind limbs and front legs, the resorp-
tion of the tail, and the reorganization of the locomotor system from axial-
based swimming to limbed propulsion are among the most obvious changes 
associated with metamorphosis. Th ese changes are accompanied by other 
important modifi cations, which also have a considerable impact on the phys-
iology of the organism. Th ese modifi cations include: (i) the reorganization of 
the olfactory system, the resorption of gills, and the development of lungs as 
part of the transition from aquatic to aerial breathing; (ii) the reorganization 
of the heart from two to three chambers, in adaptation to a lung-based respi-
ration system; (iii) the reorganization of the skin; (iv) the reorganization of the 
digestive system, remodeling of the mouth, and growth of the tongue in adap-
tation of the transition from feeding on microscopic aquatic plants to feed-
ing on a carnivorous diet on land; and (v) the migration of the eyes rostrally 
and dorsally, giving rise to binocular vision, and the transformation of the 
retina in adaptation to a land environment. Th ese and other changes require 
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important restructuring of the brain and spinal cord centers and circuits 
involved in motor control, respiratory rhythm, olfaction, vision, audition, ves-
tibular control, pain, autonomic regulation, and many other functions (Burd, 
1991; Grant and Keating, 1986; Hoskins, 1990; Kollros and Bovbjerg, 1997; 
Marsh-Armstrong et al., 1999, 2004; Shi, 1999).

Th e process of anuran metamorphosis is governed by a steadily increasing 
concentration of thyroid hormone in tadpoles (Shi, 1999). Th yroid hormone 
reaches a peak at the climax of metamorphosis, then gradually declines to reach 
a low level at the end of metamorphosis, when tail resorption occurs (Regard 
et al., 1978). Th e action of T4 in the nervous system is controlled in tadpoles 
by two deiodinase enzymes. Th e type II iodothyronine deiodinase enzyme 
synthesizes the active metabolite T3 from T4 and therefore promotes thyroid 
hormone action on metamorphosis (Cai and Brown, 2004; Huang et al., 2001) 
by facilitating the activation of thyroid hormone receptors (Schreiber et al., 
2001). In contrast, the type III iodothyronine deiodinase enzyme inactivates 
T3 by removing an iodine molecule and therefore inhibits the action of T3 on 
metamorphosis (Huang et al., 1999; Marsh-Armstrong et al., 1999).

Th yroid hormone promotes the remodeling and rewiring of specifi c neu-
ronal circuits in the central nervous system, including visual, auditory, olfac-
tory, and spinal cord circuits (Brown and Cai, 2007; Burd, 1992; Hoskins, 
1990; Marsh-Armstrong et al., 1999, 2004). Th yroid hormone also contributes 
to the reorganization of hypothalamic circuits controlling neuroendocrine 
secretions during metamorphosis (Kikuyama et al., 1979; Norris and Gern, 
1976), which in turn may aff ect the secretion of other hormones.

Th yroid hormone also regulates metamorphosis in other vertebrates, par-
ticipating in the regulation of lamprey metamorphosis (Manzon and Youson, 
1997; Manzon et al., 2001) and orchestrating metamorphosis in fl atfi sh (fl oun-
der and sole) (Inui and Miwa, 1985; Miwa et al., 1988; Schreiber and Specker, 
1998). Th yroid hormones regulate the remodeling of the brain during fl atfi sh 
metamorphosis, where one eye translocates to the opposite side of the head, 
and the axes of fl atfi sh eyes and horizontal semicircular canals of the inner 
ear become oriented perpendicular to each other. Th is reorganization of the 
eyes and inner ears involves marked associated modifi cations in the skull and 
in specifi c neuronal circuits in the brain (Graf and Baker, 1983, 1990; Meyer 
et al., 1981).

Although the main regulator of metamorphosis in vertebrates is the thy-
roid hormone, other hormones may also participate in the process and con-
tribute to the remodeling of the nervous system. In general, prolactin and 
growth hormone exert antagonistic eff ects to thyroid hormone on metamor-
phosis, including the modifi cations in the nervous system. Th e induction 
in the target tissues of the expression of type III iodothyronine deiodinase 
enzyme (which, as already mentioned, inactivates T3) may be involved in the 
antimetamorphic eff ects of prolactin and growth hormone (Shintani et al., 
2002). In contrast, corticotropin-releasing hormone (CRH) and corticoids 
may facilitate the metamorphic eff ects of thyroid hormones in the brain by 
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enhancing the expression of brain type II deiodinase and the transformation 
of T4 into T3 (Kuhn et al., 2005). Th e eff ects of thyroid hormone,  prolactin, 
and other  hormones on central nervous system metamorphosis are exerted 
in part by the regulation of neurogenesis (Hunt and Jacobson, 1970, 1971; 
Marsh-Armstrong et al., 1999, 2004), neuronal death and diff erentiation 
(Decker, 1976; Hunt and Jacobson, 1971), cell adhesion molecules (Levi et al., 
1990), and by the  reorganization of dendrites, axons, and synaptic connec-
tions (Hauser and Gona, 1984).

In Xenopus laevis, sex hormones infl uence the development of the nervous 
system of tadpoles at the end of metamorphosis when gonads diff erentiate 
(Kelley, 1986). One example, studied by Darcy Kelley and her collaborators 
at Columbia University in New York, is the brain regions associated with the 
generation of song, which are sexually diff erentiated in frogs. Sexual diff er-
ences in the song system of frogs are generated gradually during development, 
starting in tadpoles, in which the number of laryngeal axons showed a marked 
increase in males between stages 56 and 62. Th is increase is not observed in 
females. Th en, there is a period of axonal loss between stage 62 and adult-
hood, in which axonal loss is greater in females than in males (Kelley and 
Dennison, 1990). Th e generation of sex diff erences in the number of laryngeal 
axons in tadpoles is driven by androgens (Robertson et al., 1994), likely by a 
direct action on the laryngeal motoneurons, which express androgen recep-
tors (Perez et al., 1996). In addition, as for other aspects of central nervous 
system development, the androgen-induced generation of sex diff erences in 
laryngeal innervation is dependent on the previous actions of thyroid hor-
mones, which defi ne the timing for the sexual diff erentiation of the song sys-
tem (Robertson and Kelley, 1996).

Thyroid Hormone Regulation of Postnatal Brain Development in 
Non-Metamorphic Vertebrates

Th yroid hormones are also key regulators of postnatal brain development 
in vertebrates that do not exhibit metamorphosis. Early microscopic studies 
on the eff ect of hypothyroidism in the brain of developing rats revealed that 
thyroid hormones are necessary for the normal postnatal development of the 
neuropil in the cerebral cortex (Eayrs and Taylor, 1951). More recent stud-
ies have confi rmed that thyroid hormones during early neonatal and juvenile 
periods are necessary for the fi ne maturation of dendrites, dendritic spines, 
and synapses in neurons from diff erent brain regions, including the caudate 
nucleus (Lu and Brown, 1977), the basal forebrain (Gould and Butcher, 1989), 
the Purkinje cells of the cerebellum (Legrand, 1979), the granule and pyrami-
dal cells of the hippocampus (Gould et al., 1990b, 1991; Madeira et al., 1992; 
Madeira and Paula-Barbosa, 1993; Rami et al., 1986; Rami and Rabie, 1990), 
and the pyramidal neurons of the cerebral cortex (Ipina and Ruiz-Marcos, 
1986; Ipina et al., 1987; Ruiz-Marcos et al., 1979, 1994; Ruiz-Marcos and Ipina, 
1986; Sanchez-Toscano et al., 1977). Th yroid hormones also regulate neuro-
nal proliferation, migration, and axonal growth in the early postnatal central 
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nervous system. For instance, in contrast to the migration in the cerebral 
 cortex that occurs during the fetal period, migration of granule cells from the 
external granular layer to their fi nal destination in the internal granular layer 
in the cerebellar cortex is a process that occurs during the early postnatal age 
in mammals. Th yroid hormones promote the proliferation of granule cells in 
the external granular layer, their migration to the internal granular layer, and 
their diff erentiation and maturation of their axons, the parallel fi bers, which 
make contact with Purkinje cell dendritic spines (Lauder, 1978; Nicholson and 
Altman, 1972; Oppenheimer and Schwartz, 1997). Th yroid hormones also 
promote the generation of new olfactory receptor neurons in postnatal rats 
(Paternostro and Meisami, 1989).

Glial cell development is also infl uenced by thyroid hormones and may 
signifi cantly contribute to the developmental defi cits observed in the cen-
tral nervous system of hypothyroid animals. Th yroid hormones are essen-
tial for oligodendrocyte progenitor cell development and proliferation, for 
oligodendrocyte diff erentiation and survival (Ahlgren et al., 1997; Almazan 
et al., 1985; Baas et al., 1997; Barres et al., 1994; Billon et al., 2002; Jones et al., 
2003; Muñoz et al., 1991; Rodriguez-Peña, 1999), and for normal brain myeli-
nation (Balazs et al., 1969; Berbel et al., 1994; Martinez-Galan et al., 1997a; 
Schoonover et al., 2004; Valcana et al., 1975; Walters and Morell, 1981), which 
is essential for proper brain function. Th yroid hormones regulate also several 
aspects of astroglia maturation and diff erentiation (Aizenman and de Vellis, 
1987; Nicholson and Altman, 1972; Trentin, 2006). Consequently, thyroid 
hormone defi ciency may alter glial maturation in the postnatal brain. Indeed, 
hypothyroidism alters the development of radial glial cells in the early post-
natal neocortex of the rat (Martinez-Galan et al., 2004). Th yroid hormones 
may also promote Bergmann glia formation in the cerebellar cortex (Seress 
et al., 1978), which in turn may facilitate the migration of granule neurons 
from the external granular layer to the internal granular layer, which occurs 
during the early postnatal period. Microglial cells are also aff ected by thyroid 
hormones; its cellular density and the formation of their cellular processes 
is reduced in the neocortex of hypothyroid neonatal rats (Lima et al., 2000). 
Microglial cells play an important role in the remodeling of neural tissue dur-
ing development. Th erefore, the eff ects of thyroid hormones on brain organi-
zation during postnatal development may be, in part, mediated by hormonal 
actions on microglia.

Gonadal Hormones

Gonadal hormones are also important regulators of neural remodeling during 
postnatal development. As we have seen earlier in this chapter, the organi-
zational eff ects of testosterone and its metabolites estradiol and dihydrotes-
tosterone on the central nervous system structure and function are initiated 
during fetal life in mammals. However, the organizational actions of sex 
 steroids in the brain and spinal cord continue during the early postnatal life, 
infancy, adolescence, and puberty. Even in the adult, gonadal hormones play 
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an important role in modulating the size, morphology, and synaptic density 
of sex-steroid-responsive structures in the central nervous system. Several 
brain structures in which the organizational action of sex steroids is initi-
ated in embryonic life are still sensitive to hormonal organizational eff ects in 
early postnatal life. I will present here only a few selected examples; the reader 
is referred to several reviews for a more comprehensive catalogue of neural 
structures showing hormonally induced sex diff erences in their organization 
(Arnold and Gorski, 1984; Cooke et al., 1998; Guillamón and Segovia, 1997; 
Morris et al., 2004; Segovia and Guillamón, 1993; Segovia et al., 1999; Simerly, 
2002).

Let me start with the fi rst reported evidence for a sexually dimorphic struc-
ture in the brain. Fernando Nottebohm and Arthur P. Arnold communicated 
in 1976 the existence of structural sex diff erences in the neural song system of 
zebra fi nch in correlation with sex diff erences in singing behavior. Th e commu-
nication, published in a memorable paper in the journal Science (Nottebohm 
and Arnold, 1976), promoted the search at many other laboratories of similar 
structural sex diff erences in the brain of other species that could be related 
with sex diff erences in behavior. Th e seminal discovery by Nottebohm and 
Arnold was followed by similar fi ndings in mammals, including the discov-
ery of the sexually dimorphic nucleus of the preoptic area by Roger A. Gorski 
and his collaborators that I have previously mentioned in this chapter (Gorski 
et al., 1978) and many other structural brain sex diff erences. Aft er the publica-
tion of the paper by Nottebohm and Arnold, many studies have analyzed the 
infl uence of sex hormones in the generation of sex diff erences in the structure 
of the brain nuclei controlling song production in songbirds. Th e song system 
in songbirds is a very interesting and complex example of a functional net-
work composed of diff erent brain structures whose development is aff ected by 
gonadal hormones (Arnold et al., 1986). Th e neural song system in songbirds, 
such as the zebra fi nch, shows a marked sexual dimorphism (Nottebohm and 
Arnold, 1976) that varies among diff erent species in correlation with species 
diff erences in singing behavior. Th us, those species that show pronounced sex 
diff erences in singing behavior are also those in which the structural sex dif-
ferences in the brain song system are more noticeable (Ball and MacDougall-
Shackleton, 2001; MacDougall-Shackleton and Ball, 1999). A few exceptions 
to this rule have however been noted. In zebra fi nches, the sexual dimorphism 
in the brain nuclei that control song develops aft er hatching by neuronal 
atrophy and death in the female brain, as well as from an increase in cell-
body size and aff erent terminals in the male (Konishi and Akutagawa, 1985). 
Neurodevelopmental actions of estradiol aff ect the neural song system and 
produces sex diff erences in cell size and number. Although the administration 
of testosterone and estradiol to female chicks results in the development of a 
more masculine structure in song nuclei, such as the nucleus robustus archis-
triatalis (Gurney, 1981; now nucleus robustus arcopallialis or RA; Reiner et al., 
2004), the sexual diff erentiation of the neural song system appears to correlate 
with estrogenic actions during postnatal development (Adkins-Regan et al., 
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1994; Konishi and Akutagawa, 1987, 1988). It should be noted, however, that 
although exogenous administration of estrogen may masculinize the neural 
song system in female zebra fi nches, it is unclear to what extent gonadal hor-
mones are really involved in the generation of sex dimorphism in the neural 
song system under normal conditions. Indeed, the song system is not depen-
dent on gonadally derived steroids for many of its organizational and activa-
tional events (Schlinger, 1998). Arthur P. Arnold and his collaborators have 
proposed that the generation of sex diff erences in the neural song system is 
regulated by factors intrinsic to the brain, likely by the expression of sex chro-
mosome genes. According to this hypothesis, these genes may infl uence local 
synthesis of estradiol within the brain and/or the responses of brain tissue to 
estradiol (Wade and Arnold, 2004). In fact, the laboratory of Barney Schlinger 
has provided convincing evidence for local steroid synthesis in the developing 
songbird brain (London et al., 2006; London and Schlinger, 2007). Th erefore, 
sex diff erences in the neural song system may, in fact, be the consequence of 
autocrine and paracrine actions of steroids within the brain, and not mediated 
by hormonal eff ects.

In mammals, one brain structure sensitive to the organizational eff ects of 
testosterone aft er birth is the sexually dimorphic nucleus of the preoptic area. 
Th e structural sex diff erence in this nucleus in rats is at least partially due to 
neonatal androgens, which promote, aft er their conversion to estrogens, the 
survival of a specifi c population of neurons (Davis et al., 1996; Dodson et al., 
1988; Jacobson et al., 1981). Postnatal action of androgens and its conversion 
to estrogens is also necessary for the generation of a male structure in the 
sexually dimorphic nucleus in the preoptic area of ferrets. However, in this 
case the regulation of cell death does not seem to be involved in the hormonal 
action (Park et al., 1998).

Another well characterized sexually dimorphic neural structure that is 
generated during postnatal development is the spinal nucleus of the bulbo-
cavernosus, discovered in rats by S. Marc Breedlove and Arthur P. Arnold at 
UCLA (Breedlove and Arnold, 1980, 1981, 1983). Th is nucleus is formed by a 
group of motoneurons, located in the dorsomedial portion of the ventral horn 
in the lower lumbar spinal cord, which innervate the bulbocavernosus and 
levator ani muscles. Males have more and larger neurons in the spinal nucleus 
of the bulbocavernosus than females. Th e structural sex diff erence is gener-
ated because androgens prevent normally occurring death of motoneurons 
during the postnatal development. Th is hormonal eff ect seems to be indirect, 
by preventing the loss of target muscles (Nordeen et al., 1985; Sengelaub and 
Arnold, 1989; Sengelaub et al., 1989a, b).

Some sex diff erences in neuronal numbers are not as obvious anatomically 
as those generated by gonadal hormones in the sexually dimorphic nucleus of 
the preoptic area and the spinal nucleus of the bulbocavernosus. Nevertheless, 
these more subtle sex diff erences may also have a considerable functional 
impact. For instance, one physiological function that is sexually dimorphic is 
that of somatic growth. Aft er the onset of puberty, male rats grow signifi cantly 
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faster than females, and this is now known to be the result, at least in part, 
of diff ering growth hormone secretory patterns. It is well established that 
sex steroids are intimately involved in this process, and exert both organiza-
tional and activational eff ects on this system. Th e pulsatile release of growth 
hormone is under the reciprocal control of hypothalamic growth-hormone-
releasing hormone (GHRH) and somatostatin neurons, suggesting that the 
sexual dimorphism in this system is at least partially mediated at the level of 
the hypothalamus. Julie Ann Chowen has signifi cantly contributed to clarify-
ing the basis for this hypothalamic functional sex dimorphism, showing that 
adult male rats have signifi cantly more GHRH neurons in the hypothalamus 
than adult females. Th is sex diff erence in neuronal numbers is the result of 
exposure to testosterone during the neonatal period (Chowen et al., 1993). In 
this case, is still unclear whether testosterone enhances the survival of GHRH 
neurons or the diff erentiation to a GHRH expressing phenotype.

I have already mentioned that the role of androgens and its metabolites on 
the sexual diff erentiation of central nervous system in fetal life is not always 
in the direction of increasing neuronal survival; this is also true for the hor-
monal eff ects on postnatal life. Gonadal hormones promote neuronal survival 
or neuronal death with high cellular and regional selectivity during postna-
tal central nervous system development. An example of opposite eff ects of 
gonadal steroids on neuronal survival was provided by Antonio Guillamón 
and his collaborators at the Universidad Nacional de Educación a Distancia 
in Madrid. Th ey demonstrated that within the bed nucleus of the stria termi-
nalis of the rat, gonadal steroids have opposite eff ects in diff erent anatomical 
regions. Within the medial posterior division of the bed nucleus of the stria 
terminalis, males have a greater number of neurons than females; however, in 
the anterior region of the lateral division of this same nucleus, females have 
signifi cantly more neurons than males. Th ese diff erences can be obliterated 
by modulating the neonatal steroid environment of the animal (Guillamón 
et al., 1988), indicating that gonadal hormones are exerting regional specifi c 
eff ects on neuronal survival. Another interesting example of opposite eff ects 
of gonadal hormones on neuronal survival is the anteroventral periven-
tricular nucleus of rats and mice, which is involved in the regulation of the 
female estrus cycle, and is larger in females than in males (Bleier et al., 1982). 
Richard B. Simerly and his collaborators at the Oregon National Primate 
Research Center have studied the process of sexual diff erentiation of this 
nucleus, fi nding that androgens, aft er conversion to estrogen and activation of 
estrogen receptors, induce apoptosis, resulting in a smaller number of dopa-
minergic neurons in males (Simerly, 2002; Simerly et al., 1997). Interestingly, 
Simerly and his colleagues have found that within the anteroventral periven-
tricular nucleus, diff erent neuronal populations show opposite sex diff erences. 
While dopaminergic neurons are more abundant in females, other peptide 
neuronal populations are more abundant in males. Hence, gonadal steroids 
may either increase or decrease the number of specifi c neuronal populations 
within the same neural region. Th is selective eff ect of gonadal hormones on 
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neuronal survival and death results in a specifi c modulation of the number 
of cells with diff erent phenotypes sending out processes, which in turn may 
generate sex diff erences in the volume and composition of the neuropil and 
synaptic connectivity.

Th e number of neurons within a specifi c anatomical region is one impor-
tant factor determining the availability of suitable postsynaptic neuronal 
membrane for the formation and support of synaptic contacts with incoming 
axons. Diff erences in axonal and dendritic growth and in dendritic branching 
also contribute to the specifi cation of the fi nal number of synaptic contacts. 
Th erefore, it is not surprising that the generation of sex diff erences in neuro-
nal content, neuritic growth, and glial diff erentiation by gonadal hormones is 
accompanied by sexual dimorphisms in synaptic connectivity. Th e possible 
infl uence of gonadal hormones (in particular, testosterone) on the connec-
tivity of the developing brain was suggested in 1970 by the prominent British 
endocrinologist Geoff rey Wingfi eld Harris (1913–1971). Harris predicted that 
if testosterone acted in an inductive way to develop a male neural mechanism 
in the anterior hypothalamic-preoptic region, then this diff erentiation might 
be refl ected in anatomical or ultrastructural modifi cations (Harris, 1970). A 
few years later, in 1973, the fi rst evidence for a role of gonadal hormones in 
determining the diff erentiation of the neuropil was published by Geoff rey 
Raisman and Pauline M. Field from the department of human anatomy at 
Oxford University, who detected an infl uence of androgens during early post-
natal life on synapses in the preoptic area of the rat brain (Raisman and Field, 
1973). As a consequence of the hormonal eff ect, males have more axosomatic 
synapses and fewer dendritic spine synapses than females. Th en, in 1976, 
Dominique Toran-Allerand reported that estradiol promoted the growth of 
neural processes in explant organotypic cultures of the hypothalamus and 
preoptic area of newborn mice, suggesting that this hormonal eff ect could 
be involved in the generation of sex diff erences in the neuropil. Testosterone 
was also able to induce neuritogenesis, although aft er its transformation to 
estradiol (Toran-Allerand, 1976, 1980). Further studies showed sex diff er-
ences in the dendritic patterns in the preoptic area of hamsters (Greenough 
et al., 1977), and androgen regulation of dendritic growth and retraction dur-
ing the development of the spinal nucleus of the bulbocavernosus (Goldstein 
et al., 1990). In addition, in vitro studies demonstrated that estradiol increases 
axonal and dendritic length and neurite branches per cell in hypothalamic 
neurons in explant cultures (Diaz et al., 1992; Dueñas et al., 1996; Ferreira 
and Caceres, 1991; Toran-Allerand, 1976; Toran-Allerand et al., 1983). Th ese 
studies showed that gonadal hormones are intimately involved in determining 
dendritic and axonal length, as well as in the modulation of dendritic branch-
ing in specifi c areas of the central nervous system.

Today we know that gonadal hormones infl uence dendritic development, 
the growth of dendritic spines, and the formation of the pattern of synaptic 
connectivity in many regions of the central nervous system, including dience-
phalic and telencephalic structures that control reproductive behaviors, such 
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as the ventromedial hypothalamic nucleus (Matsumoto, 1991; Matsumoto 
and Arai, 1986), lateral septum (DeVries et al., 1983, 1984), amygdala (Cooke 
et al., 2007; Nishizuka and Arai, 1981a, b), and the sexually dimorphic nucleus 
of the preoptic area in the rat (Hammer and Jacobson, 1984) and in the neu-
roendocrine diencephalic regions that control the release of pituitary hor-
mones, such as the hypothalamic arcuate nucleus (Garcia-Segura et al., 1994a; 
Matsumoto and Arai, 1980, 1986; Mong et al., 2001; Perez et al., 1990) and 
the preoptic area (Chen et al., 1990; Lariva-Sahd, 1991; Raisman and Field, 
1973; Watson et al., 1986). Sex diff erences in wiring pattern have been also 
detected in the hypothalamic suprachiasmatic nucleus, the brain’s endog-
enous clock that, amongst other functions, orchestrates neuroendocrine 
rhythms (Güldner, 1982). Furthermore, in addition to those areas directly 
involved with reproduction or other endocrine functions, postnatal develop-
ment of dendritic arbors and synaptic connectivity is also under the infl u-
ence of gonadal hormones in other brain regions, such as the cerebellar cortex 
(Sakamoto et al., 2003; Tsutsui et al., 2004), the cerebral cortex (Juraska, 1991; 
Medosch and Diamond, 1982; Muñoz-Cueto et al., 1990, 1991; Stewart and 
Kolb, 1994) and hippocampal formation (Gould et al., 1990b, 1991; Juraska, 
1991; Madeira et al., 1991; Parducz and Garcia-Segura, 1993). Early postnatal 
infl uence of sex hormones, generating sex diff erences in dendritic arbors and 
synapses, may aff ect the plastic responses of hippocampal neurons to environ-
mental enrichment (Juraska et al., 1985, 1988) and may result in diff erent syn-
aptic plastic responses to hormonal actions in adult life (Fig. 6.1). For instance, 
estrogen induction of the formation of dendritic spines in the ventromedial 
hypothalamic nucleus and in the CA1 region of the adult rat hippocampus is 
infl uenced by the organizational eff ects of gonadal steroids (Lewis et al., 1995). 
Similar infl uences of the organizational eff ects of sex hormones on adult plas-
tic responses have been detected in the neocortex. An ovariectomy in adult-
hood increases apical dendritic spine density and the dendritic arbor of layer 
II/III pyramidal neurons of the rat parietal cortex. However, this eff ect is not 
observed in rats treated neonatally with testosterone (Stewart and Kolb, 1994). 
Th erefore, the organizational action of testosterone during the postnatal 
period precludes the generation of plastic changes in the cerebral cortex aft er 
ovarian hormone deprivation in adulthood (Fig. 6.1). Organizational action of 
testosterone in the development of the hypothalamic arcuate nucleus synap-
tic connectivity may also be the cause of the lack of manifestation of synaptic 
plasticity in response to estradiol in this hypothalamic region of adult male 
rats (Horvath et al., 1997b).

Gonadal hormones may promote sex diff erences in synaptic connectivity 
by regulating microtubule assembly in neuronal processes, one of the key 
events involved in neurite elongation. Microtubule-associated proteins are 
known to promote tubulin polymerization or microtubule stability during 
active process extension. Interestingly, the eff ects of estradiol on the growth 
of neurites in vitro are paralleled by an increase in the expression of micro-
tubule-associated proteins, such as tau or microtubule-associated protein 2 
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(Ferreira and Caceres, 1991; Lorenzo et al., 1992). In addition, estradiol and 
progesterone regulate the expression of microtubule-associated protein 2 in 
the brain in vivo (Reyna-Neyra et al., 2002), and testosterone (Papasozomenos 
and Shanavas, 2002), estradiol (Alvarez-de-la-Rosa et al., 2005; Cardona-
Gomez et al., 2004), and progesterone (Guerra-Araiza et al., 2007) regulate 
tau phosphorylation, which is essential for its association with axonal micro-
tubules and the regulation of axonal growth. Estradiol also regulates the 
interaction of tau with neurotransmitter receptors (Cardona-Gomez et al., 
2006). All these hormonal eff ects may be involved in the regulation of neu-
ritic growth and synaptic plasticity. In addition, gonadal hormonal regulation 
and sex diff erences in the expression of focal adhesion kinase and paxillin in 
the arcuate nucleus suggest that these two important regulators of neuronal 
process formation are involved in the generation of sex diff erences in synaptic 
connectivity in this brain region (Speert et al., 2007).

Hormonal actions on glial cells may also be highly relevant for the sexual 
diff erentiation of neuronal connectivity. Th is is substantiated by the fi ndings 
of several laboratories indicating that the morphology, immunoreactivity, 
enzymatic activity, and gene expression of astroglia are sexually dimorphic 
in  several brain areas, and can be modifi ed by the postnatal actions of sex 
 hormones (Chowen et al., 1995; Conejo et al., 2005; Garcia-Segura et al., 1988c; 
Mong et al., 1999). Furthermore, glial cells express receptors for gonadal 
 hormones, and participate in steroid metabolism and in the synthesis of endog-
enous steroids by the nervous system (see Garcia-Segura and Melcangi, 2006, 
for a review). Considering the close morphological and functional relation-
ship between glial cells and neurons, it is obvious that hormonal eff ects on glia 
during the development of the nervous system may have important functional 
consequences. Several steps during the genesis of sexually dimorphic neuronal 
networks could conceivably be regulated by glial cells, including the prolifer-
ation, survival, migration, and functional maturation of neurons. Hormonal 
modulation of glial cell morphology may be involved in the establishment of 
the sexually dimorphic pattern of neuronal connectivity seen in various brain 
nuclei. In support of this concept, the laboratory of Margaret McCarthy at the 
University of Maryland and our own  laboratory have  provided evidence for 
a parallel maturation of astroglia and synaptic connectivity in the rat hypo-
thalamic arcuate nucleus. Th e development of sex diff erences in the number 
of axosomatic synapses in this nucleus occur in parallel to the development 
of sex diff erences in: (i) the levels of glial fi brillary acidic protein (GFAP), a 
component of the cytoskeleton of astrocytes; (ii) the morphological diff er-
entiation of astrocytes; and (iii) the amount of neuronal membrane  surface 
covered by astroglial cell processes (Chowen et al., 1995; Garcia-Segura et al., 
1995b; Mong and Blutstein, 2006; Perez et al., 1990). Th ese sex diff erences are 
induced by the perinatal secretion of testosterone in male rats (Fig. 6.2). Th is 
hormone induces the stellation of astrocytes, an increased expression of GFAP, 
and an increased coverage of neuronal membranes by astrocytic processes. 
Coincident with these changes in astrocytic morphology is a strong reduction 
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in the density of dendritic spines and axosomatic synapses on arcuate neurons 
(Garcia-Segura et al., 1995b; Mong et al., 1996, 1999; Mong and McCarthy, 
1999). Th e eff ect of testosterone on astrocytes and synapses is likely mediated 
by its conversion into estradiol. Although these fi ndings suggest that astro-
cytes are involved in the hormonal modulation of synaptogenesis, it is still 
a matter of debate as to whether glial cells play an active role in the genera-
tion of sex diff erences in synaptic connectivity (Garcia-Segura and McCarthy, 
2004). Jessica Mong and her colleagues have provided evidence that neurons, 
via the neurotransmitter GABA, play a critical role in the sexual diff erentia-
tion of astrocytes in the arcuate nucleus (Mong et al., 2002). In addition, estra-
diol increases the glial expression of glutamine synthetase, which facilitates 
the conversion of glutamate into glutamine. Glutamine may then be used by 
neurons for glutamate synthesis, which in turn may aff ect neuronal and glial 
function (Blutstein et al., 2006; Mong and Blutstein, 2006).

Th e coordinated modifi cation in the extension of glial processes covering 
neuronal membranes and the formation of synapses may be the consequence 
of a modifi cation in the adhesion and recognition properties of neuronal 
membranes. We have postulated that hormonal modifi cations in the organi-
zation of the neuronal plasma membrane may precede, and be the cause of, 
the synaptic and glial changes in the arcuate nucleus, and perhaps in other 
brain regions as well. It is important to note that the generation of sex diff er-
ences in the number of axosomatic synapses in the rat hypothalamic arcuate 
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Figure 6.2. Action of androgens during early postnatal life in rats predetermines the 
synaptic connectivity in adult arcuate neurons. Neonatal administration of testoster-
one to female pups (androgenized females) or endogenous action of testosterone in 
neonatal males results in a decreased number of axosomatic synaptic contacts and an 
increased glial coverage of arcuate neuronal somas in adults (A) compared to normal 
female rats (B).
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nucleus takes place between postnatal day 10 and postnatal day 20; that is, sev-
eral days aft er the perinatal androgen peak in males, and when testosterone 
 levels in plasma and the hypothalamus have reached low values (Perez et al., 
1990). Th is observation raises the question as to what mechanisms underlie 
this delay in the manifestation of gonadal steroid-induced sex diff erences in 
the number of synapses. Androgens, or its metabolite estradiol, should exert 
some eff ect in the arcuate nucleus that causes the generation of sex diff erences 
in synapses several days later. Our hypothesis is that hormonal modifi ca-
tions in the recognition properties of neuronal membranes and cell adhesion 
 molecules may result in increased or decreased affi  nity for glial membranes, 
and consequently in an increased or decreased glial coverage (Garcia-Segura 
et al., 1995b; Naft olin et al., 1996a).

Th e involvement of neuronal membrane molecules in the induction of neu-
roglial plasticity by gonadal steroids is supported by freeze-fracture studies on 
arcuate neurons which demonstrate gender diff erences in the structure of their 
plasma membrane. Neuronal plasma membranes from male and female rats 
diff er in their content of intramembrane particles (IMPs), structures thought 
to represent proteins embedded in the membrane bilayer. Plasma membranes 
from developing females have a higher numerical density of small IMPs 
(< 10 nm), while neuronal membranes from developing males have a modest 
excess of large IMPs (> 10 nm) (Garcia-Segura et al., 1985; Perez et al., 1990). 
Small IMPs in the plasma membranes of arcuate neuronal somas bind con-
canavalin A (Fig. 6.3) and may, therefore, represent membrane glycoproteins 
involved in cellular recognition (Garcia-Segura et al., 1989a). Th is sexually 
dimorphic membrane phenotype is changed by neonatal sex steroid exposure; 
the number of small IMPs falls, while the number of large IMPs increases 
to male levels aft er the administration of testosterone to newborn females. 
Th e number of concanavalin A binding sites is also reduced to male levels 
in androgenized females (Fig. 6.3). Th ese fi ndings suggest that gender diff er-
ences in arcuate neuronal plasma membrane composition may be induced by 
the fetal burst of androgen production by males. Hormone-induced changes 
in the number of IMPs appear to be linked to modifi cations in the exoendo-
cytotic activity of arcuate neuronal membranes (Garcia-Segura et al., 1987b, 
1988b). Changes in the number of exoendocytotic images accompany the 
 sexual diff erentiation of IMP content in arcuate neuronal membranes and 
precede the generation of sex diff erences in synapses and glia. Exoendocytotic 
images are higher in newborn and 10-day-old males than in females of the 
same ages, before the appearance of sex diff erences in the number of axo-
somatic synapses. Th e increased exoendocytosis in male membranes likely 
refl ects an active membrane remodeling that may be the cause of the diff er-
ent IMP composition in male and female membranes. Exoendocytotic activity 
in male membranes declines aft er postnatal day 10 to reach female levels by 
postnatal day 20, when sex diff erences in synapses are already established. 
Androgenization of females with a single injection of testosterone propionate 
on the day of birth results in a signifi cant increase in the endocytotic activity 
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in the arcuate membranes to levels similar to those observed in male animals 
(Garcia-Segura et al., 1988b).

As it is probably the case for the sexual diff erentiation of the number of 
axosomatic synapses in the arcuate nucleus, the eff ect of testosterone on arcu-
ate membranes may be mediated by its conversion to estradiol in the hypo-
thalamus, where high levels of aromatase enzyme have been found. Indeed, an 
increase in the number of exoendocytotic images is observed aft er the admin-
istration of high doses of estradiol to adult female rats, a treatment that also 
abolishes the sex diff erences in IMP content (Olmos et al., 1987). Estradiol also 
induces a rapid increase in exoendocytotic images in the plasma membrane 
of cortical neurons in monolayer cultures; this increase precedes changes in 
IMP numbers (Garcia-Segura et al., 1989c). Th us, the modulation of exoendo-
cytotic activity could be involved in the mechanism by which estradiol aff ects 
the number of IMPs in neuronal membranes. Th e increase in the number of 
exoendocytotic images appears to be, at least in part, related to increased mem-
brane internalization, since estradiol induces a rapid increase in the endocyto-
sis of extracellular markers in arcuate tissue slices perfused with physiological 
levels of this hormone (Garcia-Segura et al., 1987b). Th e eff ect of estradiol on 
exoendocytotic images is dose dependent, reversible, and is elicited within one 
minute aft er the perfusion of hypothalamic slices has begun (Garcia-Segura 
et al., 1987b). Th e rapidness of this hormonal response suggests a nongenomic 
eff ect of estradiol on neuronal membranes. Such rapid hormonal membrane 
eff ects may modulate the insertion or the endocytotic removal of IMPs from 
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Figure 6.3. Concanavalin A binding to intramembrane protein particles in the 
plasma membrane of arcuate neurons. Concanavalin A, which binds to glycopro-
teins, is recognized by colloidal gold labeling (black dots); (A) from a control adult 
female rat, (B) from an adult female rat that was injected with testosterone on the 
day of birth. Developmental actions of testosterone cause a permanent modifi cation 
in the phenotype of the plasma membrane of arcuate neurons. Scale bar, 0.25 μm. 
(Microphotographs from the author. Based on Garcia-Segura et al., 1989a.)
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the plasma membrane of arcuate neurons and this, in turn, could change the 
intercellular affi  nities, allowing synaptic and neuroglial plasticity. Th e marked 
hormonally induced sex diff erences in the content of IMPs in arcuate neuronal 
perikarya plasma membranes suggest that the postsynaptic membrane com-
position could be involved in the genesis of synaptic diff erences. Th e sex dif-
ferences in the neuronal plasma membrane that already exist in the newborn 
rat (Garcia-Segura et al., 1985) could be directing the formation of the synaptic 
pattern that occurs later in development and up to several days aft er the peri-
natal peak of testosterone. According to this hypothesis, the eff ect of gonadal 
steroids on the neuronal plasma membrane may result in a sexual diff erenti-
ation of synaptic connectivity, either because growth cones will fi nd a diff er-
ent postsynaptic membrane organization in males than in females, or because 
neuronal membranes have an increased gliophilic structure in males, resulting 
in an increased astrocytic ensheathing of neurons and, therefore, a decreased 
number of available postsynaptic sites for the growing axons.

Stress Hormones

Stress hormones also have an impact on the developmental organization of 
the brain during postnatal life. We have seen earlier in this chapter that stress 
during pregnancy may have a permanent impact on brain plasticity and func-
tion. Glucocorticoids may program the fetal brain, altering its future plasticity 
and function during adult life. It should be noted, however, that dams sub-
jected to stress during pregnancy may show an altered maternal care and this 
may contribute to the behavioral defi cits of their off spring (Champagne and 
Meaney, 2006). Th erefore, it is not always easy to separate gestational eff ects 
of stress from early postnatal eff ects, which also have an important impact on 
adult life.

As prenatal stress does, early postnatal stress also profoundly infl uences 
brain plasticity, cognitive function, behavior, and emotions in adult life 
(Fig. 6.1). Stress and stress hormones may exert organizational eff ects in the 
postnatal developing brain that will persist throughout adulthood. In humans, 
early adverse experiences in postnatal life are a developmental risk factor for 
the appearance of psychopathological alterations in adulthood (Brunson et al., 
2005; Sanchez et al., 2001; Welberg et al., 2001). For instance, maltreated chil-
dren or children exposed to traumatic or stressful events have an increased 
probability of developing major depression, posttraumatic stress disorder, 
and attention defi cit/hyperactivity (Gutman and Nemeroff , 2003; Heim et al., 
2004). Th e aff ective alterations caused by early life stress in humans are asso-
ciated with functional modifi cations in the adult brain. For instance, posi-
tron emission tomography studies have revealed that women with histories of 
childhood sexual abuse (which have increased symptoms of depression and 
anxiety compared to women without a history of childhood abuse [McCauley 
et al., 1997]), have an increased cerebral blood fl ow in the anterior paralim-
bic regions of the brain (Shin et al., 1999). In addition, studies with magnetic 
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 resonance imaging have detected decreased hippocampal volumes and abnor-
mal neuronal network function in the brain of children that have suff ered 
physical or sexual abuse, and in adult people that suff ered these abuses early in 
life (Bremner et al., 1997; Chugani et al., 2001; DeBellis et al., 2002; Stein et al., 
1997). Furthermore, it has been reported that dopamine release aft er stress is 
higher in the striatum of human subjects with low maternal care (Pruessner 
et al., 2004).

Maternal deprivation, poor maternal care, and post-partum stress and 
depression are a source of stress in early life that may aff ect child development 
and have a permanent impact on brain function and plasticity. In monkeys, 
maternal or sibling deprivation during rearing results in aggressive behav-
ior, incapacity to cope with stressful situations, heightened fear, and learning 
and memory defi cits later in life (Levine et al., 1993; Ruppenthal et al., 1976; 
Sanchez et al., 1998). Altered maternal care in rodents is also associated with 
cognitive impairment in adult life (Brunson et al., 2005). In contrast, enhanced 
maternal care in rodents and primates is associated with better cognitive skills 
in adult life (Liu et al., 1997; Sanchez et al., 1998). Th e quality of maternal 
care in the off spring predetermines functional and structural brain plastic 
responses to stress and corticosterone in later life (Champagne et al., 2008), 
exerting a metaplastic regulation of brain plasticity. An extreme case is the 
prolonged maternal separation during the early postnatal period in rodents, a 
stressful situation for both the dam and pups. Adult rats that were separated 
from their mothers for extended periods in early postnatal life have an altered 
responsiveness of their hypothalamic–pituitary–adrenal axis aft er exposure 
to stressful experiences, showing prolonged increases in CRH, adrenocorti-
cotropic hormone (ACTH), and corticosterone in response to stress (Plotsky 
and Meaney, 1993). As previously mentioned regarding prenatal stress, early 
postnatal stress also results in permanent behavioral alterations and cogni-
tive eff ects. Th us, rats submitted to early postnatal prolonged maternal sepa-
ration have increased measures of anxiety (Huot et al., 2001) and depression 
(MacQueen et al., 2003), and impairments in fear conditioning (Kosten et al., 
2006), spatial learning, and recognition memory (Brunson et al., 2005; Huot 
et al., 2002). Interestingly, maternal separation aff ects maternal care in adult-
hood (Lovic et al., 2001), an alteration also produced with prenatal stress. In 
addition, as mentioned earlier regarding the eff ect of prenatal stress, postnatal 
stress in rats caused by early maternal separation may produce a disruption in 
the prepulse inhibition (Ellenbroek and Cools, 1998; Ellenbroek et al., 1998), 
an attention defi cit characteristic of schizophrenic patients. However, the 
eff ect of early postnatal stress on prepulse inhibition depends on the genetic 
background of the animals, having been observed in Wistar rats but not in 
other strains (Fumagalli et al., 2007). Th is suggests an interaction between 
postnatal stress and genetic factors.

As mentioned for prenatal stress, the behavioral and cognitive alterations 
produced in adult animals by early postnatal stress are also associated with 
remodeling of hippocampal circuits, including abnormal synaptic physiology 



Early Hormonal Infl uences on Brain Mutability 171

in CA3, remodeling of excitatory mossy fi ber innervation, and impairment of 
long-term potentiation in CA3 and CA1 (Brunson et al., 2005; Champagne 
et al., 2008; Huot et al., 2002). In contrast, long-term potentiation is enhanced 
in the hippocampal dentate gyrus by postnatal stress. Kehoe and Bronzino 
(1999) have studied a model of repeated infant isolation stress, in which rats 
were isolated from their mothers for one hour per day during postnatal days 
two through nine. Th is early postnatal stress results in a long-lasting enhance-
ment of the induction of long-term potentiation in the dentate gyrus. In addi-
tion, early postnatal stress caused by prolonged bouts of separation from the 
mother, in this case three hours each day between postnatal day 1 and post-
natal day 14, also causes a long-lasting suppression of adult neurogenesis and 
diminished plastic responses in neurogenesis aft er exposure to stress in adult 
life (Mirescu et al., 2004). Maternal separation for 24 hours causes a signifi -
cant decrease in the number of granule cells in the hippocampus (Fabricius 
et al., 2008), and the administration of high levels of corticosterone to post-
partum dams results in a decreased postnatal cell proliferation in the dentate 
gyrus of the male, but not female, off spring (Brummelte et al., 2006), suggest-
ing an interaction with gonadal hormones.

Th e eff ects of early life stress on adult hippocampal plasticity may be medi-
ated by hormonal alterations during hippocampal development. Stress in 
neonatal rats may activate the hypothalamic–pituitary–adrenal axis, caus-
ing the release of CRH from neurons of the hypothalamic paraventricular 
nucleus. CRH, in turn, induces the secretion of ACTH from the anterior 
pituitary gland, and ACTH induces the release of glucocorticoids from the 
adrenal glands. Th e hippocampus and other brain areas are sensitive to glu-
cocorticoids and express glucocorticoid receptors; these hormones may aff ect 
neuronal development and synaptogenesis in the hippocampus. Th erefore, 
permanent alteration of hippocampal function by early life stress may be the 
result of an unbalanced release of CRH during hippocampal development. 
Indeed, the administration of CRH in the cerebral ventricles of immature rats 
results in defi cits in the hippocampal function in adult life, and these defi -
cits have the same characteristics of those caused by early life stress (Brunson 
et al., 2001).

Peptide Hormones

In addition to CRH, other peptide hormones are also involved in the reg-
ulation of brain mutability during early postnatal life. Insulin appears to 
modulate developmental synaptic plasticity, since it has been shown that the 
addition of insulin accelerates the decline in silent glutamatergic synapses 
and the concomitant increase in functional synapses during the development 
of the thalamocortical projection in vitro (Plitzko et al., 2001). In contrast, 
repetitive insulin-induced hypoglycemia in young rats results in neuronal 
loss in the neocortex and impaired long-term potentiation of synapses in 
the hippocampus (Yamada et al., 2004). IGF-I also promotes the membrane 
expansion of nerve growth cones (Laurino et al., 2005) and axon outgrowth 
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(Ozdinler and Macklis, 2006), and may regulate neuronal migration (Jiang 
et al., 1998), synaptogenesis (O’Kusky et al., 2003), and other aspects of the 
postnatal development of the central nervous system, including the process 
of myelination by preventing the apoptotic death of oligodendrocytes dur-
ing postnatal life (Popken et al., 2004). Furthermore, IGF-I may interact with 
gonadal hormones in the regulation of developmental plasticity of the nervous 
system. I have analyzed in Chapter 5 the importance of the cross talk between 
estradiol and IGF-I for the regulation of synaptic plasticity in the adult brain. 
Such cross talk is also highly relevant for the developmental plasticity of the 
central nervous system. Indeed, an interaction between these two factors may 
contribute to the generation of structural sex diff erences in the central ner-
vous system by the regulation of the survival and diff erentiation of developing 
neurons in specifi c regions of the brain and spinal cord involved in the reg-
ulation of neuroendocrine events and reproduction (Carrer and Cambiasso, 
2002). Th e fi rst evidence of such an interaction was obtained by Dominique 
Toran-Allerand, Leland Ellis, and Karl H. Pfenninger at Columbia University, 
who in 1988 reported a synergic eff ect of estrogen and insulin on neuritic 
growth in fetal rat and mouse brain explants (Toran-Allerand et al., 1988). 
Although IGF-I was not directly tested in this seminal study, Toran-Allerand 
and her collaborators convincingly proposed that the eff ect of insulin could 
be mediated by the activation of IGF-I receptors, since insulin, at the concen-
trations used in their experiments, could have activated the IGF-I receptors. 
Support of this interpretation arrived almost one decade later from Europe. 
Th e laboratory of Adriana Maggi at the University of Milan (Ma et al., 1994) 
reported that insulin and insulin growth factors promoted the elongation of 
neuronal processes, and induced the growth arrest of a neuroblastoma cell 
line, but only when these cells were transfected with estrogen receptor α (the 
only known estrogen receptor at that time; therefore, in the original paper 
it was not labeled yet with the Greek character α). Furthermore, Maggi and 
her collaborators showed that IGF-I was able to activate estrogen receptor-α-
mediated-transcription in neuroblastoma cells (Ma et al., 1994; Patrone et al., 
1996). Th is fi nding was of extraordinary importance—the implication is that 
IGF-I could exert part of its developmental actions in neurons by regulating 
the activity of estrogen receptors. Since then, several studies have demon-
strated that estradiol may also regulate IGF-I signaling in the developing cen-
tral nervous system, and that there is an interdependence of estrogen receptors 
and IGF-I receptors in the promotion of neuronal survival and diff erentiation 
in primary cultures of developing hypothalamic neurons (Cambiasso et al., 
2000; Carrer and Cambiasso, 2002; Dueñas et al., 1996).

Aft er the highly interesting report by Adriana Maggi’s group (Ma et al., 
1994) showing that estrogen receptor α was indispensable for the eff ects of 
IGF-I on neuritic extension in neuroblastoma cells, we decided in our lab-
oratory to examine the possible interaction of IGF-I and estrogen receptors 
on the diff erentiation and survival of primary neurons (Dueñas et al., 1996). 
Both estradiol and IGF-I promoted neuronal survival and diff erentiation in 
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primary neuronal cultures grown in a defi ned medium deprived of serum and 
hormones. In these cultures, the induction of neuronal survival and diff eren-
tiation by IGF-I was prevented by inhibiting the synthesis of estrogen receptor 
α, using a specifi c antisense oligonucleotide. Th e eff ect of IGF-I was also pre-
vented by the estrogen receptor antagonist ICI 182780. In turn, the promotion 
of neuronal survival and diff erentiation by estradiol was prevented by block-
ing the synthesis of IGF-I in the cultures using a specifi c IGF-I antisense oligo-
nucleotide, as well as by the pharmacological blockade of the MAPK and PI3K 
signaling pathways, both activated by the IGF-I receptor (Dueñas et al., 1996; 
Garcia-Segura et al., 2000). Th erefore, estrogen receptor α mediates the eff ects 
of IGF-I, and IGF-I receptor mediates the eff ects of estradiol on hypothalamic 
neurons. Similar results have been obtained in neuroblastoma PC12 cells in 
the laboratory of Anne M. Etgen at the Albert Einstein College of Medicine. 
Topalli and Etgen demonstrated that both estradiol and IGF-I increases neu-
ritic growth in PC12 cells transfected with the estrogen receptor α, and that 
antagonists of estrogen receptors and IGF-I receptors block the eff ect of both 
factors, indicating that estrogen receptor α mediates the eff ects of IGF-I, and 
IGF-I receptor mediates the eff ects of estradiol on neuritic growth in PC12 cells 
(Topalli and Etgen, 2004). A role for IGF-I receptors in neuronal development 
has also been detected in the laboratory of Hugo F. Carrer at the University 
of Córdoba, Argentina (Cambiasso et al., 2000; Carrer and Cambiasso, 2002). 
Carrer and his collaborators have shown that estradiol induces an increase in 
axonal growth and in the expression of TrkB and IGF-I receptors in ventro-
medial hypothalamic neurons derived from male rats. However, this eff ect 
is only detected when neurons are cultured in the presence of conditioned 
media from glial cells removed from target regions. Th is suggests that growth 
factors released by glia are involved in the neuritogenic eff ect of estradiol, and 
that IGF-I receptors are involved in this eff ect. Th erefore, estradiol, IGF-I and 
its respective receptors may interact via diverse mechanisms in the regulation 
of neural development.

Another peptide hormone that infl uences postnatal brain development is 
leptin. Developmental actions of leptin may participate in the maturation of the 
neuronal circuits that control feeding and energy homeodynamics. Th erefore, 
factors that infl uence fetal leptin levels may alter this maturation, with long-
lasting consequences for metabolism. In addition, leptin may have an impact 
on the development of other central nervous system structures, including brain 
cognitive regions which express high levels of leptin receptors. Leptin may also 
interact with the developmental actions of other hormones, such as glucocor-
ticoids. Plasma levels of leptin are high in human neonates (Gomez et al., 1999) 
and early postnatal rodents (Ahima et al., 1998; Rayner et al., 1997), and are 
inversely related to basal corticosterone secretion (Walker CD et al., 2004b). 
During this developmental period, leptin may have an important eff ect on the 
organization of neuronal circuits regulating stress responses. For instance, 
during early postnatal life, leptin increases the effi  ciency of the response to 
glucocorticoid inhibitory feedback and inhibits responses to stress (Proulx 
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et al., 2001; Walker CD et al., 2004b). Th is eff ect may be in part  mediated by 
an increase in the expression of glucocorticoid receptors in the hippocam-
pus and in the hypothalamic paraventricular hypothalamic nucleus, brain 
structures that are involved in mediating the  glucocorticoid feedback onto the 
hypothalamic–pituitary–adrenal axis. Leptin may also decrease responses to 
stress in the pups by the actions of maternal behavior (Oates et al., 2000). In 
turn, one of the main sources of circulating leptin during this period is likely 
to be maternal milk (Walker CD et al., 2004a).

EARLY HORMONAL INFLUENCES ON BRAIN 
MUTABILITY: RECAPITULATION

We have seen in this chapter that a variety of hormonal signals are involved 
in the regulation of the developmental plasticity of the central nervous system 
during fetal and early postnatal life. Some hormones, such as thyroid hor-
mones, appear to play the role of master regulators of neural development, 
and are indispensable for the coordinated morphological and functional mat-
uration of all regions of the central nervous system. Other hormones, such as 
growth hormone and IGF-I, are important for determining the fi nal number 
of neurons and glial cells. Several hormones, such as gonadal steroids and 
stress hormones, exert more specifi c organizational actions in the prolifer-
ation and diff erentiation of neurons and glial cells, and the organization of 
neuronal circuits in specifi c brain regions. However, all the hormonal signals 
that regulate the developmental mutability of the central nervous system act 
in concert. We have seen that several hormones aff ect similar developmen-
tal processes. Th us, thyroid hormones, insulin, growth hormone, and IGF-I 
regulate the formation of myelin. All these hormones and stress hormones 
regulate neurogenesis; many hormones aff ect the functional organization of 
neuronal circuits. Th erefore, several hormones may interact in the regulation 
of the same plastic event during brain development, and infl uence the action 
of other hormones. For instance, neuroplastic developmental actions of stress 
hormones are infl uenced by sex hormones, and have diff erent outcomes in 
males and females. In turn, leptin and sex hormones aff ect the developmental 
actions of stress hormones, while prolactin and growth hormone exert antag-
onistic eff ects to thyroid hormone on brain metamorphosis in amphibians. 
In contrast, CRH and corticoids facilitate the metamorphic eff ects of thyroid 
hormones in the brain. In consequence, the organizational eff ects of a given 
hormone on the developing central nervous system depend on the general 
hormonal context.

Hormonal regulation of developmental brain mutability predetermines 
the future brain plastic responses during adult life (Fig. 6.1). On one hand, 
the developmental action of a given hormone infl uences future plastic 
responses in the neuronal circuits governing its own hormonal secretion or 
governing other hormonal systems. Th us, for example, the developmental 
actions of thyroid hormones are essential for the general maturation of the 
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neuronal circuits that regulate hypothalamic hormonal secretions. On the 
other hand, other hormones exert more specifi c eff ects. For instance, sex hor-
mones determine a sexually dimorphic maturation of the hypothalamic neu-
ronal systems regulating their own secretions and those of other hormones, 
such as growth  hormone. Furthermore, the developmental actions of a given 
hormone  determine future neuroplastic responses of the brain to the same 
hormone and to other  hormonal signals during adult life. For instance, the 
developmental actions of sex hormones may predetermine sex dimorphic 
neuroplastic responses and a sex-dimorphic regulation of brain plasticity by 
sex hormones or other hormones in adult life, while developmental actions 
of stress hormones infl uence future neuroplastic responses to stress, leptin, 
and sex hormones. Moreover, early hormonal regulation of brain develop-
ment is determinant for the future responses of the nervous system to other 
exteroceptive and interoceptive regulators of brain plasticity. Th us, inade-
quate hormonal levels during the developmental period may cause permanent 
impairments in the adaptation of brain plasticity and behavior to the phys-
ical and social environment. In conclusion, we may consider that hormonal 
actions on brain development regulate metaplasticity, since they predetermine 
the future neuroplastic responses during adult life.
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Chapter 7

Life Stages, Hormones, and Brain 
Remodeling: The Transition from 
Childhood to Adulthood

INTRODUCTION: PREPUBERTAL MATURATION, PUBERTY, AND 
ADOLESCENCE

Th e transition from childhood to adulthood is a critical period of transfor-
mation in the life cycle. Although mature gonadal function in vertebrates is 
reached at puberty, the full process of transition from childhood to adult-
hood involves a progressive maturation that is initiated before puberty, and 
not entirely completed by the time of puberty. Puberty is the moment of ini-
tiation of adolescence, which will end when full adult body characteristics 
are attained. Accordingly, the transition from a juvenile to the adult stage 
may be divided into three periods: prepubertal maturation, puberty, and ado-
lescence. Although I will follow this division in this chapter, it is important 
to pay attention to the fact that the prepubertal and postpubertal periods of 
maturation have a diff erent duration among species, and that some authors 
consider adolescence as the gradual period of transition from childhood to 
adulthood, including pubertal maturation. For simplifi cation, I will also use 
in this chapter the term peripubertal maturation to include the three periods 
of transition from childhood to adulthood: prepubertal maturation, puberty, 
and adolescence.

Th e transition from the juvenile to adult stage is accompanied by a con-
siderable degree of anatomical and functional body remodeling, including 
a remarkable readjustment in the activity of endocrine glands. Th e central 
nervous system, which plays an essential role in the generation of the hor-
monal changes associated with peripubertal maturation, also undergoes an 
important structural and functional transformation during this phase of life. 
Th e functional reorganization of the endocrine glands and the nervous sys-
tem during the prepubertal period, puberty, and adolescence are interrelated. 
From one side, brain remodeling results in new patterns of neural regulation 
of hormonal secretion, and contributes to the initiation of puberty and to the 
hormonal changes associated with puberty and adolescence. In turn, new 
patterns of endocrine secretions generated during prepubertal maturation, 
puberty, and adolescence will regulate new morphological and functional 
plastic modifi cations in the brain and spinal cord, and will activate specifi c 
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behaviors and additional neuroendocrine regulations. Th us, during the peri-
pubertal period, the cross talk between the brain and the endocrine glands is 
readjusted to reach a new status of homeodynamic equilibrium in adulthood.

Given the complexity of the cross talk between the brain and the endocrine 
glands, it is not always evident as to whether a specifi c brain plastic modifi ca-
tion observed during the prepubertal period, puberty, and adolescence is the 
cause or the consequence of the hormonal changes, or whether it represents 
an independent phenomenon. Having this consideration in mind and being 
aware of this limitation, I may now proceed to analyze the hormonal infl u-
ences on brain plasticity during the prepubertal period, puberty, and adoles-
cence. Our approach will be fi rst to describe some examples of brain plastic 
changes associated with this life stage; then I will consider how hormones may 
aff ect these neuroplastic modifi cations; and fi nally, I will analyze the impact 
of brain remodeling during prepubertal maturation, puberty, and adolescence 
on the activity of endocrine glands.

BRAIN REMODELING DURING THE TRANSITION FROM 
CHILDHOOD TO ADULTHOOD

We are only beginning to appreciate the importance of the structural and 
functional modifi cations that occur in the brain during the transformation 
from childhood to adult life. Th is developmental transition is a phase of con-
siderable modifi cations in cognition, mood, arousal, motivation, sleeping 
patterns, personality, social interactions, behavior, and aff ection in humans 
(Blakemore, 2008; Spear, 2000; Steinberg, 2005). Th e brain then undergoes 
radical functional alterations that are associated with a high degree of plastic 
structural remodeling. Imaging techniques have allowed for the assessment 
of these brain changes in humans, revealing important nonlinear modifi ca-
tions in brain growth during childhood, puberty, and adolescence. Diff erent 
brain regions have diff erent peaks of maturation, and the changes include 
modifi cations in the volume of gray and white matter. Gray matter maturates 
fi rst in the primary sensorimotor cortices along with the frontal and occipital 
poles. Th en the rest of the cerebral cortex maturates in a parietal-to-frontal 
direction. In some cortical regions containing association areas that integrate 
information from diff erent sensory modalities (such as the temporal lobes), 
gray matter volume does not reach an adult steady state until the early to mid-
twenties (Giedd et al., 1999; Gogtay et al., 2004). Both volume and myelination 
of the white matter increase progressively, in a region-specifi c fashion, dur-
ing childhood and adolescence (Paus et al., 2001). However, striking nonlin-
ear changes occur in white matter volume during the process of myelination 
of cortical and subcortical axons and the maturation of cortical connections 
(Th ompson et al., 2000). In general, pubertal maturation represents a period 
in which brain growth is fi rst increased, and then decreased and stabilized. 
Gray matter volume increases in the prepubertal period and decreases aft er 
puberty (Giedd et al., 1999; Gogtay et al., 2004; Jernigan et al., 1991; Paus, 
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2005; Pfeff erbaum et al., 1994; Shaw et al., 2006; Sowell et al., 1999). Growth 
rates in fi bers innervating association and language cortices are also attenu-
ated aft er puberty (Th ompson et al., 2000).

Animal studies have also revealed marked changes in brain structure dur-
ing the transition from childhood to adulthood. Th ese studies have detected 
synaptic and dendritic remodeling in diff erent regions of the central nervous 
system during prepubertal maturation, puberty, and adolescence. In general, 
studies in animals are in agreement with the observations in humans, indi-
cating that there is a reduction in the overall connectivity in the gray matter 
aft er puberty, which suggests a possible reshaping of synaptic circuits during 
this life stage. Axons, dendrites, synapses, and synaptic receptors are modi-
fi ed in several brain regions between puberty and adulthood (Sisk and Zehr, 
2005). One of the fi rst piece of evidence was obtained by Gundela Meyer and 
her collaborators at the University of La Laguna in the Canary Islands. Th ey 
studied the morphology of hippocampal CA1 neurons in male rats using the 
Golgi method, and discovered that the density of dendritic spines increases 
at puberty onset and then decreases aft er puberty (Meyer et al., 1978). More 
recent studies, using spinophilin immunoreactivity to label dendritic spines, 
have detected a 46% decrease in the number of dendritic spines in the stratum 
radiatum of area CA1 in postpubertal female rats (postnatal day 49) compared 
to peripubertal (postnatal day 35) and prepubertal (postnatal day 22) females 
(Yildirim et al., 2008).

Loss of dendritic spines associated with pubertal maturation has also been 
detected in the cerebral cortex—analysis with the Golgi method of layer III 
pyramidal neurons in areas 9 and 46 of male and female rhesus monkey pre-
frontal cortex has revealed an increase in spine density on both basal and 
apical dendrites during the fi rst two postnatal months, followed by a plateau 
through 1.5 years of age, then a decrease at peripubertal age (Anderson et al., 
1995). Similar changes have been observed in the density of parvalbumin-
immunoreactive axon terminals of the chandelier cortical interneurons 
(Anderson et al., 1995).

Another example of dendritic plasticity at puberty is provided by the spi-
nal nucleus of the bulbocavernosus, a sexually dimorphic group of motoneu-
rons whose development and maintenance are under androgenic control (see 
Chapter 6). Dendrites reach maximum lengths in male animals by the fourth 
postnatal week, then retract to adult lengths by seven weeks of age (Goldstein 
et al., 1990). Similarly, in the hypothalamic ventromedial nucleus of female 
rats, spine density of dendrites and somas is signifi cantly higher in juvenile 
versus peripubertal ages (Segarra and McEwen, 1991). In the preoptic area, 
the number of dendritic spines increases during prepubertal maturation, 
although the timing of the plastic changes shows some regional diff erences. In 
neurons located in the posterior inferior quadrant of the preoptic area, there 
is an increase in dendritic spines prior to vaginal opening. Th en, dendritic 
spines increase in number in neurons located in the anterior superior and pos-
terior superior portions of the preoptic area at the age of vaginal opening. Th e 
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plastic modifi cation is transient—the entire posterior preoptic area maintains 
an increased number of dendritic spines for several days; however, by 75 days 
of age the number of dendritic spines is dramatically decreased (Anderson, 
1982).

More recently, Cheryl L. Sisk from Michigan State University and her 
 collaborators analyzed the changes in the posterodorsal medial amygdala in 
male Syrian hamsters during puberty (Zehr et al., 2006). Th is brain region is 
involved in several behaviors that mature during puberty, such as aggressive, 
risk-taking, fear-related, parental, and mating behaviors. Sisk and her collabo-
rators detected a signifi cant pruning in the number of dendrites  emanating 
from the cell body, and in the density of dendritic spines with puberty. 
Another important modifi cation during puberty is the cellular position of the 
origin of axons in medial amygdala neurons. Approximately half of all pos-
terodorsal medial amygdala neurons had an axon emanating from a dendrite 
rather than the cell body, and during puberty there is a shift  in the origin of 
axons from higher-order dendritic segments to primary-order dendrites. Th e 
morphological remodeling is accompanied by signifi cant modifi cations in the 
expression of synaptic proteins, such as spinophilin and synaptophysin (Zehr 
et al., 2006).

All these fi ndings indicate that the transition from childhood to adulthood 
is accompanied by a reorganization of synaptic connectivity, a decrease in the 
number of dendritic spines, and the pruning of dendrites in several regions 
of the mammalian central nervous system. Th ese neuroplastic modifi cations 
may represent a process of refi nement of the neuronal circuits, which may 
be associated with new behavioral performances. Indeed, there is evidence 
suggesting that plastic modifi cations in dendrites, dendritic spines, and syn-
apses during the transition to adulthood in songbirds are involved in song 
learning.

Barbara Nixdorf-Bergweiler and her collaborators analyzed the dendrites 
of spiny neurons in the lateral magnocellular nucleus of the anterior neostria-
tum (now renamed nidopallium; see Reiner et al., 2004) of male zebra fi nches 
before, during, and aft er song learning, using the Golgi method. Th ey found 
that the number of dendritic spines increase during development between 
three and fi ve weeks of age, then decline. Th e number of spines in the middle 
dendritic segments decreases by 14% between fi ve and seven weeks of age, 
then decreases further by 48% between 7 weeks and adulthood. In addition, 
second-order dendrites have a decreased branching, and third-order den-
drites are shorter in adults than in younger birds (Nixdorf-Bergweiler et al., 
1995). Furthermore, subsequent electron microscopic analysis revealed that 
the decrease in the number of dendritic spines in the lateral magnocellular 
nucleus of the anterior neostriatum is associated with a decrease in both the 
density and total number of synaptic inputs. However, the length of the post-
synaptic density increases between juvenile birds and adulthood, suggesting 
that the dendritic and synaptic pruning likely refl ects a process of synap-
tic selection (Nixdorf-Bergweiler, 2001). Th e plastic dendritic and synaptic 
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changes from juvenile to adult birds in the lateral magnocellular nucleus of 
the anterior neostriatum are observed in males and not females, and are most 
likely associated with a plastic reorganization of the neuronal circuits involved 
in song learning, since they occur when males are learning songs and coincide 
with a massive decrease in the aff erent projections from the medial portion 
of the dorsolateral nucleus of the anterior thalamus, which are necessary for 
song learning (Johnson and Bottjer, 1992). In addition, the reduction in the 
number of dendritic spines is not observed in males that are raised in colonies 
without adult males, that is, in the absence of a live tutor for song learning. In 
contrast, the presence of adult males in the colony, and therefore the exposure 
to songs, results in the normal decrease in the number of dendritic spines in 
the transition to adult life (Wallhausser-Franke et al., 1995).

Studies by electron microscopy have also confi rmed that synaptic connec-
tivity decreases in parallel to dendritic pruning during the transition from 
childhood to adult life in other species and brain regions. Several studies have 
detected an overproduction of synapses in infancy followed by their elimi-
nation during adolescence. For instance, Zecevic and Rakic (1991) detected 
this change in the somatosensory cortex of rhesus monkeys. Th e number of 
synapses increases steadily throughout the late fetal ages and early infancy. 
In late infancy, there is a moderate decrease in the number of synapses, and 
during puberty the synaptic pruning accelerates. Th e decline is specifi c for 
certain types of synapses. It mainly aff ects asymmetrical junctions located on 
dendritic spines, while symmetrical synapses on dendritic shaft s and cell bod-
ies remain relatively constant during postnatal life. In coincidence with the 
structural synaptic pruning aft er puberty, biochemical analyses have revealed 
similar modifi cations in the expression of synaptic receptors. Th us, D1 and 
D2 dopamine receptors are overproduced prior to puberty in the rat striatum, 
and pruned back to adult levels thereaft er (Teicher et al., 1995). Th is apparent 
reduction in dendrites, synapses, and neurotransmitter receptors may repre-
sent a refi nement of connectivity. Indeed, during prepubertal maturation 
there is a maturation of the interactions between dopamine D1 receptors and 
NMDA receptors in the prefrontal cortex that may be critical for developing 
mature cognitive abilities (Tseng and O’Donnell, 2005).

Th e neuronal number is also modifi ed during puberty and adolescence in 
some brain regions. An increased cell death has been detected in the visual 
cortex of female rats during adolescence. Th e laboratory of Janice M. Juraska 
at the University of Illinois at Urbana–Champaign has detected an increased 
cell death in the visual cortex of female rats during adolescence (Nunez et al., 
2001). In addition, the total neuron number in the ventral portion of the medial 
prefrontal cortex decreased between days 35 and 90 in both male and female 
rats, the change being more pronounced in females (Markham et al., 2007). 
Th e capacity to generate new neurons also appears to be modifi ed in the mam-
malian brain during the transition from childhood to adulthood. Th us, the 
neuron number increases in the vasopressin and oxytocin-containing nucleus 
of the pig hypothalamus during adolescence, apparently due to an increase in 
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postnatal neurogenesis (Rankin et al., 2003). In addition, He and Crews (2007) 
have reported much higher levels of neurogenesis in the subgranular layer of 
the hippocampal dentate gyrus and in the forebrain subventricular zone of 
prepubertal mice than in adult mice. Th is suggests that the rate of neurogen-
esis in these brain regions suff ers a decline aft er puberty in mice. Th e decline 
in dentate gyrus neurogenesis aft er puberty seems to also occur in primates 
(Eckenhoff  and Rakic, 1988). In contrast, the capacity for adult neurogenesis 
does not decline in adult reproductive life in songbirds in which new neurons 
are incorporated into avian song nuclei during adolescence (Nordeen and 
Nordeen, 1989), in association with the maturation of the song brain system 
and song behavior.

HORMONES AS REGULATORS OF BRAIN PLASTICITY DURING 
PREPUBERTAL MATURATION, PUBERTY, AND ADOLESCENCE

Th e complex hormonal changes that occur during the transition from child-
hood to adulthood contribute to the regulation of the structural and phys-
iological remodeling of the brain associated with this period of life. Most 
likely, the gonadal hormones are one of the main regulators of neuroplastic 
modifi cations during the peripubertal period in which sex diff erences in 
brain  maturation are observed (De Bellis et al., 2001; Giedd, 2004; Giedd 
et al., 1997; Markham et al., 2007; Nunez et al., 2001). Puberty is the period 
when the functional consequences of early developmental actions of sex 
hormones in the brain are manifested, with the apparition of sexually dif-
ferentiated behaviors and sexually diff erentiated neuroendocrine regulation 
(Fig. 7.1). Numerous structural sex diff erences in the brain are manifested by 
the time of puberty, although not all of them appear to be dependent on gonadal 
hormones. In humans, the rates of brain growth show sex diff erences in some 
brain regions, such as the cerebral cortex, the hippocampus, the amygdala, the 
bed nucleus of the stria terminalis, and the corpus callosum (De Bellis et al., 
2001; Giedd et al., 1997). Th us, in general, the age of peak cortical gray mat-
ter thickness occurs earlier in girls than in boys accordingly, with the earlier 
puberty onset in girls (De Bellis et al., 2001; Giedd, 2004). In contrast, boys 
had more prominent age-related white matter volume and corpus callosal area 
increases  compared with girls (De Bellis et al., 2001). Furthermore, some sex 
diff erences in brain structure are generated during pubertal maturation, such 
as the diff erences in volume and number of neurons in the bed nucleus of the 
stria terminalis, which is larger in men (Chung et al., 2002). Sex diff erences 
in the volume and number of neurons of specifi c brain regions may be the 
consequence of a diff erent rate of neuronal death during the transition from 
childhood to adulthood. For instance, in rats there is a sexually dimorphic 
increase in cell death in the visual cortex during adolescence (Nunez et al., 
2001), resulting in adult male rats having 19% more neurons than female rats 
in the binocular region, and 18% more in the monocular region of the primary 
visual cortex (Reid and Juraska, 1992). Th e volume and number of neurons of 
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the ventral portion of the prefrontal cortex are also reduced in female rats, but 
not males between day 35 and day 90 (Markham et al., 2007).

Th e appearance of sex diff erences in brain structure by the time of puberty 
suggests that gonadal hormones may regulate neural plasticity during the 
 peripubertal period. Indeed, neuroplastic actions of gonadal hormones  during 
the transition from childhood to adulthood have been detected in  cortical 
regions of the brain. For instance, testicular hormones are responsible for 
both the increase in the density of dendritic spines in hippocampal neurons 
of male rats during puberty, and for their decrease aft er puberty, since these 
plastic modifi cations are prevented by castration before puberty (Meyer et al., 
1978). Testicular hormones are also associated with functional modifi cations 
in synaptic plasticity in the hippocampus during puberty. Th us, Hebbard and 
colleagues (2003) have shown that male rats that were gonadectomized at the 
onset of puberty and treated with testosterone during puberty showed a shift  
from long-term synaptic potentiation toward long-term synaptic depression 
in the CA1 region of the hippocampus, and a reduction of social memory. 
Testosterone also regulates dendritic formation and dendritic pruning in the 
spinal nucleus of the bulbocavernosus (Goldstein et al., 1990), promoting the 
initial growth of dendrites. Furthermore, the increase of testicular hormones 
with puberty appears to prevent further dendritic retraction, stabilizing den-
dritic length at adult levels (Goldstein et al., 1990). Estradiol is also involved in 
the regulation of brain plasticity during the transition from childhood to adult-
hood. For instance, estradiol increases dendritic and soma spine density in 
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Figure 7.1. Early hormonal regulation of developmental brain plasticity (hormones 
H1 and H2, such as sex hormones or stress hormones) predetermine future brain 
plastic responses (P1, P2) during the peripubertal period. Th erefore, early hormonal 
eff ects infl uence brain metaplasticity during the transition from childhood to adult-
hood. In addition, early hormonal eff ects also predetermine the future regulation of 
brain metaplasticity by new hormonal signals acting during the peripubertal period 
and during postpubertal life.
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the hypothalamic ventromedial nucleus in juvenile and peripubertal male and 
female rats (Segarra and McEwen, 1991). In addition, the decrease in  neuronal 
numbers in the visual cortex of female rats during puberty is prevented by 
a prepubertal ovariectomy, suggesting that ovarian hormones are the main 
regulators of this developmental change in the cerebral cortex (Nunez et al., 
2002). A modifi cation in the regulation of IGF-I receptor signaling by estra-
diol during pubertal maturation in the prefrontal cortex of female rats may be 
involved with the plastic modifi cations occurring in this brain region (Sanz 
et al., 2008). Th e actions of gonadal hormones during the peripubertal period 
are also involved in the diff erentiation of the pattern of axonal connectivity 
of neurokinin-B-expressing neurons in the rat hypothalamic arcuate nucleus. 
Neurokinin-B-expressing neurons project their  ventral axons to capillary ves-
sels in males, and to the neuropil in females. Th is  sexually dimorphic pat-
tern of axonal projections is apparently regulated by a masculinizing action 
of testosterone via androgen receptors, and a feminizing action of estradiol at 
puberty (Ciofi  et al., 2007). Ovarian hormones during the peripubertal period 
are also involved in the regulation of the connectivity between the two brain 
hemispheres, since an ovariectomy on postnatal day 20 results in an increase 
in the number of myelinated axons in the splenium of the corpus callosum of 
young adult rats. Ovarian hormones seem to aff ect the process of myeliniza-
tion, but the total number of axons is not aff ected by a prepubertal ovariec-
tomy (Yates and Juraska, 2008).

Some of the neuroplastic modifi cations exerted by gonadal hormones 
during the transition from childhood to adulthood are infl uenced or pre-
programmed by early hormonal actions, and may represent an example of 
metaplastic hormonal eff ects (Fig. 7.1). Roger Gorsky and his collaborators at 
the University of California, Los Angeles, showed that the sexual dimorphism 
in the volume of the anteroventral periventricular nucleus of the rat hypo-
thalamus (which is larger in females than in males) arises between postnatal 
days 30 and 40. Th en, the length of the nucleus becomes sexually dimorphic 
between days 60 and 80. However, the appearance of this sexual dimorphism 
is dependent on perinatal levels of androgens, since the castration of male 
rats on the day of birth sex-reversed the anteroventral periventricular nucleus 
 volume in adulthood, and the anteroventral periventricular nucleus length 
was sex-reversed by the castration of males fi ve days aft er birth (Davis et al., 
1996). Th ese fi ndings suggest that prenatal and early postnatal regulation of 
brain mutability by sex hormones may predetermine some of the structural 
and functional plastic changes that these hormones may regulate later on 
 during the peripubertal period.

Another example has been provided by Antonio Guillamón’s group at the 
Universidad Nacional de Educación a Distancia in Madrid. Th ey have char-
acterized a sex diff erence in volume of the locus coeruleus of rats that is due 
to a greater number of neurons in females. Th e number of neurons progres-
sively increases in the locus coeruleus in both sexes; however, postpubertal 
females have more neurons in the locus coeruleus than postpubertal males, 
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likely because of a sex diff erence in neuronal migration or neurogenesis 
around the time of puberty (Pinos et al., 2001). Interestingly, the sex diff er-
ence in the number of neurons in the locus coeruleus depends on perinatal 
levels of androgens; but, as for the anteroventral periventricular nucleus, it is 
manifested during puberty.

Another important hormonal infl uence for brain plasticity during the tran-
sition from childhood to adulthood is provided by stress hormones. Th e ado-
lescent brain is highly sensitive to the plastic actions of stress hormones (Ferris, 
2000), which exert eff ects that will be transmitted to adulthood. Physiological 
and behavioral responses to stress change during puberty, which is the moment 
when the fully functional maturation of the hypothalamic– pituitary–adrenal 
axis occurs (DiLuigi et al., 2006; Goel and Bale, 2007; Meaney et al., 1985; 
Romeo et al., 2004, 2006). Th is is also a period in which previous stressful 
experiences during early life may have an impact on brain plasticity and func-
tion. For instance, early stress has some eff ects on synaptic plasticity that 
are not manifested until adolescence. One example is maternal deprivation, 
which causes a disruption of prepulse inhibition of synapses in rats that is 
only detected aft er puberty (Ellenbroek et al., 1998). Interestingly, alterations 
in prepulse inhibition also occur in schizophrenia, and the manifestation of 
the disruption of prepulse inhibition aft er puberty in maternally deprived rats 
coincides with the temporal profi le for the onset of schizophrenic symptoms 
in humans. Early stress also interferes with the maturation of interneurons in 
the medial prefrontal cortex of rodents at around pubescence (Helmeke et al, 
2008). In some cases, interactions with developmental and/or peripubertal 
actions of sex hormones occur. Th us, neonatal handling increases the stress-
induced activation of the posterior cingulate cortex of adolescent female rats 
and not of adolescent males (Park et al., 2003). In contrast, cognitive defi -
cits and behavioral alterations as a consequence of prenatal stress have been 
detected in adolescent male rats and not in adolescent females (Llorente et al., 
2007; Nishio et al., 2001). In addition, stress  during adolescence may also have 
diff erent eff ects in male and female brains. For instance, stress during adoles-
cence enhances locomotor sensitization to nicotine in adult female rats, but 
not in adult male rats (McCormick et al., 2004).

Finally, it is important to consider that periods of adjustment in the com-
munication between the brain and the endocrine glands, such as the tran-
sition from childhood to adulthood, may increase the vulnerability of the 
brain to pathological alterations. Indeed, puberty and adolescence are asso-
ciated with an increased risk of a manifestation of aff ective disorders (such as 
major depression), and it is during adolescence that some major neuropsychi-
atric disorders such as schizophrenia become evident. Th is is also a period 
of greater vulnerability for addictive behaviors and drug abuse (Spear, 2000; 
Witt, 2007), which may be related to an enhanced activity of the brain endo-
cannabinoid system during adolescence (Marco et al., 2007). Th is increased 
vulnerability to pathological alterations may be in part the consequence of an 
inadequate plastic brain remodeling during prepubertal maturation, puberty, 
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and adolescence (Walker EF et al., 2004). For instance, it has been detected 
that the rates of brain volume reduction during adolescence are signifi cantly 
higher for patients with childhood-onset schizophrenia than for healthy com-
parison subjects (Sporn et al., 2003). On the other hand, the high level of plas-
ticity in the adolescent brain allows therapeutic interventions to compensate 
for the negative impact of early stressful experiences in life. Th us, the expo-
sure to an enriched environment during adolescence is able to compensate 
or reverse the eff ect of prenatal stress on cognition, play behavior, depres-
sive behavior, and emotionality in rats (Cui et al., 2006; Laviola et al., 2004; 
Morley-Fletcher et al., 2003a). Th e potential contribution to the development 
of psychiatric disorders of possible alterations in the hormonal regulation of 
brain plasticity during the transition from childhood to adulthood merits to 
be adequately explored.

BRAIN REMODELING AS A CAUSE OF HORMONAL CHANGES 
DURING PUBERTY

Th e other important aspect of the relation between puberty and brain plas-
ticity is that plastic reorganization of the brain is involved in the initiation 
of the hormonal modifi cations associated with puberty. Although several 
brain structures regulating diff erent hormonal systems may show consider-
able changes during puberty, including the neuronal networks controlling the 
hypothalamic-pituitary-adrenal axis (Romeo and McEwen, 2006), the best 
characterized plastic changes during the peripubertal period are those that 
occur in the synaptic circuits that govern the neuronal activity that produce 
gonadotropin releasing hormone (GnRH). Th ese circuits show a plastic func-
tional reorganization during the prepubertal period that dramatically alters 
the activity of GnRH neurons, generating a gradual increase in the frequency 
and amplitude of the pulses of GnRH secretion. Th e new pattern of GnRH 
secretion activates the secretion of pituitary gonadotropins, which in turn 
stimulates the production of gonadal hormones.

Several neuronal systems, including GABAergic neurons, preproenkepha-
linergic neurons, glutamatergic neurons, and kisspeptin-expressing neurons, 
regulate the activity of GnRH cells at puberty; some of these neuronal systems 
show plastic modifi cations during the peripubertal period. GnRH neurons 
suff er plastic modifi cations during the peripubertal period that are likely asso-
ciated with a functional and structural reorganization of their presynaptic 
inputs. In male mice, the number of spines on dendrites and the cell body of 
GnRH neurons increases during the peripubertal period. However, the com-
plexity of the dendritic tree is decreased between the prepubertal period and 
adulthood (Cottrell et al., 2006). Th ese modifi cations in dendrites and den-
dritic spines of GnRH neurons are likely related to modifi cations in the num-
ber of excitatory synaptic inputs. Quantitative electron microscopic studies 
have revealed a signifi cant decrease in the number of synaptic inputs on GnRH 
neurons during puberty in male rhesus monkeys (Perera and Plant, 1997). In 
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addition to this structural plasticity, the action of synaptic inputs on GnRH 
neurons may also suff er functional modifi cations at puberty. For instance, the 
action of GABAergic inputs on GnRH neurons in mice show a dramatic func-
tional plastic modifi cation, switching from depolarizing to hyperpolarizing 
actions on GnRH neurons around puberty (Han et al., 2002).

Kisspeptin neurons are one of the neuronal systems that regulate GnRH 
cells, and show modifi cations during the peripubertal period. Among the 
multiple neuronal and glial systems involved in the regulation of GnRH cells, 
kisspeptin neurons appear to play an indispensable role in the activation of 
GnRH release during puberty onset. Kisspeptin neurons express sex steroid 
receptors (Smith, 2008) and therefore may mediate the eff ects of sex hormones 
on the activity of GnRH neurons. Kisspeptin, which is encoded by the KiSS1 
gene, exerts a potent depolarizing eff ect on the excitability of GnRH neurons 
(Han et al., 2005). Its action is mediated by the G-protein-coupled receptor 
GPR54 (Seminara et al., 2003), which is expressed by GnRH neurons (Han 
et al., 2005). Th erefore, kisspeptin may directly act on GnRH neurons to 
 regulate GnRH release.

Th e kisspeptin/GPR54 system shows signifi cant changes at puberty—
the expression of kisspeptin and GPR54 increases in the hypothalamus at 
puberty in both male and female rats (Navarro et al., 2004), and in both male 
and female monkeys (Shahab et al., 2005). Furthermore, the hypothalamic 
maturation of the kisspeptin/GPR54 system is infl uenced by metabolic and 
environmental factors, such as undernutrition, that also aff ect pubertal mat-
uration (Castellano et al., 2005; Navarro et al., 2007; Tena-Sempere, 2006). 
Diff erent neuronal populations expressing kisspeptin, such as those pre-
sent in the anteroventral periventricular nucleus and in the arcuate nucleus 
(among other locations), show a diff erent response to sex steroids and may 
have diff erent regulatory eff ects on GnRH cells (Dungan et al., 2006). For 
instance, kisspeptin expression is decreased by estradiol and testosterone in 
the hypothalamic arcuate nucleus, and is increased by these hormones in the 
anteroventral periventricular nucleus. Th erefore, it has been suggested that 
kisspeptin neurons in the hypothalamic arcuate nucleus participate in the 
negative feedback regulation of gonadotropin secretion, while those located 
in the anteroventral periventricular nucleus participate in the generation of 
the preovulatory gonadotropin surge in the female. In this regard, it is inter-
esting to note that the expression of kisspeptin increases dramatically in the 
anteroventral periventricular nucleus during the transition from juvenile to 
adult life in mice (Han et al., 2005).

Astrocytes may also contribute to the maturation of GnRH activity by 
increasing their release of glutamate and therefore enhancing the excitatory 
drive to the GnRH neuronal network (Roth et al., 2006). In response to 
estradiol, astrocytes may also release progesterone, which may act on estro-
gen-induced progesterone receptors in neurons that control GnRH activity 
(Micevych and Sinchak, 2008). In addition, astrocytes release diff erent fac-
tors, such as transforming growth factor α and neuroregulins (see Chapter 2), 
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which act on other glial cells to promote the release of prostaglandin E2 that, 
in turn, binds to specifi c receptors in GnRH neurons and elicits GnRH release 
(Ma et al., 1997; Ojeda et al., 1992; Ojeda and Ma, 1998). Th e release of pros-
taglandin E2 by glial cells may mediate the facilitatory eff ects of several hor-
mones, such as estradiol (Rage et al., 1997) and oxytocin (Parent et al., 2008) 
on GnRH release. Furthermore, estradiol and progesterone also facilitate 
GnRH release by (i) increasing the production of transforming growth factor 
α by glial cells; (ii) facilitating the action of neuroregulins by increasing the 
expression of ErbB-2 and ErbB-4 receptors in astrocytes; and (iii) facilitating 
the action of prostaglandin E2 by increasing the expression of its receptors 
in GnRH neurons (Ojeda and Ma, 1999). Modifi cations in the expression of 
ErbB-2 and ErbB-4 in astrocytes seems to be an important step in the mecha-
nism of initiation of puberty. Its expression increases in astrocytes before the 
onset of puberty and therefore before the pubertal augmentation in the levels 
of gonadal steroids (Ma et al., 1999; Ojeda et al., 2000), likely by the mediation 
of neuron-to-glia glutamatergic signaling (Dziedzic et al., 2003). Th en, on the 
day of the fi rst preovulatory surge of gonadotropins, the expression of ErbB-2 
and ErbB-4 receptors is further increased by gonadal hormones (Ma et al., 
1999; Ojeda et al., 2000).

Plastic changes during puberty may also aff ect GnRH neurons at the level 
of their neurosecretory endings. Th e retraction of tanycyte cellular processes, 
which engulf the terminals of GnRH axons in the median eminence, is one 
of the plastic changes contributing to the release of GnRH in the portal blood 
at puberty. Gonadal hormones activate the plastic reorganization of tanycytes 
and GnRH axons at puberty. Tanycytes, which express estrogen receptors 
(Gudino-Cabrera and Nieto-Sampedro, 1999), may be one of the direct cel-
lular targets of gonadal hormones for the initiation of the plastic changes. As 
we have seen in Chapter 2, tanycytic processes in the median eminence are 
closely associated with GnRH axons and GnRH axonal terminals. Th e retrac-
tion of tanycytic processes during puberty allows the apposition of GnRH 
neurosecretory terminals with portal capillaries and the release of GnRH to 
portal blood. Th e laboratory of Sergio Ojeda has characterized diff erent sol-
uble factors, such as transforming growth factor α and transforming growth 
factor β, and molecules involved in cell-to-cell membrane interactions, such as 
SynCAM, the short form for the receptor protein for tyrosine phosphatase β, 
and contactin, which may participate in the remodeling of tanycytic processes 
and GnRH axons at puberty (see Chapter 2 for details). In addition, several 
genes, such as Oct2, thyroid transcription factor-1 (TTF-1) and enhanced at 
puberty-1 (EAP1) may potentially act as upper-echelon genes and coordinate 
the expression of a hierarchical network of other regulatory genes involved in 
the initiation of the plastic functional and structural neuroglial reorganiza-
tion of the median eminence and the hypothalamus associated with GnRH 
release at puberty (Ojeda et al., 2006).
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Tanycytes are also a target for other hormones that may infl uence the 
pubertal onset. For instance, tanycytes express receptors for IGF-I, a hormone 
that may contribute to the initiation of puberty by the activation of GnRH 
release. IGF-I acts on the regulation of GnRH release both as a hormone and 
as a local paracrine or autocrine factor. Andrea C. Gore and her collaborators 
have shown that IGF-I is expressed by GnRH cells, and that the expression of 
IGF-I in GnRH cells is increased at puberty (Daft ary and Gore, 2003, 2004; 
Miller and Gore, 2001). Furthermore, during the peripubertal period in female 
rats, IGF-I increases GnRH synthesis in the anterior hypothalamus–preoptic 
area, where GnRH neuronal somas are located. Th ese fi ndings strongly sug-
gest that IGF-I, produced by GnRH neurons, acts as an autocrine or paracrine 
factor to enhance GnRH release at puberty (Daft ary and Gore, 2005). On the 
other hand, our own fi ndings indicate that tanycytes uptake peripheral IGF-I 
by a mechanism regulated by estradiol and progesterone (Cardona-Gomez 
et al., 2000a; Fernandez-Galaz et al., 1996, 1997; Garcia-Segura et al., 1999a). 
Th e uptake of blood-borne IGF-I by tanycytes is highly enhanced at puberty 
in male and female rats (Dueñas et al., 1994). Peripheral IGF-I may contrib-
ute to the regulation of GnRH release at puberty, acting directly on GnRH 
cells or in the neuronal circuits that control the activity of GnRH neurons 
(such as those located in the anteroventral periventricular nucleus and the 
hypothalamic arcuate nucleus). Indeed, IGF-I participates in the structural 
remodeling of glial cells and synapses induced by estradiol in the hypotha-
lamic arcuate nucleus in association with GnRH release in female rats (see 
also Chapter 5).

Th e reorganization of synapses and glia in the arcuate nucleus with pubertal 
onset in female rats is the result of a gradual and sexually dimorphic process of 
developmental organization (see Chapter 6). Th is process, which is character-
ized by a parallel maturation of neuronal membranes, glial cells, and synaptic 
inputs during the juvenile and prepubertal maturation period (Chowen et al., 
1995; Garcia-Segura et al., 1995b; Matsumoto and Arai, 1976, 1977; Mong and 
Blutstein, 2006; Perez et al., 1990), generates a sexually dimorphic organiza-
tion of synapses and glia. Th e sexually diff erentiated synaptic circuit is respon-
sive to neuroplastic actions of estradiol aft er puberty in females (Csakvari 
et al., 2007; Olmos et al, 1989) and not in males (Horvath et al., 1997b). Th e 
arcuate nucleus contains several neuronal populations that are involved in 
the control of GnRH cells, including a subpopulation of neurons expressing 
kisspeptin (Dungan et al., 2006), a factor that, as previously mentioned, may 
be involved in the initiation of puberty (Kauff man et al., 2007; Navarro et al., 
2007). In addition, the arcuate nucleus is responsive to other hormonal signals 
that regulate energy balance, food intake, and pubertal maturation, such as 
ghrelin and leptin (Blüher and Mantzoros, 2007; Tena-Sempere, 2008), which 
may also regulate synaptic plasticity in this hypothalamic region (Horvath, 
2006; Pinto et al., 2004; see also Chapter 5). Th erefore, neuroglial plasticity 
in the arcuate nucleus may integrate the action of diff erent hormonal signals, 
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including estradiol, leptin, and ghrelin, which may coordinate GnRH release 
with other physiological changes at the onset of puberty. In addition, as in 
the median eminence, the structural remodeling of glial cells and synapses 
in the arcuate nucleus may be regulated by soluble factors, including IGF-I 
(Fernandez-Galaz et al., 1997; Garcia-Segura et al., 1999a) and adhesion 
molecules, including PSA-N-CAM (Hoyk et al., 2001). Finally, it is tempting 
to speculate on the possibility that upper-echelon regulatory genes, such as 
Oct2, TTF-1 and EAP1 (Ojeda et al., 2006), may coordinate hormonal signals 
with the plasticity of tanycytes and GnRH axons in the median eminence, the 
uptake of IGF-I by tanycytes, the plasticity of the hypothalamic neuronal cir-
cuits regulating GnRH neurons, and the plasticity and neurosecretory activity 
of GnRH neurons at puberty.

CHAPTER SUMMARY

Th e transition from juvenile to adult life is accompanied by prominent struc-
tural and functional modifi cations in the central nervous system, which are 
associated with modifi cations in cognition, mood, sleeping patterns, person-
ality, social interactions, behavior, and aff ection. Th e peripubertal period is a 
moment of intense growth, reshaping and maturation of the gray and white 
matters in the human brain, with marked regional and sex diff erences. In gen-
eral, cortical gray matter thickness peaks earlier in females than in males, and 
some sex diff erences in brain structure are generated during pubertal matu-
ration. Diff erent studies, using a variety of techniques, lead to a common con-
clusion: in humans, monkeys, rodents, and other species, there is a decrease 
in gray matter, neuronal number, dendritic complexity, and synaptic connec-
tivity during adolescence. Th ese changes have been detected in diff erent brain 
regions, including aff ective and cognitive areas. However, not all brain regions 
show the same tendency. Th e general decrease in synaptic connectivity during 
adolescence may refl ect, at least in part, a process of refi nement of the neuronal 
network in adaptation to the new physiological conditions, and are associated 
with the maturation of new specifi c behaviors. However, some modifi cations, 
such as the decrease in the generation of new neurons in the hippocampus 
between puberty and adulthood, suggest a possible reduction in the capacity 
of the brain to generate some forms of plasticity during adolescence.

Some of the structural and functional plastic changes that occur in the 
central nervous system during prepubertal maturation, puberty, and adoles-
cence are hormonally regulated. From one side, the functional consequences 
of many early hormonal eff ects on brain organization are manifested at 
puberty. Prenatal and early postnatal neuroplastic regulatory actions of sex 
and stress hormones may predetermine future metaplastic modifi cations in 
several brain regions at puberty and during adolescence. In addition, the ado-
lescent brain is highly sensitive to actions of sex and stress hormones, and 
likely of other hormones as well. Th erefore, hormonal actions during this life 
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stage may cause further and long-term modifi cations in the pattern of synap-
tic plasticity, aff ection, cognition, and behavior.

Finally, the reorganization of the brain that occurs during the transition 
from childhood to adulthood has an impact on the hormonal changes that 
accompany the process of sexual maturation and generation of adult behav-
iors. Th e hypothalamic circuits that regulate hormonal secretion maturate 
during the prepubertal period. By the pubescence period, the circuits that 
control the activity and secretion of GnRH neurons, including GABAergic 
neurons, preproenkephalinergic neurons, glutamatergic neurons, and kiss-
peptin expressing neurons, their associated glial cells and the dendrites and 
axons of GnRH neurons themselves, are ready to suff er a series of plastic 
modifi cations that will facilitate the initiation of the adult pattern of GnRH 
release and the  consequent adult pattern of pituitary gonadotropin and sex 
hormone  secretion. Th is remodeling of the brain during the onset of puberty 
is a  process regulated by a variety of soluble factors and cell adhesion mol-
ecules that are likely under the control of several master genes that may coor-
dinate the infl uence of hormonal signals with the metaplastic reorganization 
of diff erent hypothalamic regions and the median eminence, and with the 
structural and functional metaplasticity of GnRH neurons.
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Chapter 8

Life Stages, Hormones, and Brain 
Remodeling: Adult Reproductive Life

INTRODUCTION: HORMONAL REGULATION OF BRAIN 
PLASTICITY DURING ADULT LIFE

Aft er the substantial plastic reorganization of the nervous system that occurs 
during the transition from the prepubertal period to adulthood, a new 
homeodynamic equilibrium is established between the brain and the endo-
crine glands. Th is new equilibrium, however, is still sustained by a constant 
process of neural mutability. Plastic adaptations of the central nervous system 
during adult life are indispensable for maintaining the adequate physiologi-
cal responses to the modifi cations in the physical, biological, and social envi-
ronment that an adult organism has to confront. Most, if not all, the actions 
that an adult vertebrate organism performs are accompanied by changes in 
hormonal levels in plasma and by plastic modifi cations in diff erent brain and 
spinal cord regions. In many cases, hormonal and behavioral modifi cations 
may likely result in further alterations in neural plasticity. For instance, mat-
ing behavior produces alterations in the morphology of dendrites in the ven-
trolateral subdivision of the hypothalamic ventromedial nucleus in female 
rats (Flanagan-Cato et al., 2006); exploratory behavior modulates hippocam-
pal synaptic plasticity (Yang et al., 2006) and produces the reorganization of 
the receptor fi elds in neurons from the barrel somatosensory cortex in rats 
(Frostig, 2006); hunting behavior induces plastic modifi cations in brain sen-
sory maps in the optic tectum of birds (Bergan et al., 2005); a predatory attack 
provokes functional plasticity in the limbic circuits of mammals (Adamec 
et al., 2006); food storing behavior is associated with an increased hippocam-
pal neurogenesis in birds (Hoshooley and Sherry, 2007); mastication aff ects 
neurogenesis in the hippocampus of rodents (Aoki et al., 2005; Mitome et al., 
2005); social interactions cause a variety of plastic modifi cations in the brain, 
including changes in the rate of hippocampal neurogenesis (Yap et al., 2006), 
plastic reorganization of dendrites in hippocampal pyramidal neurons (Kole 
et al., 2004), and functional modifi cations in synaptic plasticity in the hippo-
campus (Artola et al., 2006); physical activity per se induces plastic modifi ca-
tions in the brain, promoting the formation of dendritic spines, enhancing the 
complexity of dendritic arbors, facilitating long-term potentiation of synaptic 
transmission in the hippocampus (Eadie et al., 2005; Farmer et al., 2004; van 
Praag et al., 1999), enhancing hippocampal neurogenesis (van Praag 2008; van 
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Praag et al., 1999), and causing the remodeling of the innervation of hypotha-
lamic neurons (Higa-Taniguchi et al., 2007).

Th ese are some examples of the studies that have explored the associa-
tion of brain plastic modifi cations associated with specifi c behaviors. Th e life 
events analyzed in these studies, together with many other behavioral, social, 
and environmental situations that result in modifi cations in brain plasticity, 
are associated with modifi cations in plasma hormonal levels. Brain plastic 
responses during these conditions may be the consequence of an interaction 
between behavior, hormones, and neuronal activity. In turn, the resulting 
reorganization of neuronal circuits may infl uence future behavioral, endo-
crine, and neural events.

Hormones that infl uence brain plasticity (see Chapters 3, 4, and 5) partic-
ipate in the adaptation of the organism to the variable physical environmen-
tal conditions during adult life, such as seasonality in external temperature 
and food availability. For instance, seasonal hormonal fl uctuations have an 
impact on brain circuits for adapting metabolic regulation and behavior to 
environmental conditions. Evolutionary selection, based on reproductive suc-
cess, has shaped the response of the endocrine and nervous systems to suc-
cessfully confront the environmental changes. Hormones also infl uence brain 
plastic adjustments for social and reproductive interactions, to fi ght predators, 
to explore new environments, or to execute new behavioral tasks. Hormones, 
therefore, facilitate the reorganization of diff erent neuronal circuits to adapt 
brain function to the variable adult-life circumstances. Stress hormones, 
which are involved in the integration of emotions with behavioral responses 
and remodeling of neuronal circuits, play a key role in this homeodynamic 
adaptation. However, many other hormones are also involved in the inter-
action of behavior and brain plasticity. In this chapter I will consider a few 
selected examples of interactions of hormonal changes with brain plasticity 
in adult reproductive life. I will briefl y examine hormonal and brain plastic 
modifi cations associated with circadian rhythms, seasonal behaviors, hiber-
nation, reproductive cycles, motherhood, and social interactions.

Circadian changes in glial, neuronal, and synaptic plasticity in the supra-
chiasmatic nucleus and in other brain regions may be involved in the synchro-
nization of the endogenous circadian clock to the light/dark cycle, and to the 
adaptation of hormonal secretion patterns and behavior to seasonal changes 
in day length. In turn, several hormones may be involved in the regulation of 
circadian brain plasticity, including melatonin, glucocorticoids, sex steroids, 
and prolactin. Seasonal alterations in the secretion of these hormones may 
contribute to the regulation of metaplastic brain modifi cations in seasonal 
change adaptations. Hormones regulate seasonal plasticity of brain regions 
involved in cognitive function, such as the hippocampus, in association 
with seasonal changes in specifi c behaviors, such as food storing behavior. 
Hormones also participate in the modulation of seasonal neuroplastic changes 
in brain regions involved in the control of reproduction, to adapt mating and 
parental behaviors to the seasons. In songbirds, several hormones, including 
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testosterone and its metabolites, thyroid hormones, and melatonin, partici-
pate in the regulation of the seasonal reorganization of brain song system, 
which involves metaplastic changes in dendritic structure, the rate of growth 
of dendrites and axons, the rate of formation of dendritic spines and synapses, 
and the rate of glial, neuronal, and endothelial cellular replacement within the 
neuronal networks and brain structures that control song.

Hibernation in mammals, in adaptation to extended periods of low food 
supply and extreme cold ambient temperatures, provides another example of 
hormonally regulated seasonal brain plasticity. Both the endocrine glands and 
the nervous system contribute to the regulation of the physiological modifi ca-
tions during hibernation. Melatonin is a main endocrine regulator of hiber-
nation. Other hormones involved in the regulation of hibernation include 
arginine-vasopressin, glucocorticoids, prolactin, thyrotropin-releasing hor-
mone, thyroid-stimulating hormone, thyroid hormones, glucagon, insulin, 
leptin, ghrelin, fi broblast growth factor 21, IGF-I, and hibernation-specifi c 
protein complex (HPc). Among other targets tissues, these endocrine signals 
act on diff erent brain regions involved in the neural control of hibernation, 
and contribute to the regulation of neuronal and glial plasticity during each 
torpor-activity cycle during the hibernating period. In turn, plastic reorgani-
zation of the brain during hibernation is involved in the generation of physio-
logical and hormonal changes associated with torpor and arousal.

Brain seasonal plasticity is also involved in the regulation of gonadal hor-
mones and reproduction in seasonal breeders. In particular, seasonal mod-
ifi cations in the interactions of GnRH terminals and glial cell processes in 
the median eminence appear to regulate the access of GnRH terminals to the 
basal lamina of portal capillaries, and the release of GnRH into portal blood. 
Seasonal changes in gonadotropin secretion are also accompanied by plastic 
reorganization of astrocytic processes and in changes of the number of synap-
tic terminals contacting GnRH neurons. Seasonal neuroplastic modifi cations 
are also detected in brain regions that control the activity of GnRH neurons. 
Several hormones, including thyroid hormone and melatonin, may regulate 
seasonal plasticity in GnRH neurons or in the neuronal systems controlling 
the activity of GnRH neurons in seasonal breeders.

In nonseasonal breeders, there are also plastic modifi cations in brain 
regions controlling GnRH release. Th ese plastic changes are associated with 
reproductive cycles and are regulated by gonadal hormones. In adult female 
rodents, brain regions that regulate the activity of GnRH neurons, such as the 
rostral preoptic area, the anteroventral periventricular nucleus, and the hypo-
thalamic arcuate nucleus, exhibit repetitive synaptic and glial remodeling that 
is regulated by the variations in ovarian hormones during the estrus cycle. 
Tanycytic processes in the median eminence also show cycles of extension 
and retraction following the changes in ovarian hormones during the estrus 
cycle, participating in the regulation of GnRH release in the portal vascula-
ture. In rodents, neuroplastic changes involved in the regulation of GnRH 
release are coordinated by plastic modifi cations in brain regions that regulate 



Hormones and Brain Plasticity196

sexual behavior, such as the ventromedial hypothalamic nucleus. In addition, 
the hippocampus, a cognitive region that integrates diff erent hormonal sig-
nals, also shows cyclic changes in glial reorganization, synaptic plasticity, and 
neurogenesis. All these plastic changes during the ovarian cycle are regulated 
by gonadal hormones, which facilitate the simultaneous generation of diff er-
ent (or even opposite) forms of synaptic and glial plasticity in diff erent brain 
regions. Th is suggests that gonadal hormones may synchronize metaplastic 
modifi cations in brain regions that coordinate ovulation with sexual recep-
tivity, lordosis, and hippocampal-dependent behaviors. Gonadal hormones 
may interact with local factors released by neurons and glial cells, includ-
ing neurotransmitters, growth factors, and prostaglandin E2, and with other 
 hormones, such as IGF-I, to regulate glial and synaptic plasticity during the 
estrus cycle.

Another phase in the life of adult females in which there is a noticeable 
interaction of brain plasticity with hormonal regulation is motherhood. Th e 
marked physiological changes during pregnancy, parturition, and the post-
partum period are regulated by multiple neural and endocrine homeody-
namic mechanisms involving modifi cations in the plasma levels of numerous 
hormones, including progesterone, estradiol, prolactin, oxytocin, relaxin, and 
glucocorticoids. Synaptic and glial plasticity in the magnocellular hypotha-
lamic neurosecretory system is associated with the release of oxytocin dur-
ing parturition and lactation. Plasticity in the hypothalamus is coordinated 
with plastic changes in pituicytes in the neurohypophysis, which modify its 
interactions with neurosecretory axons, regulating the occupation of the basal 
 lamina of capillaries by neurosecretory terminals. Brain regions involved 
in the regulation of maternal behavior, the interaction with pups, and the 
response to stress, such as the medial preoptic area, the olfactory bulb, and 
the medial nucleus of the amygdala, respectively, also suff er marked plastic 
changes  during motherhood. Furthermore, the cerebral cortex in lactating 
mothers shows plastic modifi cations as a consequence of the activation of 
 tactile inputs of the nipples by pups. Interaction with pups may also aff ect 
morphological and functional synaptic plasticity in the hippocampus, and 
the cell proliferation rate in the subgranular layer of the dentate gyrus shows 
 dramatic changes aft er delivery and lactation, which are associated with 
 profound modifi cations in learning. Diff erent hormones, including prolactin, 
oxytocin, glucocorticoids, and gonadal steroids, regulate these complex neu-
roplastic changes  during motherhood.

In this chapter I will also analyze the regulation of brain plasticity by 
hormones within the context of social interactions. Prolactin and luteiniz-
ing hormone mediate the enhancement of neurogenesis in the female brain 
caused by the interaction with dominant males. Stress hormones may control 
emotional, cognitive, and behavioral responses to the social environment by 
regulating synaptic plasticity in the hippocampus, the amygdala, the prefron-
tal cortex, and other brain regions. Oxytocin and vasopressin may control 
social behavior by regulating synaptic plasticity in mesolimbic dopaminergic 
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circuits of reward and reinforcement. Furthermore, temporal modifi cations 
of plasticity in GnRH and arginine vasotocin neurons are associated with sea-
sonal changes in social interactions, territoriality, and parental care in some 
species. In general, social interactions are associated with transient homeo-
dynamic changes in brain plasticity. However, chronic stress associated with 
social defeat may result in nonadaptive endocrine and neural responses, and 
may cause depression and other aff ective and emotional disturbances. Altered 
regulation of metaplasticity in some brain regions, such as the nucleus accum-
bens, the basolateral amygdala, and the hippocampus, may be involved in the 
behavioral and aff ective alterations caused by social defeat. Alterations in the 
regulation of metaplasticity in the amygdala and other brain regions, such as 
the hippocampus and cerebellum, may also be involved in the psychological 
consequences of traumatic experiences and in the alterations associated with 
posttraumatic stress disorder.

HORMONES AND CIRCADIAN BRAIN PLASTICITY

Th e suprachiasmatic nucleus of the hypothalamus is a key element of the 
internal circadian timing system. Th e neurons of the suprachiasmatic nucleus 
have an endogenous circadian discharge rhythm (Klein et al., 1991) that deter-
mines the circadian period (Ralph et al., 1990). In addition, there is a diurnal 
rhythm in glial and synaptic plasticity in the suprachiasmatic nucleus that 
likely plays an important role in the synchronization of the endogenous cir-
cadian rhythm, and in its adaptation to seasonal changes in day length. Th e 
suprachiasmatic nucleus regulates body rhythms via the parasympathetic and 
sympathetic autonomous nervous system. In addition, the suprachiasmatic 
nucleus regulates the secretion of melatonin by the pineal gland to adapt cir-
cadian and seasonal biological rhythms to environmental lighting. In turn, 
melatonin and other hormones aff ected by the circadian clock may regulate 
plastic events and neuronal activity in the suprachiasmatic nucleus and other 
brain regions.

Th e suprachiasmatic nucleus exhibits diff erent forms of morphological and 
functional plasticity associated with circadian rhythms. High expression lev-
els of the polysialylated form of the neural cell adhesion molecule (PSA-N-
CAM) are detected in the suprachiasmatic nucleus (Glass et al., 1994), as in 
other brain regions with a high degree of structural plasticity. Polysialyc acid 
residue associated with the N-CAM confers a higher degree of plasticity to the 
intercellular interactions and its removal; using the enzyme endoneuramini-
dase, it blocks neuroglial plasticity in other brain regions (Th eodosis et al., 
1999; see also Chapters 2, 3, 4, and 7). Interestingly, an endoneuraminidase 
microinjection in the suprachiasmatic nucleus impairs circadian clock func-
tion (Shen et al., 1997). In agreement with the high expression of PSA-N-CAM 
in the suprachiasmatic nucleus and its potential role in the circadian clock 
function, circadian structural remodeling has been detected in this brain 
region.
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Th e morphology of astrocytes, immunostained for glial fi brillary acidic 
protein (GFAP) and the expression of GFAP, show circadian changes in the 
suprachiasmatic nucleus of Syrian hamsters and rats (Becquet et al., 2008; 
Glass and Chen, 1999; Lavialle and Serviere, 1993). Th e astrocytic changes are 
in synchrony with a rhythm in suprachiasmatic nucleus glucose consump-
tion (Lavialle and Serviere, 1993), and are dependent on light entrainment, 
suggesting that glial plasticity in this nucleus may be related to the synchro-
nization of the clock to the light/dark cycle (Becquet et al., 2008). In addition, 
the glial changes may be induced by serotonin in a phase-dependent manner 
(Glass and Chen, 1999). Interestingly, PSA-N-CAM levels in the suprachias-
matic nucleus are also regulated by serotonin (Brezun and Daszuta, 1999), 
suggesting a possible causal relation between serotonin activity, PSA-N-CAM 
expression, and circadian glial remodeling.

Circadian glial changes are accompanied by circadian modifi cations 
in synaptic connectivity. At night, the glial coverage of the dendrites of rat 
suprachiasmatic neurons expressing vasoactive intestinal peptide increases 
in parallel with a decrease in the coverage by axon terminals of the neuro-
nal perikarya and dendrites. In contrast, the glial coverage of the dendrites 
of suprachiasmatic neurons expressing arginine vasopressin decreases at 
night, in parallel to an increase in somal and dendritic membrane appositions 
between these neurons (Becquet et al., 2008). Th erefore, diff erent neuronal 
populations within the suprachiasmatic nucleus show a diff erent form of daily 
rhythmic plasticity. Plastic remodeling of synapses has also been detected 
in the suprachiasmatic nucleus aft er experimental manipulation of light-
ing conditions. Prolonged periods of light or prolonged periods of darkness 
aff ect the ultrastructure and number of synapses from the retinal axons on 
suprachiasmatic neurons. Compared to rats exposed to a prolonged period of 
darkness, animals exposed to a prolonged period of light have larger synaptic 
buttons and a smaller amount of postsynaptic density material, among other 
ultrastructural diff erences. In addition, prolonged darkness reduced the num-
ber of Gray type I (asymmetric, presumably excitatory) synaptic junctions 
and increased the number of Gray type II (symmetric, presumably inhibi-
tory) junctions (Güldner and Ingham, 1979; Güldner et al., 1997), suggest-
ing a readjustment of the balance between excitatory and inhibitory inputs. 
Furthermore, the suprachiasmatic nucleus exhibits circadian changes in the 
long-term potentiation of synaptic transmission elicited by optic nerve stim-
ulation (Nishikawa et al., 1995) and a diurnal rhythm of short-term synaptic 
plasticity of GABAergic synapses (Gompf and Allen, 2004).

Glial and synaptic plasticity in the suprachiasmatic nucleus may be 
involved in the synchronization of the endogenous circadian rhythm by inter-
nal and external signals to the nucleus. Among the external signals, melato-
nin is one of the identifi ed hormonal regulators of synaptic plasticity in the 
suprachiasmatic nucleus (Fukunaga et al., 2002). Circadian fl uctuation of glu-
cocorticoids (Becquet et al., 2008; Maurel et al., 2000) as well as the activity 
of synaptic inputs from the optic nerve (Lavialle et al., 2001) or peripheral 
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metabolic information (Yi et al., 2006) may also participate in the circadian 
glial remodeling in the suprachiasmatic nucleus. Circadian neuroplastic 
changes in the suprachiasmatic nucleus may also be infl uenced by gonadal 
hormones. In female rats, an ovariectomy impairs circadian changes in c-Fos 
expression (used as a marker of neuronal transcriptional activity) in the dorso-
medial suprachiasmatic nucleus. Estradiol administration to ovariectomized 
rats restores the circadian activity (Peterfi  et al., 2004). In contrast, castration 
in males results only in a moderate rise in c-Fos expression in the ventrolateral 
suprachiasmatic nucleus during the light period (Peterfi  et al., 2004).

Circadian rhythms in neuronal activity and synaptic plasticity are also 
detected in other brain regions. For instance, diurnal variations in the expres-
sion of c-Fos have been detected in several nuclei of the preoptic area and the 
hypothalamus in rats, in addition to the suprachiasmatic nucleus (Fig 8.1). Th e 
median preoptic nucleus and the ventrolateral preoptic nucleus show maxi-
mal levels of c-Fos expression during the light period. In contrast, the arcuate 
nucleus, the anterodorsal preoptic nucleus, and the anteroventral periventric-
ular nucleus show maximal c-Fos expression during the dark period. Th ese 

A B

C D

Figure 8.1. c-Fos immunoreactive cells in the anteroventral periventricular nucleus 
from a female rat killed during light period (A); female rat killed during dark 
period (B); ovariectomized rat killed during the dark period (C); ovariectomized 
and 17β-estradiol-treated rat killed during the dark period (D). Scale bar, 100 μm. 
(Courtesy of Dr. Arpad Parducz. Based on Peterfi  et al., 2004).
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circadian changes in c-Fos immunoreactivity show sex diff erences, and are 
infl uenced by estradiol in female rats (Peterfi  et al., 2004; see Fig. 8.1).

Diff erences in GFAP immunoreactivity between morning and aft ernoon 
have been detected in a region dorsal to the suprachiasmatic nucleus and 
close to the third ventricle in estrogen-treated, as well as in control, ovariec-
tomized female rats. Estrogen treatment increased the diurnal fl uctuation in 
GFAP immunoreactivity and luteinizing hormone rhythms, suggesting that 
the region dorsal to the suprachiasmatic nucleus may be involved in coupling 
the circadian rhythms to the generation of the luteinizing hormone surge 
(Fernandez-Galaz et al., 1999b). A diurnal rhythm in astrocytic morphol-
ogy has also been detected in the rostral preoptic area of female rats during 
proestrus. Th e cell surface area of astrocytes in close apposition to gonado-
tropin releasing hormone (GnRH) neurons decreases between 08:00 h and 
12:00 h, before the initiation of the luteinizing hormone surge (Cashion et al., 
2003). Similar diurnal changes during proestrus in the growth of astrocytic 
processes occur in the arcuate nucleus of the hypothalamus. Th e glial plastic 
modifi cations in the arcuate nucleus are induced by estradiol and are asso-
ciated with changes in the number of synaptic inputs (Csakvari et al., 2007; 
Garcia-Segura et al., 1994a; see below).

Another brain region showing circadian changes in activity is the hippo-
campus. Growth factors, such as brain derived neurotrophic factor (BDNF), 
which regulate synaptic plasticity and adult hippocampal neurogenesis, 
show circadian fl uctuations in diff erent brain areas, including the hippo-
campus (Pollock et al., 2001). Th e hippocampus shows circadian fl uctua-
tions in synaptic excitability and long-term synaptic plasticity (Barnes et al., 
1977; Chaudhury et al., 2005; Harris and Teyler, 1983; Raghavan et al., 1999). 
Circadian rhythms in synaptic plasticity in the hippocampus may represent 
an endogenous mechanism that may be infl uenced by melatonin and other 
hormones (such as glucocorticoids). In this regard, it is noteworthy that the 
circadian fl uctuation of corticosterone levels is essential to maintain a basal 
expression of PSA-N-CAM in the hippocampus (Rodriguez et al., 1998). Since 
PSA-N-CAM expression in the hippocampus plays an important role in the 
maintenance of functional and structural synaptic plasticity and adult neuro-
genesis, this fi nding suggests that the circadian fl uctuation of corticosterone 
may play an important role in the regulation of circadian activity and plastic-
ity of hippocampal neurons.

HORMONES AND SEASONAL BRAIN PLASTICITY

Th e modulation of the internal rhythmical activity of the suprachiasmatic 
nucleus by seasonal changes in day length allows the physiological adapta-
tion of the organism to seasonal modifi cations in the environment. Melatonin 
released by the pineal gland during the dark period of the light-dark cycle 
is the key hormone in this process. However, its eff ects may be mediated by 
seasonal modifi cations in the levels of other hormones, such as sex steroids. 
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Melatonin acts on GnRH neurons to regulate GnRH release, and subsequent 
luteinizing hormone and follicle stimulating hormone release by the pitui-
tary. Th e resulting seasonal modifi cation in sex steroids may aff ect neuronal 
and glial plasticity in sex-steroid-sensitive regions of the brain. Acting on the 
hypothalamus, melatonin may also aff ect the levels of other hormones that 
regulate brain plasticity, such as prolactin. Seasonal changes in glucocorticoid 
levels may also aff ect neuronal and glial plasticity in several brain regions, 
including the hippocampus. Th e hormonal regulation of seasonal plasticity 
represents a phenomenon of metaplasticity in which circadian plasticity is 
modifi ed in adaptation to seasonal changes in lighting (Fig. 8.2).

Several brain regions show seasonal changes in volume that are corre-
lated in some cases with plasma levels of hormonal steroids. Vomeronasal 
organs, which transmit information to the brain for courtship and mating, 
show seasonal changes in volume in the red-backed salamander (Plethodon 
cinereus). During the summer, the volume of vomeronasal organs is larger in 
both sexes than at any other time of the year. In addition, males have signifi -
cantly larger vomeronasal organs than females at all times of the year (Dawley 
and Crowder, 1995). In reptiles, seasonal changes in the volume of the pre-
optic area and amygdala in males and the preoptic area in females have been 
detected in the brain of free-living tree lizards (Urosaurus ornatus) (Kabelik 
et al., 2006). However, these changes are not correlated with plasma levels of 
hormonal steroids. In contrast, seasonal variations in the volume of the preop-
tic area and the ventromedial hypothalamus of female red-sided garter snakes 
(Th amnophis sirtalis parietalis) appear to be facilitated by estradiol. In addi-
tion, no seasonal changes in the volume of these brain regions are detected in 
males (Crews et al., 1993).

Seasonal brain plasticity in birds is also well documented, in particular 
the plasticity of the song system of songbirds that will be analyzed later in 
this chapter. However, other brain regions present seasonal modifi cations as 
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Figure 8.2. Hormonal regulation of circadian brain plasticity in adaptation to sea-
sonal changes in lighting represents an example of metaplasticity.
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well. In the Japanese quail (Coturnix japonica) the nucleus preopticus media-
lis, which is involved in the expression of male copulatory behavior, shows 
seasonal plastic changes. Th e volume of the nucleus and the size of the soma 
of a dorsolateral population of neurons within the nucleus are larger when the 
animals are housed under long day conditions that imitate the spring/sum-
mer breeding season than during short day conditions corresponding to fall/
winter. Th ese changes may be regulated by the modifi cations in testosterone 
levels in plasma, which are higher during long day conditions and are asso-
ciated with modifi cations in sexual behavior (Th ompson and Adkins-Regan, 
1994). Cognitive brain regions also show seasonal plasticity in birds. Th e 
volume of the hippocampus and the rate of hippocampal neurogenesis have 
been reported to increase in October in wild black-capped chickadees (Barnea 
and Nottebohn, 1994; Smulders et al., 1995). Since October is the month of 
maximal activity of food storage by these animals, the plastic modifi cations 
have been correlated to food-storing behavior. In support of this interpreta-
tion, the volume of the hippocampus does not show seasonal modifi cations 
in song sparrows, which are non-food-storing birds (Lee et al., 2001). Several 
hormones known to regulate adult neurogenesis may be involved in these 
changes, but the hormonal regulation of seasonal brain plasticity of black-
capped chickadees has not been analyzed in detail.

In several mammalian species the volume of the brain shows seasonal 
changes. In wild-trapped voles and shrews, the weight of several brain regions 
decreases from summer to fall and increases from winter to spring. Th e hip-
pocampus is one of the brain regions showing more pronounced seasonal 
changes, and this is associated with seasonal modifi cations in hippocampal-
related behaviors, including food-storing behavior. Gonadal hormones may 
play some role in the seasonal modifi cations in the hippocampus, since males 
show a greater increase in hippocampal weight during spring than females 
in both the wild-trapped voles and shrews (Jacobs, 1996; Yaskin, 1984, 1994). 
Th e photoperiod has also been shown to aff ect the volume and plasticity of 
the hippocampus of male white-footed mice (Peromyscus leucopus). When 
housed for 10 days under short day conditions, male white-footed mice have a 
decreased brain mass and hippocampal volume compared to animals housed 
under long days. In addition, short days decrease spine density in the stratum 

lacunosum-moleculare and increase dendritic spine density in the stratum 
oriens of the hippocampus, compared to long days. Th ese plastic morphologi-
cal changes are associated with impaired long-term spatial learning and mem-
ory in animals housed under short days (Pyter et al., 2005). Th e photoperiod 
also aff ects the expression of PSA-N-CAM in the hypothalamus of Siberian 
hamsters, suggesting possible structural seasonal modifi cations in this brain 
region (Lee et al., 1995). Another brain structure aff ected by photoperiod in 
mammals is the amygdala. Th e volume of the posterodorsal subdivision of 
the medial amygdala, which is involved in male mating behavior, is larger 
in photostimulated male Syrian hamsters compared to photoinhibited males 
(Romeo and Sisk, 2001). Seasonal variation in androgen is correlated with 
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morphologic plasticity in this nucleus in the Siberian hamster (Cooke et al., 
2002a, b). In humans, seasonal plasticity has been described in the suprachi-
asmatic nucleus. Th e volume of the human suprachiasmatic nucleus and the 
number of vasopressin-immunoreactive neurons located in this nucleus show 
a signifi cant and marked increase in autumn compared to summer (Hofman 
and Swaab, 1992). Seasonal diff erences in vasopressin innervation have been 
detected in other mammals, such as the European hamster (Cricetus crice-
tus). A dense vasopressin innervation is observed in many brain regions in 
the male hamster during the spring period. In contrast, vasopressin axonal 
density decreases in some brain regions during spring in females. In autumn, 
vasopressin fi bers show a marked decline in those brain regions that show a 
sexually dimorphic innervation in spring (Buijs et al., 1986).

Seasonal changes in adult neurogenesis have also been detected in mam-
mals, and may contribute to seasonal changes in behavior. For instance, it 
has been reported that in hamsters housed under short day conditions, there 
is an increase in neurogenesis in the dentate gyrus and the subependymal 
zone compared to animals maintained in long days (Huang et al., 1998). In 
addition, Galea and McEwen (1999) have shown that female meadow voles 
captured during the nonbreeding season have a higher rate of cell prolifera-
tion in the dentate gyrus than breeding females captured during the breeding 
season. However, seasonal changes in neurogenesis cannot be generalized to 
all seasonal mammals, since Lavenex and colleagues (2000) have not detected 
seasonal diff erences in the cell proliferation rate or in the total neuron num-
ber in the granule cell layer of the dentate gyrus of wild adult eastern grey 
squirrels (Sciurus carolinensis) captured during the fall, winter, and summer. 
Several hormones that are known to regulate neurogenesis may participate in 
the seasonal modifi cations. For instance, in female meadow voles, high levels 
of corticosterone and estradiol are associated with lower levels of cell prolifer-
ation (Galea and McEwen, 1999).

SEASONAL BRAIN PLASTICITY IN THE SONG SYSTEM OF SONGBIRDS

Th e annual reorganization of the complex brain network that control song 
in songbirds (Passeriformes: Oscine) is one of the most dramatic examples 
of seasonal plasticity of the central nervous system in any vertebrate species. 
Seasonal brain plasticity in the song system of songbirds is a patent example 
of hormonal regulation of metaplasticity involving both cellular replacement 
and synaptic plasticity (Fig. 8.3). Seasonal modifi cations in hormonal levels in 
songbirds are associated with modifi cations in the proliferation of endothe-
lial, glial, and neuronal cells in diff erent brain regions. Th ese newly generated 
cells contribute to the formation of transient neuronal brain structures, which 
are involved in the seasonal control of song (Fig. 8.3).

Songbirds learn to produce songs and use these songs to attract mates and 
to defend their breeding territories during the breeding season. Fernando 
Nottebohm, from Rockefeller University, was the fi rst to detect seasonal 
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changes in the volume of three telencephalic regions of the brain of adult male 
canaries. Th ese regions are the hyperstriatum ventrale, pars caudale (caudal 
nucleus of the ventral neostriatum, also called at some point in time “High 
Vocal Center” and now renamed HVC as a proper name; Reiner et al. 2004), 
and the nucleus robustus archistriatalis (now nucleus robustus arcopallialis or 
RA; Reiner et al. 2004). All regions are important centers for the control of song 
and their volume is much larger in the spring breeding season, when canaries 
are producing stable songs, than in the fall, when canaries are learning and 
incorporating new songs to their repertoire (Nottebohm, 1981; Nottebohm 
et al., 1987). Canaries keep a considerable capacity for song plasticity in adult 
life. Male canaries sing a relatively stable repertoire during the breeding season 
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Figure 8.3. Seasonal plasticity of brain centers that control song behavior in song-
birds is an example of metaplasticity involving modifi cations in both cellular plasticity 
and cellular replacement. Seasonal modifi cations in hormonal levels result in seasonal 
metaplastic changes in the hormonal regulation of brain plasticity, modifying the rate 
of proliferation and migration of glial cells, the rate of incorporation of new neurons 
to neuronal circuits controlling song, the plasticity of these neuronal circuits, and the 
rate of blood vessels’ growth. Th ese transient modifi cations in neuronal plasticity and 
cellular replacement result in the generation of transient neural networks that control 
seasonal song behavior.
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in spring. However, at other times of the year they innovate and practice new 
syllables that will fi nally be incorporated into their songs. Th us, at the begin-
ning Nottebohm hypothesized that the plastic seasonal alterations in the song 
system were related to the stable–executive and unstable–innovative phases 
in singing. However, later on, it was discovered that seasonal plasticity in the 
song system also occurs in songbirds that learn most of their entire vocal 
repertoire during juvenile development. Th erefore, the seasonal plasticity in 
the volume of the song system may be necessary but is not suffi  cient for song 
learning. Alternatively, seasonal changes in the song system may be related to 
the motor control or execution rather than to the learning of songs. Regardless 
of its biological signifi cance, the seasonal plasticity of the song system, which 
includes other nuclei, such as the area X (Brenowitz et al., 1998; Brown and 
Bottjer, 1993; Smith et al., 1997), appears to be a generalized phenomenon in 
seasonally breeding songbirds (Arai et al., 1989; Brenowitz et al., 1991; Smith, 
1996; Smith et al., 1995; Tramontin and Brenowitz, 2000).

Neurogenesis seems to play an essential role in the generation of the adult 
seasonal plastic modifi cations in the volume of the HVC. In the avian brain 
there is an active production of new neurons during adult life (Alvarez-Buylla 
and Kirn, 1997). New neurons are born in the ventricular zone and migrate 
to numerous brain regions, including the HVC. Fernando Nottebohm and his 
collaborators provided clear evidence of seasonal fl uctuations in neurogen-
esis, neuronal migration, and incorporation of new neurons in this nucleus. 
Th ey observed a correlation between the seasonal variations in the volume 
of the HVC during adult life and seasonal variations in the incorporation 
of new neurons (Alvarez-Buylla et al., 1990; Alvarez-Buylla and Kirn, 1997; 
Kirn et al., 1991). Newly generated neurons incorporated in the HVC (Burd 
and Nottebohm, 1985) integrate into the neuronal networks controlling song, 
since their axons grow and reach the nucleus RA, a region involved in the pro-
duction of song (Alvarez-Buylla et al., 1990; Alvarez-Buylla and Kirn, 1997; 
Kirn et al., 1991).

In contrast to the HVC, the incorporation of new neurons is apparently 
not the cause of the seasonal changes in the volume of other nuclei of the 
song control system, such as the nucleus RA and the area X. Th e volume of 
individual neurons, as well as the volume of the interneuronal space, increase 
in the nucleus RA during the breeding season. Modifi cations in the interneu-
ronal space refl ect plastic changes in the neuropil, including modifi cations in 
dendritic length and branching (DeVoogd and Nottebohm, 1981), dendritic 
spines, and the volume and number of synapses (DeVoogd et al., 1985; Hill 
and DeVoogd, 1991), including those synapses coming from the HVC. Th e 
seasonal growth of the nucleus RA and the area X likely requires the growing 
innervation from the HVC. Interestingly, each seasonal phase of growth of the 
song system is followed by a phase of reduction. Th e addition of new neurons 
and connections to the song system in the spring breeding season is followed 
by a phase of neuronal loss and loss of connections in the following months 
(Alvarez-Buylla and Kirn, 1997; Kirn and Nottebohm, 1993). Th erefore, 
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seasonal plasticity in the song system of songbirds represents an example of 
neuronal replacement (Fig. 8.3), and every year the song system may suff er an 
almost complete cycle of building and demolition.

Hormonal modifi cations associated with the day length regulate the sea-
sonal changes in the volume of song nuclei. Blood levels of testosterone start 
to increase during the lengthening days of late winter and early spring when 
the growth of the song nuclei occurs in preparation for breeding. Th ere is 
numerous evidence indicating that testosterone or its active metabolites are 
the main hormonal infl uence that facilitates the seasonal changes in the vol-
umes of song nuclei. Physiological seasonal variation in circulating testos-
terone and its metabolites coincide with the seasonal plasticity of the song 
system (Bernard and Ball, 1997; Kirn et al., 1994; Meitzen and Th ompson, 
2008; Nottebohm, 1981; Nottebohm et al., 1987; Smith et al., 1995). In addi-
tion, experimental manipulation of testosterone or estradiol levels aff ects the 
growth of song nuclei. For instance, castration attenuates the seasonal growth 
of song nuclei (Bernard et al., 1997; Gulledge and Deviche, 1997; Smith et al., 
1997). In contrast, testosterone administration induces the growth of song 
nuclei in castrated males and nonbreeding males independent of the season 
(Bernard and Ball, 1997; Johnson and Bottjer, 1993; Nottebohm, 1980; Rasika 
et al., 1994; Smith et al., 1997). In turn, testosterone withdrawal results in 
a progressive reduction in the volume of song nuclei. For instance, in adult 
male white-crowned sparrows the HVC suff ers a rapid (12 hours) reduction 
in volume aft er testosterone withdrawal (Th ompson et al., 2007). Th is rapid 
decrease in volume is associated with a decrease in interneuronal space. Over 
the next four days, the reduction in the volume of the nucleus is associated with 
a reduction in the volume and number of neurons (Th ompson et al., 2007). In 
the nucleus RA and area X, which in the connectivity pattern are downstream 
to the HVC, the decrease in volume aft er testosterone withdrawal occurs more 
slowly than in the HVC; the volume changes are associated with a reduction 
in interneuronal space and do not involve changes in the number of neurons 
(Th ompson et al., 2007). In addition to hormonal regulation of songbird brain 
plasticity by testosterone, paracrine actions of locally produced testosterone 
and its metabolites may also be involved in the generation of seasonal changes 
in plasticity (London and Schlinger, 2007) and song structure (Fusani and 
Gahr, 2006).

As we have seen in Chapter 4, testosterone and its metabolite estradiol 
modulate the integration and survival of new neurons in the HVC (Hidalgo 
et al., 1995; Johnson and Bottjer, 1995; Nordeen and Nordeen, 1989; Rasika 
et al., 1994). Testosterone also promotes glial and endothelial proliferation 
(Fig. 8.3), which contributes to the increase in nuclear volume (Goldman and 
Nottebohm, 1983) and increases the number of neuronal soma-somatic gap 
junctions (Gahr and Garcia-Segura, 1996). Th e eff ects of testosterone may be 
mediated by growth factors, such as BDNF (Rasika et al., 1999). BDNF pro-
duced by endothelial cells in response to testosterone promotes the migration 
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and recruitment of neurons from the ventricular zone to the HVC (Louissaint 
et al., 2002). Testosterone-induced seasonal fl uctuations in the expression of 
reelin, a molecule involved in the determination of the fi nal positioning of 
migrating neurons, may also contribute to the seasonal changes in the incor-
poration of new neurons to the HVC (Absil et al., 2003). Finally, in the nucleus 
RA, testosterone and its metabolites estradiol and dihydrotestosterone 
increase the diff erentiation of dendrites (DeVoogd and Nottebohm, 1981), the 
formation of new synaptic contacts, the number of vesicles per synapse, and 
the size of synapses (DeVoogd et al., 1985). Th e eff ect of testosterone and its 
metabolites in one region of the brain network that control song may aff ect the 
plasticity of other structures within the network. Th us, actions of testosterone 
and its metabolites in the HVC, via the activation of androgen and estrogen 
receptors, facilitate plastic modifi cations in the nucleus RA and changes in 
song stereotypy (Meitzen et al., 2007).

Furthermore, other hormonal infl uences may participate in the seasonal 
plastic changes. Some evidence suggest that thyroid hormones, which aff ect 
seasonal changes in testicular activity in birds (Mishra et al., 2004) may 
also interfere with seasonal neurogenesis in the zebra fi nch telencephalon 
(Tekumalla et al., 2002). Another major hormonal infl uence is melatonin 
(Bentley, 2001). Melatonin receptors are expressed in the song control sys-
tem (Aste et al., 2001; Whitfi eld-Rucker and Cassone, 1996), and exogenous 
melatonin administration inhibits the seasonal growth of the song system 
(Bentley et al., 1999). It has been postulated that the eff ect of melatonin may 
be mediated by interactions with thyroid hormones. Finally, IGF-I may reg-
ulate seasonal plasticity of the song system by promoting the recruitment of 
new neurons generated in the ventricular region (Jiang et al., 1998). However, 
this likely refl ects a local action of IGF-I rather than a hormonal eff ect.

EXTREME SEASONAL BRAIN PLASTICITY IN MAMMALS: HIBERNATION

Some mammals hibernate to minimize energy expenditure as a strategy to 
survive for extended periods with low food supply and adverse cold ambient 
temperature. During the hibernation period, animals suff er repeated bouts of 
torpor, each of which can last up to two weeks, interrupted by brief spontane-
ous arousals of approximately one day in duration. During torpor (the nadir of 
metabolism), there is a decrease in body and brain temperature (Strumwasser, 
1959) as well as in metabolic, heart, and respiratory rates (Buck and Barnes, 
2000; Geiser and Kenagy, 1988). During arousals bouts, animals return to 
euthermic body temperature. Th e transition from torpor to interbout arous-
als occurs within hours. Some mammalian species are obligate hibernators. 
In these animals, hibernation follows an endogenous circannual rhythm and 
occurs independent of the duration of the photoperiod or food availability. 
Marmots, ground squirrels, and chipmunks are examples of obligate hiberna-
tors. Other species, like Syrian hamsters (Mesocricetus auratus), are facultative 
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hibernators. In these animals, hibernation is induced by short photoperiods, 
and the frequency of torpor is increased by low ambient temperatures and by 
decreased food availability (Geiser, 2004). Finally, some species such as brown 
bears, black bears and badgers, are not deep hibernators and their body tem-
perature does not drop below 25ºC. In contrast, body temperature in deep 
hibernating mammals, such as squirrels, may drop to near 0ºC.

Th e physiological changes occurring during hibernation are regulated, at 
least in part, by the central nervous system. Several neurotransmitters and 
brain regions, including the preoptic area, the hypothalamus, the hippocam-
pus, the medial septum-diagonal band complex, and nuclei of the autonomic 
nervous system, are involved in the neural control of hibernation (Drew et al., 
2007). In addition, the process of hibernation is regulated by endocrine signals. 
Several hormones participate in the preparation of the hibernation process, in 
the induction of hibernation, and in the reactivation of physiological function 
aft er hibernation. Melatonin is one of the major endocrine players in the reg-
ulation of hibernation, and may participate in the recovery from torpor. Th e 
daily rhythm of pineal melatonin production and secretion is abolished dur-
ing torpor in several hibernating species (Darrow et al., 1986; Florant et al., 
1984; Vanecek et al., 1984). In contrast, the daily rhythm of pineal melatonin 
is restored and melatonin levels in plasma increase during arousal from daily 
torpor (Florant et al., 1984; Larkin et al., 2003). Melatonin may contribute 
to activate thermogenesis by direct actions on the brain (Saarela and Reiter, 
1994), and may contribute to defi ning the timing of reactivation of reproduc-
tion aft er hibernation, at least in hedgehogs (Fowler, 1988; Fowler and Racey, 
1990). However, it has been reported that continuous intracerebroventricular 
infusion of melatonin in hibernating ground squirrels prolongs hibernation 
(Stanton et al., 1987), suggesting that the hormone may contribute to deter-
mining the duration of torpor.

Th e suprachiasmatic nucleus (which, as has been mentioned before, is 
involved in the control of circadian rhythms and receives direct inputs from 
the retina), is aff ected by melatonin and likely plays an important role in 
the integration of hormonal and metabolic signals and in the control of the 
autonomic nervous system to regulate hibernation. For instance, arginine-
vasopressin secreted by neurons in the suprachiasmatic nucleus may play 
an important role in the resetting of circadian rhythms aft er hibernation in 
European ground squirrels (Hut et al., 2002). Th e suprachiasmatic nucleus 
may also aff ect the activity of the autonomic nervous system and the activ-
ity of other brain centers regulating metabolism through neuronal synaptic 
networks. In turn, the suprachiasmatic nucleus receives synaptic inputs from 
other brain regions involved in the control of hibernation. In addition, hor-
monal regulatory signals may be transmitted to the suprachiasmatic nucleus 
via direct or indirect synaptic inputs. For instance, glucocorticoids, which are 
important regulators of energy balance and seasonal changes in adrenocorti-
cal function (Boonstra et al., 2001; Boswell et al., 1994; Place and Kenagy, 2000; 
Shivatcheva et al., 1988), may infl uence the activity of the suprachiasmatic 
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nucleus via the hippocampus. In addition, peptide hormones may act on the 
suprachiasmatic nucleus via the circumventricular organs.

Other hormones, in addition to melatonin, are involved in the recovery 
from hibernation. For instance, prolactin is important in defi ning the timing 
of reactivation of reproduction aft er hibernation (Fowler, 1988). Th yrotropin-
releasing hormone plays an important role in the recovery from hibernation, 
accelerating metabolism and contributing to the elevation of body tempera-
ture to return to euthermia aft er torpor (Shintani et al., 2005; Stanton et al., 
1992; Tamura et al., 2005). Th ese eff ects of thyrotropin-releasing hormone 
are achieved by the direct activation of the sympathetic nervous system, by 
direct actions on brain regions regulating body brain temperature and energy 
balance, and through the release of thyroid-stimulating hormone from the 
pituitary. Changing plasma levels of thyroid hormones participate in the reg-
ulation of body energy metabolism during hibernation (Fowler, 1988; Magnus 
and Henderson, 1988; Nevretdinova et al., 1992; Nicol et al., 2000; Tomasi 
et al., 1998) while parathyroid hormone may contribute to prevent bone loss 
in hibernating black bears (Donahue et al., 2006).

Hormones released by the endocrine pancreas likely contribute to the reg-
ulation of energy balance during hibernation as well. For instance, glucagon 
and insulin are elevated during hibernation in the little brown bat (Myotis 
lucifugus) (Bauman, 1990). Leptin and ghrelin, key hormones for the regu-
lation of food intake and metabolism, are also expected to play an important 
role in the regulation of metabolism in hibernating animals. Indeed, serum 
leptin levels are reduced in Siberian hamsters undergoing daily torpor, and 
exogenous administration of leptin for 14 days eliminates torpor (Freeman 
et al., 2004), suggesting that leptin may contribute to metabolic recovery from 
hibernation. In contrast, ghrelin, which has opposite eff ects to leptin in energy 
balance, induces torpor in fasting mice, an eff ect that seems to be mediated 
by neuropeptide Y neurons in the hypothalamic arcuate nucleus (Gluck et al., 
2006).

Hormones produced by the liver are also involved in the regulation of 
hibernation and torpor. Th e endocrine hormone fi broblast growth factor 21 
(FGF21), which is induced in the liver by peroxisome proliferator-activated 
receptor α in response to fasting, stimulates the use of stored fats as energy 
and causes torpor in mice (Inagaki et al., 2007). Serum levels of IGF-I, which 
are mainly the result of liver production of IGF-I, are strongly reduced dur-
ing hibernation in the golden-mantled ground squirrel (Spermophilus latera-
lis) (Schmidt and Kelley, 2001). IGF-I actions during hibernation may aff ect 
a variety of tissues, including the brain. Interestingly, IGF-I receptor signal-
ing appears to be down-regulated in the brain during hibernation (Cai et al., 
2004). Furthermore, there is evidence for the existence of a new liver hormone 
that, acting on the brain, regulates hibernation. Noriaki Kondo and Jun Kondo 
reported in 1992 the discovery in chipmunks of four proteins that disappeared 
in the blood during hibernation and reappeared as hibernation ceased (Kondo 
and Kondo, 1992). Th ese proteins are produced in the liver and secreted to the 
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blood and form a 140-kDa complex, which was named hibernation-specifi c 
protein complex (HPc). Th ree proteins forming the HPc (HP20, HP25, and 
HP27) form a complex called HP20c. Th e fourth protein, HP55, is associated 
with HP20c in the blood, forming the HPc (Takamatsu et al., 1993, 1997). Th e 
levels of HP20, HP25, and HP27 increase in the cerebrospinal fl uid before the 
onset of hibernation, reach highest levels at the middle stage of hibernation, 
then abruptly decrease with the termination of hibernation (Kondo et al., 
2006). Th e proposed hypothesis is that an endogenous circannual rhythm 
generator will regulate the synthesis of HPc in the liver and its transport to 
the cerebrospinal fl uid, and that the dissociation of the HPc from HP55 in 
the brain will allow HP20c to exert its actions as a regulator of hibernation 
(Kondo et al., 2006).

Th erefore, a variety of hormonal signals regulate the physiological mod-
ifi cations during the diff erent phases of the hibernation process, and some 
may regulate the activity of brain regions controlling hibernation. In turn, the 
physiological metabolic, cardiovascular, and respiratory changes associated 
with hibernation, as well as the body and brain temperature modifi cations, 
have an impact on brain function. Th e prominent physiological alterations 
associated with torpor are accompanied by a profound decrease in neural 
activity (Daan et al., 1991; Krilowicz et al., 1988; Strumwasser, 1959; Walker 
et al., 1977) and are associated with signifi cant plastic morphological altera-
tions in neuronal structure. For instance, hippocampal pyramidal neurons in 
Siberian ground squirrels (Citellus undulatus) have shorter apical dendrites 
with fewer branches and fewer dendritic spines during torpor than during 
phases of spontaneous activity between hibernation bouts (Popov et al., 1992). 
Th e plastic modifi cations are fast: within two hours aft er arousal from torpor, 
dendrites recover their morphology. In addition, the plastic remodeling of 
apical pyramidal hippocampal dendrites occurs during each torpor-activity 
cycle; that is, several times in each hibernating period. Similar rapid, revers-
ible, and repetitive changes also occur in mossy fi ber synapses on CA3 hip-
pocampal neurons in Siberian ground squirrels. During hibernation, there 
is a reduction in the size and number of dendritic spine infoldings in the 
mossy fi ber synapses. In addition, the number of postsynaptic densities is also 
decreased. Aft er arousal these parameters are quickly reversed within two 
hours (Popov and Bocharova, 1992). A gradual regression of mossy fi ber syn-
apses and corresponding postsynaptic elements during torpor, associated with 
the accumulation of the phosphorylated form of the microtubule associated 
protein tau at postsynaptic sites, has been detected in European ground squir-
rels (Spermophilus citellus) (Arendt et al., 2003). Decreased dendritic complex-
ity and decreased number of dendritic spines under hibernation has been also 
detected in CA3 pyramidal neurons in golden-mantled ground squirrels (von 
der Ohe et al., 2006) and in European hamsters (Cricetus cricetus) (Magariños 
et al., 2006). In European hamsters, changes in CA3 dendrites during tor-
por are associated with a signifi cant reduction in synaptic vesicle density in 
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mossy fi ber terminals and in the area of mossy fi ber terminals covered by 
spine profi les. Within two hours aft er arousal from torpor, dendritic lengths, 
dendritic branching, number of dendritic spines, synaptic vesicles in mossy 
fi ber terminals, and density of mossy fi ber terminal covered by spines return 
to basal active conditions. Th erefore, all these studies indicate that hiber-
nation causes rapid and reversible plastic changes in synaptic connectivity in 
the hippocampus.

Synaptic plasticity during hibernation is not restricted to the hippocampus. 
Plastic modifi cations in dendrites and dendritic spines during hibernation 
have also been observed in spiny stellate cells from layer 4 of the somatosen-
sory cortex and in ventral posterior thalamic somatosensory relay neurons of 
golden-mantled ground squirrels (von der Ohe et al., 2006). In addition, revers-
ible plastic alterations in the ultrastructure of asymmetric axospinous synap-
ses have been described during hibernation in layer 2 of the frontal cortex in 
European ground squirrels (Ruediger et al., 2007). Th e length of postsynaptic 
densities and the synaptic apposition length increase during torpor, while the 
width and surface area of postsynaptic densities decrease. At the beginning 
of arousal, the width of the postsynaptic densities increases to reach spring 
values at late arousals. Th e morphological synaptic plastic modifi cations dur-
ing a torpor bout are of a similar magnitude in all brain regions examined 
and across distinct regions within cells, and are reversible when returning 
to euthermia (von der Ohe et al., 2006). Th e synaptic changes during torpor 
are associated with a dissociation of synaptic proteins from the cytoskeletal 
active zone and from the postsynaptic density, and it has been proposed that 
the rapid recovery of synapses at the beginning of arousal may be the conse-
quence of a rapid reassociation of synaptic proteins to the active zone and the 
postsynaptic density (von der Ohe et al., 2007).

Plastic reorganization of brain tissue during hibernation may in part be 
the consequence of the associated hormonally induced physiological modifi -
cations, such as the decrease in body temperature during torpor (von der Ohe 
et al., 2006, 2007). However, the brain plastic reorganization during hibernation 
may also be involved in the generation of the physiological changes associated 
with torpor and arousal. For instance, as mentioned before, the production of 
arginine-vasopressin by neurons in the suprachiasmatic nucleus appears to be 
involved in the reappearance of post-hibernation circadian rhythmicity (Hut 
et al., 2002). Th erefore, hibernation is an excellent illustration of the cross-
interaction of hormones and brain plasticity in adult life. Brain plastic modi-
fi cations, induced in part by hormonal transmission of changes occurring in 
the external environment, contribute to modify hormonal secretions to adapt 
the organism (by regulating the metabolic and energetic physiological condi-
tions) to the initiation of hibernation, to torpor, and to the return to normal 
homeodynamics aft er hibernation. In turn, hormonal secretions, directly or 
indirectly, induce plastic modifi cations in the brain, adapting neural function 
to the metabolic conditions associated with hibernation.
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BRAIN PLASTICITY AND THE CONTROL OF HORMONAL 
HOMEODYNAMICS IN SEASONAL BREEDERS

Seasonal plasticity in the neuronal systems that regulate gonadotropin secre-
tion has been detected in several species of birds and mammals. In birds 
 living in the tropics, seasonal breeding and seasonal plastic modifi cations 
in the GnRH system can occur in the absence of signifi cant changes in the 
photoperiod (Moore et al., 2006). In contrast, the photoperiod regulates sea-
sonal reproductive cycles and aff ects the plasticity of GnRH neurons in many 
species of birds living in high latitudes. For instance, the photoperiod aff ects 
GnRH immunoreactivity, the number of GnRH immunoreactive cells, and 
GnRH fi ber density in the cardueline fi nch (Pereyra et al., 2005). Photoperiod 
also aff ects the interactions of GnRH terminals and glial cell processes in 
the median eminence of Japanese quails (Yamamura et al., 2004). In ani-
mals maintained under short day conditions, glial processes are interposed 
between GnRH terminals and the basal lamina of portal capillaries in the 
median eminence. In contrast, GnRH nerve terminals are in close proxim-
ity to the basal lamina in animals kept under long day conditions. Th e sea-
sonal structural remodeling of glial cells and GnRH terminals may be under 
the control of thyroid hormones, since thyroid hormone receptors are highly 
expressed in the median eminence of Japanese quails, and triiodothyronin 
implantation in the mediobasal hypothalamus decreases the interposition 
of glial processes between GnRH terminals and the basal lamina of portal 
capillaries (Yamamura et al., 2006).

In mammalian seasonal breeders, seasonal changes in the responsiveness 
of GnRH neurons to the inhibitory eff ects of gonadal hormones are accompa-
nied by seasonal changes in the number of synaptic inputs to GnRH neurons 
(see also Chapter 2). In ewes, preoptic GnRH neurons receive more than twice 
the mean number of total synaptic inputs per unit of plasma membrane in 
breeding season than in anestrus animals (Lehman et al., 1997; Xiong et al., 
1997). Th e plastic changes in the number of total synaptic inputs aff ect both 
the dendrites and the perikaryon of GnRH neurons. Th e increase in the num-
ber of synaptic inputs on GnRH neurons during the breeding season seems to 
be due mainly to neuropeptide Y (NPY) terminals (Jansen et al., 2003). Th is 
is consistent with the fact that NPY is known to increase luteinizing hormone 
release in ewes. Th e increase in NPY synaptic inputs seems to be dependent on 
an increased production of NPY, since it is associated with an increase in the 
number of NPY immunoreactive neuronal perikarya (Skinner and Herbison, 
1997). GABAergic inputs also increase during the breeding season in a sub-
population of GnRH neurons (Jansen et al., 2003), although the proportion 
of GnRH neurons contacted by GABAergic inputs decreases (Pompolo et al., 
2003). Th e seasonal synaptic plasticity on GnRH neurons is associated with 
seasonal plastic remodeling of astroglial processes and in their apposition 
to neuronal perikarya (Jansen et al., 2003), and are associated with seasonal 
modifi cations in the expression of PSA-N-CAM (Viguie et al., 2001), which, 
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as has been mentioned before, is a permissive molecule for structural syn-
aptic plasticity. In addition to the seasonal remodeling of synaptic inputs on 
GnRH neurons, seasonal synaptic plasticity also occurs on other neuronal 
 populations that control GnRH release, such as the A15 dopaminergic cell 
group in the retrochiasmatic area, which mediate estrogen negative feedback 
to GnRH neurons during anestrus. Both the number of synaptic inputs and 
the length of dendrites increase in these neurons during anestrus (Adams 
et al., 2006).

Seasonal synaptic plasticity on GnRH neurons does not seem to be depen-
dent on gonadal hormones, since it is observed both in intact ewes and in 
ovariectomized animals bearing estradiol implants. Other hormonal signals 
may participate in the regulation of plasticity of neuronal inputs on GnRH 
neurons and on the associated neuronal networks. It has been proposed that 
seasonal variation in the duration of melatonin secretion may regulate seasonal 
plasticity in GnRH neurons in seasonal breeders by a direct action of melato-
nin on synapses involved in the regulation of GnRH secretion. Melatonin may 
act on neurons in the arcuate and ventromedial hypothalamic nucleus that, in 
turn, regulate GnRH neuronal activity, may act on GnRH release at the level 
of the pars tuberalis, and likely may directly interact with the synaptic inputs 
on GnRH neurons as well (Kennaway and Rowe, 1995). Th yroid hormones, 
which are required for the transition from the breeding to anestrus season, 
may also play a relevant role, since GnRH neurons express thyroid hormone 
receptors (Lehman et al., 1997). However, a thyroidectomy late in the breeding 
season does not aff ect the synaptic input or glial escheatment of GnRH neu-
rons in anestrus. In contrast, a thyroidectomy blocks the above-mentioned 
increase in dendritic length in the A15 dopaminergic cell group during the 
anestrus period (Adams et al., 2006), suggesting that thyroid hormones may 
impact on the circuits controlling the activity of GnRH neurons at diff erent 
levels.

BRAIN PLASTICITY AND REPRODUCTIVE CYCLES IN NONSEASONAL 
BREEDERS

Brain Structures Controlling GnRH Neurons

As we have seen in Chapter 4, ovarian hormones induce a variety of plastic 
modifi cations in the rodent brain. Some of these brain plastic modifi cations 
show a cyclic pattern during the reproductive cycles in rodents in associa-
tion with the cyclic fl uctuation in the circulating levels of ovarian hormones. 
In adult female rodents, the hypothalamic arcuate nucleus exhibits a natu-
ral phasic synaptic remodeling that is linked to hormonal variations during 
the ovarian cycle (Naft olin et al., 2007; Olmos et al., 1989). Th e number of 
axosomatic synapses on arcuate neurons falls between the morning and the 
aft ernoon of proestrus, remains low until the morning of estrus, then rises to 
baseline conditions by the metestrus morning. Th e fl uctuation in the number 
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of axosomatic synaptic profi les cannot be ascribed to changes in the size of the 
synaptic terminals or to modifi cations in the perimeter of arcuate neuronal 
perikarya, but refl ects a modifi cation in the number of terminals contacting 
arcuate perikarya (Fig. 8.4). On the other hand, since the changes in synapses 
are not accompanied by the appearance of images of degeneration, the reduc-
tion in the number of synaptic contacts on the day of proestrus could involve 
a retraction of the synaptic terminal or a displacement of synapses from the 
soma to the neurites rather than a degenerative loss. Th e surge of luteinizing 
hormone on the aft ernoon of proestrus is thus coincident with the decrease in 
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Figure 8.4. Neuroglial remodeling in the arcuate nucleus during the estrus cycle. 
Th e number of GABAergic axosomatic synaptic contacts on arcuate neurons of adult 
female rats falls between the morning and the aft ernoon of proestrus in each estrus 
cycle. Th e cyclic changes in the number of axosomatic synaptic contacts are accom-
panied by cyclic modifi cations in the glial wrapping of the neuronal somas. Glial pro-
cesses are interposed between the presynaptic inputs and the postsynaptic membrane, 
and the retraction of glial processes in diestrus is accompanied by the reinnervation 
of arcuate neuronal somas.
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the number of axosomatic synapses on arcuate neurons. Since arcuate neurons 
appear to be involved in the control of GnRH secretion, and hence gonadotro-
pin secretion, it is conceivable that the observed synaptic modifi cations have 
an important relationship with the estrogen-induced gonadotropin surge. 
Indeed, gonadal steroids appear to play a fundamental role in the induction 
of synaptic remodeling in the arcuate nucleus. Studies in ovariectomized rats 
showed that the administration of a single dose of 17β-estradiol, resulting 
in plasma levels of the hormone similar to those detected during proestrus, 
induced a reversible decline in the number of arcuate axosomatic synapses 
(Perez et al., 1993a). Th ese results suggest that the synaptic changes detected 
in arcuate neurons during the estrus cycle are driven by the rise in plasma 
17β-estradiol levels that occur during proestrus. Furthermore, the simulta-
neous administration of progesterone and 17β-estradiol to ovariectomized 
rats, a treatment known to inhibit the ability of estrogen to evoke luteinizing 
hormone surges (Banks and Freeman, 1980; Barraclough et al., 1986), inhibits 
the eff ect of 17β-estradiol on arcuate synapses (Perez et al., 1993a). Th is fi nd-
ing further supports the concept that estrogen-induced synaptic changes in 
the arcuate nucleus are involved in the hypothalamic control of luteinizing 
hormone release. Th e synaptic remodeling during the estrus cycle occurs in 
parallel with changes in luteinizing hormone release, and may refl ect a reorga-
nization of part of the synaptic circuits that control GnRH neurons. Th erefore, 
the preovulatory surge of gonadotropins may, at least in part, be induced by 
the remodeling of synaptic connections in the arcuate nucleus (Horvath et al., 
1997a). In addition, at least part of the arcuate neurons involved in the syn-
aptic remodeling project their axons to the median eminence, and are prob-
ably neurosecretory neurons that may be involved in the control of prolactin 
(Csakvari et al., 2008; Parducz et al., 2003). Since the arcuate nucleus is a key 
neuroendocrine control center that is not only involved in the regulation of 
reproduction but also in growth, energy balance, and food intake, the changes 
in arcuate neuronal activity during the estrus cycle may have a broad physio-
logical impact.

Synaptic plasticity associated with the estrus cycle has also been detected in 
another brain region involved in the control of GnRH neurons, the anteroven-
tral periventricular nucleus. Studies by M. Chris Langub, Bruce E. Maley, and 
Robert E. Watson have shown that, in contrast to arcuate nucleus, axosomatic 
synapses increase in the anteroventral periventricular nucleus of cycling 
female rats between proestrus and estrus, and then decreases in metestrus. 
Furthermore, an ovariectomy increases the number of axosomatic synapses in 
the anteroventral periventricular nucleus relative to proestrus and metestrus 
(Langub et al., 1994). Th us, axosomatic synapses change in opposite direc-
tions during the estrus cycle in two diff erent brain regions in the same species, 
the arcuate nucleus and the anteroventral periventricular nucleus,.

To gain further insight into the physiological signifi cance of the synap-
tic remodeling associated with the rat ovarian cycle, in collaboration with 
Arpad Parducz from the Institute of Biophysics of the Hungarian Academy of 
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Sciences in Szeged we analyzed the infl uence of gonadal hormone administra-
tion on immunocytochemically identifi ed GABAergic synaptic terminals. By 
that time we already knew from the data of other laboratories that GABAergic 
axons are abundant in the rat arcuate nucleus and that these axons form axoso-
matic synapses on estrogen-sensitive cells. In addition, it was already described 
that a large population of GABAergic neurons in the arcuate nucleus express 
estrogen and/or progesterone receptors, and that GABA is involved in the con-
trol of luteinizing hormone and prolactin release. Furthermore, electrophys-
iological studies had shown that most arcuate neurons were hyperpolarized 
by GABA. In addition, both GABA levels and GABA receptors were known to 
be modulated by gonadal steroids in several brain areas, including the arcuate 
nucleus. Th us, it was reasonable to suppose that the changes in axosomatic 
synapses during the estrus cycle may aff ect GABAergic synaptic terminals. 
Th e immunocytochemical characterization of synaptic inputs on arcuate neu-
rons using colloidal gold immunolabeling revealed that the majority of the 
axosomatic synaptic terminals on arcuate neurons of female rats are GABA-
immunoreactive. We fi rst analyzed the eff ect of the administration of estra-
diol on the number of axosomatic synapses in ovariectomized rats, and found 
that the administration of the hormone produced a signifi cant decrease in the 
number of GABA-immunoreactive axosomatic synapses. In contrast, estra-
diol administration had no signifi cant eff ect on the number of nonimmuno-
reactive axosomatic synapses on these neurons. Likewise, the percentage of 
perikaryal membrane covered by immunoreactive synapses was signifi cantly 
reduced by estradiol, while the percentage of perikaryal membrane covered 
by nonimmunoreactive synapses remained unchanged (Parducz et al., 1993). 
Th ese results suggest that at least the majority of the axosomatic synapses 
aff ected by estradiol during the rat estrus cycle are GABAergic. A transient 
change in inhibitory GABAergic inputs during the estrus cycle was consistent 
with the observation that estradiol induces an increase in arcuate neuronal 
fi ring that is temporally correlated with the release of luteinizing hormone 
during the ovarian cycle (Kis et al., 1999; Yeoman and Jenkins, 1989).

Further morphometric analysis of synapses in the arcuate nucleus revealed 
that the decrease in the number of GABAergic inhibitory synapses induced 
by estradiol is accompanied by a parallel increase in the number of excitatory 
synapses in dendritic spines, further indicating that the fi nal eff ect of estradiol 
is to decrease inhibition and increase excitation of arcuate neurons. Th is was 
corroborated by the use of electrophysiological recordings, which revealed an 
increased frequency of neuronal fi ring in a subpopulation of arcuate neurons 
in response to estradiol (Parducz et al., 2002). GABAergic axosomatic synap-
ses and synapses on dendritic spines also show variations during the estrus 
cycle. Th e number of GABAergic axosomatic synapses decreases signifi cantly 
from proestrus morning to proestrus aft ernoon, and remains lower on the day 
of estrus. Th en, the number of GABAergic axosomatic synapses increases in 
metestrus and remained at the same levels in diestrus and in the morning of 
proestrus. In contrast, the numerical density of non GABAergic axosomatic 
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synapses does not show signifi cant changes during the estrus cycle. Th is is 
also the case for both the GABAergic and nonGABAergic synapses on den-
dritic shaft s. In contrast, synapses on dendritic spines show a highly signifi -
cant increase in number on proestrus aft ernoon, remain high on estrus day 
and return to the base level during the next two days (Csakvari et al., 2006).

Th e decrease in the number of inhibitory GABAergic synapses and the 
increase in the number of spine synapses during the estrus phase of the estrus 
cycle in the rat arcuate nucleus are temporally correlated with morpholog-
ical modifi cations that indicate a general cellular activation of arcuate neu-
rons. For example, the nuclear volume and number of nuclear pores increase 
in arcuate neurons aft er estradiol administration to ovariectomized rats and 
during the estrus phase of the estrus cycle (Garcia-Segura et al., 1987a; Perez 
et al., 1991). Furthermore, the expression of histone H1°, a protein involved in 
the induction and stability of the higher-order structure of chromatin, is neg-
atively and reversibly regulated in arcuate neurons during the estrus cycle by 
the rise of estradiol in plasma (Garcia-Segura et al., 1993). Th is suggests that 
gene transcription and nucleocytoplasmic transport are enhanced in arcuate 
neurons during the phases of increased neuronal fi ring and synaptic remod-
eling. Th is increased cellular activity may be a consequence of the increased 
neuronal fi ring due to the decrease in inhibitory synaptic inputs on perikarya 
and the increase in excitatory inputs on dendritic spines, although it may also 
partially refl ect transcriptional changes involved in the mechanisms of syn-
aptic plasticity.

Th e synaptic reorganization in the arcuate nucleus during the estrus cycle 
is accompanied by a plastic remodeling of astroglia and astroglial processes 
(Garcia-Segura et al., 1994a, b, 2008; Kohama et al., 1995). GFAP mRNA, 
the surface density of GFAP-immunoreactive cell perikarya and processes, 
the number of astroglial profi les in the arcuate neuropil, and the amount of 
neuronal perikaryal membrane covered by glial processes are increased on 
the aft ernoon of proestrus and on the morning of estrus compared to other 
phases of the estrus cycle or to ovariectomized rats (Fig. 8.5). Th e increase in 
the amount of neuronal perikaryal membrane covered by glial processes dur-
ing proestrus and estrus is associated with a transient displacement of axoso-
matic terminals. In contrast, glial retraction in diestrus is accompanied by the 
reinnervation of arcuate neuronal perikarya (Garcia-Segura et al., 1994a, b; 
Fig. 8.4). Glial remodeling during the estrus cycle is also detected in the rostral 
preoptic area in rats. Th ere, the surface area of astrocytes and the number of 
processes per astrocyte decreased from the morning of proestrus, before the 
initiation of the GnRH induced luteinizing hormone surge, to the aft ernoon 
of proestrus. Th e following day, on estrus, both the surface area of astrocytes 
and the number of processes per astrocyte return to levels similar to those 
seen on proestrus morning (Cashion et al., 2003).

Th e plastic changes in astrocytes during the estrus cycle show interesting 
diff erences in the arcuate nucleus and the rostral preoptic area. Astrocytic 
processes increase in the arcuate nucleus and decrease in the rostral preoptic 
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area in the aft ernoon of proestrus, in association with the increase in luteiniz-
ing hormone release. In the rostral preoptic area, astrocytic processes con-
tact GnRH neurons and, interestingly, the number of synapses on the soma 
of GnRH neurons (at least in monkeys) increases in association with the peak 
in luteinizing hormone release (Witkin et al., 1991), while the number of axo-
somatic synapses decreases in the arcuate nucleus at this moment. Th erefore, 
glial and synaptic plasticity show similar characteristics in the arcuate nucleus 
and the rostral preoptic area. However, the timing of the plastic changes is 
diff erent. A similar situation occurs in the median eminence. Changes in the 
extension of tanycytic processes in the median eminence during the estrus 
cycle regulate the contacts of GnRH neurosecretory terminals with portal 
vasculature (see also Chapter 2). In the aft ernoon of proestrus, tanycytic pro-
cesses retract, allowing the contact of GnRH neuronal terminals with portal 
capillaries and the subsequent release of GnRH (King and Letourneau, 1994; 
Prevot et al., 1999). Th us, in the median eminence (like in the rostral preoptic 
area) glial processes retract at the same moment in the estrus cycle when glial 
processes grow in the arcuate nucleus. Furthermore, as mentioned earlier in 
this chapter, the number of axosomatic synapses increases in the anteroven-
tral periventricular nucleus in proestrus, when axosomatic synapses decrease 
in the arcuate nucleus. All this suggests that gonadal hormones are facilitating 
glial and synaptic plasticity in diff erent brain regions during the estrus cycle, 

A B

Figure 8.5. Immunoreactivity for the astroglial marker glial fi brillary acidic protein 
(GFAP) in the arcuate nucleus of female rats. (A) From a rat in the morning of pro-
estrus. (B) From a rat in the morning of estrus. Changes in GFAP immunoreactivity 
in the rat arcuate nucleus during the estrus cycle are accompanied by modifi cations 
in the growth of astrocytic processes, the coverage of arcuate neuronal somas by glial 
processes, and the interposition of glial processes between presynaptic axosomatic 
inhibitory synaptic terminals and the arcuate neuronal somas. Scale bar, 0.7 mm. 
(Microphotographs from the author. Based on Garcia-Segura et al., 1994b).
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but are not promoting a specifi c direction to the plastic changes. According 
to this interpretation, gonadal hormones will not induce the growth or the 
retraction of glial processes, or the connection or the disconnection of syn-
apses. Gonadal hormones will act as permissive factors, allowing coordinated 
plastic and metaplastic events that may adopt diff erent characteristics in dif-
ferent brain regions (see also Chapter 4).

One of the questions that are still under debate is whether the glial changes 
that are linked to estradiol-induced synaptic plasticity are the result of direct 
hormonal eff ects on glial cells or are neuronally mediated. Astrocytes are 
infl uenced by the neuronal environment, either by direct contact via adhe-
sion molecules, such as PSA-N-CAM, or by soluble factors, such as gluta-
mate, released by neurons (see also Chapter 4). Th us, the eff ect of estradiol 
on arcuate astroglia may depend, at least in part, on neurons bearing hor-
mone receptors, which are abundant in the arcuate nucleus. Alternatively, it 
cannot be excluded that the hormone may act directly on arcuate glial cells. 
Indeed, several laboratories have reported the expression of estrogen recep-
tors in astrocytes (for review, see Garcia-Ovejero et al., 2005). Th us, Langub 
and Watson (1992) reported the existence of glia immunoreactive for estrogen 
receptors in the guinea pig hypothalamus, using electron microscope immu-
nocytochemistry, and Gudino-Cabrera and Nieto-Sampedro (1999) detected 
immunoreactivity for estrogen receptor α in rat tanycytes. On the other hand, 
there is evidence that soluble factors, such as growth factors and neurotrans-
mitters, may mediate neuron–glia communication in the arcuate nucleus. 
Th us, Jessica Mong and her collaborators have shown that neurotransmitters 
(such as GABA) released by arcuate neurons may aff ect astrocyte morphol-
ogy (Mong et al., 2002). In addition, estradiol increases the glial expression 
of glutamine synthetase, which facilitates the conversion of glutamate to glu-
tamine. Glutamine may then be used by neurons for glutamate synthesis, 
which in turn may aff ect neuronal and glial function (Blutstein et al., 2006; 
Mong and Blutstein, 2006). In addition, the laboratory of Sergio Ojeda at the 
Oregon Regional Primate Research Center has provided detailed informa-
tion on other soluble factors released by hypothalamic glia that may aff ect 
neurons and other glial cells to regulate GnRH release, and may potentially 
aff ect glial and neuronal remodeling in the arcuate nucleus and the median 
eminence (see also Chapters 2 and 7). Th ese include growth factors, such as 
transforming growth factor α, and the neuregulins, which are produced in 
hypothalamic astrocytes and act in a paracrine or autocrine way on the same 
cell types to elicit the production of other soluble factors, such as prostaglan-
din E2, which stimulates GnRH secretion upon binding to specifi c receptors 
on GnRH neurons (Ojeda et al., 2000; Prevot, 2002; Prevot et al., 2007). Th e 
activity of Zn2+ metalloproteinases (which varies in the median eminence 
during the estrus cycle, showing high levels of activity in proestrus) may also 
be involved in the neuroglial remodeling in the median eminence (Estrella 
et al., 2004; Prevot et al., 2003). Molecules released by endothelial cells in the 
median eminence, such as Sema3A, a chemotrophic factor (Campagne et al., 



Hormones and Brain Plasticity220

2006), or nitric oxide (De Serrano et al., 2004, 2005; Prevot et al., 2007) may 
also regulate the retraction and extension of tanycytes during the estrus cycle 
(see Chapter 2).

IGF-I is another soluble factor that appears to be highly relevant in the 
communication of glia and neurons for the regulation of synaptic plasticity in 
the arcuate nucleus (see also Chapter 5). IGF-I receptors mediate (i) estrogen 
activation of astroglia in hypothalamic arcuate nucleus tissue fragments; (ii) 
estrogen-induced synaptic plasticity in the arcuate nucleus in vivo; and (iii) 
synaptic remodeling during the estrus cycle in the arcuate nucleus (Fernandez-
Galaz et al., 1996, 1997; Garcia-Segura et al., 1999a). Furthermore, IGF-I levels 
in the neuroendocrine hypothalamus are regulated by estradiol and proges-
terone, and IGF-I levels in tanycytes in the arcuate nucleus and the median 
eminence fl uctuate in accordance with the natural variations in plasma levels 
of ovarian steroids that are associated with the estrus cycle (Fernandez-Galaz 
et al., 1996, 1997; Garcia-Segura et al., 1999a). Th erefore, the fi nal glial– 
neuronal remodeling in the arcuate nucleus during the estrus cycle may be 
regulated by a fi nely orchestrated bidirectional cross talk between neurons 
and astroglia, mediated by growth factors, prostaglandin E2, and neurotrans-
mitters. In addition, neuroglia interactions may be regulated by direct cell-to-
cell communication, mediated by cell adhesion molecules.

The Ventromedial Hypothalamic Nucleus

Synaptic plasticity during the estrus cycle is not limited to brain regions con-
trolling GnRH secretion. Plastic modifi cations have also been detected in the 
ventromedial hypothalamic nucleus, which is involved in the control of lordo-
sis behavior; and in the hippocampus, which is involved in cognitive function. 
Th e laboratory of Bruce S. McEwen was the fi rst to report that the number of 
dendritic spines on primary dendrites of ventromedial hypothalamic neurons 
fl uctuated during the estrus cycle in rats. Th e density of dendritic spines is sig-
nifi cantly lower at diestrus than in proestrus (Frankfurt et al., 1990). Th e fl uc-
tuation of dendritic spines across the estrus cycle was confi rmed by M. Dulce 
Madeira, Luís Ferreira-Silva, and Manuel Paula-Barbosa from the University 
of Porto in Portugal, which in 2001 reported the results of a detailed stereo-
logical analysis of the ventromedial hypothalamic nucleus of adult male rats 
and of intact age-matched females killed on proestrus and diestrus day one 
(Madeira et al., 2001). Th ey found that males and females have a similar num-
ber of neurons in the ventromedial hypothalamic nucleus (55,000), but the 
total volume of the nucleus and the volume of the neuropil are larger in males 
than in females. Furthermore, the volume of the nucleus increases in proes-
trus due to an increase in the volume of neuronal perikarya. Th ey also found 
that the density of dendritic spines in ventromedial hypothalamic neurons 
is higher in females than in males. Furthermore, in the neurons located in 
the ventrolateral part of the nucleus, the density of dendritic spines fl uctuate 
across the estrus cycle, being higher in proestrus than in diestrus, as previously 
reported by Maya Frankfurt and her colleagues in the laboratory of Bruce 
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S. McEwen. Morphometric analyses by electron microscopy have shown that 
the increase in dendritic spines in proestrus is accompanied by an increase in 
the number of presynaptic terminals. Th us, Susana Sá and M. Dulce Madeira 
have shown that the neurons located in the ventral subdivision of the ventro-
medial hypothalamic nucleus receive around 7,000 synapses during diestrus, 
and approximately 10,000 synapses during proestrus (Sá and Madeira, 2005).

The Hippocampus

Th e hippocampus is another brain region in which there are plastic changes 
associated with the estrus cycle, including modifi cations in (i) the number of 
dendritic spines and presynaptic terminals in CA1 pyramidal neurons; (ii) 
functional synaptic plasticity; (iii) the morphology of astroglia; and (iv) the 
rate of neurogenesis. In contrast to the plastic modifi cations in the hypothal-
amus, which may be associated with the control of GnRH release or sexual 
behavior, the functional signifi cance of the hippocampal plasticity is still 
unclear. However, the hippocampus is an important brain region for the inte-
gration of diff erent hormonal signals, including stress hormones and sex ste-
roids; in addition to its cognitive functions it contributes to the regulation of 
hypothalamic hormonal secretions. Th erefore, hippocampal plasticity during 
the estrus cycle may refl ect a homeodynamic response to adapt mood and 
cognition to the changing endocrine environment.

As I have mentioned in Chapter 4, the fi rst description of synaptic plas-
ticity associated with the estrus cycle in the hippocampus was provided by 
Catherine Woolley and her colleagues in the laboratory of Bruce S. McEwen. 
Using the Golgi method, Woolley and her collaborators discovered that the 
number of dendritic spines in the CA1 region of the rat hippocampus fl uc-
tuates during the estrus cycle, showing a peak in proestrus (Woolley et al., 
1990a). Th e modifi cation in the number of dendritic spines is associated with 
plastic changes in the number of presynaptic inputs (Woolley and McEwen, 
1992; Woolley et al., 1996) and in the expression of synaptic proteins (Crispino 
et al., 1999). Functional synaptic plasticity is also modifi ed during the estrus 
cycle. Long-term synaptic potentiation is increased during proestrus (Good 
et al., 1999; Warren et al., 1995), while the induction of paired-pulse long-term 
depression is severely attenuated during proestrus (Good et al., 1999).

Glial cells show also structural remodeling in the rat hippocampus dur-
ing the estrus cycle. Th e surface density of GFAP immunoreactive astrocytes 
increases in the aft ernoon of proestrus and the morning of estrus compared 
to the morning of proestrus, diestrus, and metestrus, and these changes are 
regulated by estradiol and progesterone (Luquin et al., 1993). In contrast to 
the clear association between glial modifi cations and synaptic changes in the 
arcuate nucleus during the estrus cycle, the possible relation between glial 
remodeling and synaptic plasticity is less obvious in the hippocampus (see 
Chapter 4). However, considering the multiple metabolic roles of astrocytes 
and the importance of astrocyte signaling for synaptic function, astroglial 
plasticity may play an essential role in the coordination of modifi cations in 
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hippocampal activity during the estrus cycle. Finally, another aspect of hip-
pocampal plasticity that is modifi ed during the estrus cycle is neurogenesis in 
the dentate gyrus. Neuronal proliferation in the subgranular layer of the den-
tate gyrus fl uctuates during the estrus cycle, showing a peak during proestrus 
(Tanapat et al., 1999). Th e coincidence in proestrus of peaks in neurogenesis, 
in dendritic spine formation in CA1 pyramidal cells, and in the number of 
synaptic inputs to CA1 dendritic spines, together with an enhanced synaptic 
long-term potentiation and increased growth of glial processes, suggest that 
all these plastic modifi cations may be functionally interrelated.

HORMONES AND BRAIN REMODELING DURING MOTHERHOOD

Motherhood is one of the most complex periods of cross talk between hor-
mones and the brain in adult life. Th e dramatic physiological changes and 
behavioral demands associated with motherhood are regulated by multiple 
neural end endocrine homeodynamic mechanisms (Brunton and Russell, 
2008; Russell et al., 2001). Pregnancy, parturition, and the postpartum period, 
which includes lactation and many other forms of maternal care, are accom-
panied by extraordinary modifi cations in the plasma levels of numerous 
 hormones, including progesterone, estradiol, prolactin, oxytocin, relaxin, and 
glucocorticoids. Brain remodeling during motherhood contributes to the reg-
ulation of these various hormonal changes. In turn, the resulting hormonal 
adjustments have an impact on the manifestation of diff erent forms of brain 
plasticity during pregnancy, parturition, and lactation. Diff erent exterocep-
tive and interoceptive signals contribute to modulate the cross talk between 
the brain and the endocrine glands during motherhood. Among these, the 
interaction with pups is one of the most important exteroceptive signals that 
aff ect hormonal release and neural plasticity in mothers. Neural plastic modi-
fi cations resulting from the interaction of exteroceptive and interoceptive 
signals, the endocrine glands, and the brain will fi nally determine the mani-
festation of adequate or inadequate maternal behaviors.

Th e hypothalamus is the main brain region, but not the only one, in which 
plastic neuronal and glial remodeling is involved in the regulation of hor-
monal changes during motherhood. Dramatic plastic reorganization of syn-
aptic connectivity and neuroglia interactions occur in magnocellular neurons 
in paraventricular and supraoptic nuclei during parturition (Hatton et al., 
1982; Montagnese et al., 1987; Th eodosis and Poulain, 1984a) and lactation 
(Hatton et al., 1982; Montagnese et al., 1987; Th eodosis and Poulain, 1984a; 
Th eodosis et al., 1986a). During parturition and lactation, oxytocin magno-
cellular neurons hypertrophy, their dendrites retract, and their axons enlarge 
and ramify. In parallel, there is a retraction of astrocytic processes and an 
increase in inhibitory and excitatory synaptic inputs on oxytocin neurons (see 
Chapter 2 for further details). Th e reorganization of magnocellular neurons 
and associated astroglial cells in the supraoptic and paraventricular nuclei 
allow an increased coupling of the activity of neurosecretory cells. In addition, 
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these plastic changes are accompanied by a reorganization of the interaction 
of pituicytes with neurosecretory axons in the pituitary, allowing an increased 
occupation of the basal lamina of capillaries by neurosecretory terminals, and 
presumably an enhanced hormonal release (Tweedle and Hatton, 1982, 1987). 
Th e plastic remodeling of the hypothalamic magnocellular system during 
parturition and lactation allows the adequate release of oxytocin needed for 
uterine contractions and milk ejections, and is the best example that we have 
so far to illustrate how brain remodeling control hormonal secretions during 
motherhood (see also Chapter 2).

Th e medial preoptic area, which is involved in the regulation of mater-
nal behavior, also shows plastic modifi cations associated with motherhood. 
In the California mouse (Peromyscus californicus) neuronal soma size in the 
medial preoptic area increases signifi cantly with motherhood (Gubernick 
et al., 1993). In the preoptic area of rats, neuronal volume, the number of basal 
dendritic branches, and cumulative basal dendritic length increase during 
pregnancy, probably due to the action of ovarian hormones (Gubernick et al., 
1993; Keyser-Marcus et al., 2001). Neuronal morphology is also aff ected by 
motherhood in the medial nucleus of the amygdala, a brain region involved 
in endocrine regulation and the response to stress. Multiparous females have 
more dendritic spines in the anterior portion of the medial nucleus of the 
amygdala, and fewer in the posterodorsal region compared to virgin females 
(Rasia-Filho et al., 2004).

Another important brain region involved in behavioral responses during 
motherhood is the olfactory bulb. Olfactory cues are important exteroceptive 
signals for the modulation of maternal care and the interactions between the 
mother and her pups (Levy et al., 2004). In several mammalian species, odors 
from the pups and the young are essential to elicit maternal care. An impor-
tant functional plastic reorganization in the regulation of olfaction occurs at 
parturition, when olfactory cues that inhibit or do not elicit maternal behav-
ior in nonpregnant females become key signals to elicit maternal care in new 
mothers. Th e plastic reorganization of the olfaction system is induced by the 
new homeodynamic conditions at the end of pregnancy and parturition, 
including marked modifi cations in plasma levels of estradiol and progester-
one (Fleming et al., 1989).

Plasticity in the olfactory bulb during pregnancy is at least in part medi-
ated by the incorporation of new neurons. Tetsuro Shingo and colleagues at 
the University of Calgary found that pregnancy and lactation increase the 
generation of new neurons in the subventricular zone of the mouse brain. Th e 
new neurons migrate to the periglomerular and granule layers of the olfactory 
bulb, and integrate in the neuronal circuits. Th e rate of neurogenesis peaks on 
the seventh day of pregnancy, and again aft er delivery (Shingo et al., 2003). 
Prolactin has been identifi ed as the regulator of neurogenesis during preg-
nancy and lactation in mice (Shingo et al., 2003). Similar fi ndings have been 
obtained in rats, although in this case the peak in neurogenesis in the subven-
tricular zone is detected on day 21 of pregnancy, but not on day 7 of pregnancy 
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(Furuta and Bridges, 2005). Prolactin, which is increased in plasma during 
late pregnancy in rats, may also be involved in these changes. Th e eff ects of 
prolactin on neurogenesis in postpartum and virgin female mice are mim-
icked by the exposure to male pheromones, which increase prolactin levels, 
increase neurogenesis in the subventricular zone, increase the incorporation 
of new neurons to the olfactory bulb, and induce maternal behavior (Larsen 
et al., 2008). Prolactin and pregnancy also increase the generation of oligoden-
drocytes and the number of myelinated axons (Gregg et al., 2007), suggesting 
that important plastic modifi cations in neuronal connectivity mediated by 
myelinated axons may occur in the maternal brain during pregnancy.

Th e cerebral cortex also suff ers plastic remodeling in lactating mothers. 
During lactation, the activation of tactile inputs of the nipples by pups causes a 
functional reorganization of the primary somatosensory representation of the 
ventral trunk in the cerebral cortex. Christian Xerri and his colleagues have 
found that the primary somatosensory cortical representation of the ventral 
trunk skin is almost twice as large in lactating rats than in matched postpar-
tum nonlactating or virgin controls (Xerri et al., 1994). Th e reorganization 
of cortical neuron receptive fi elds and the expansion of cortical representa-
tion involve the nursing modulation of GABAergic inhibition and NMDA-
dependent synaptic effi  cacy (Rosselet et al., 2006). Plastic modifi cations in the 
receptive fi elds of neurons in the somatosensory cortex may indirectly impact 
the processing of information in other cortical and subcortical regions, 
including cognitive areas. Indeed, it is known that motherhood and previous 
maternal experience induce cognitive modifi cations in the mother. In 1999, 
Craig H. Kinsley and collaborators reported that multiparous female rats that 
had given birth and lactated twice, made signifi cantly more correct choices 
during the fi rst six days of testing in a radial-arm maze than age-matched vir-
gin females. Furthermore, in the dry-land version of the Morris water maze 
test, maternal females took signifi cantly less time to recall and locate the food 
reward than virgin females. Th ese fi ndings were interpreted as a proof that 
motherhood improves learning and memory (Kinsley et al., 1999).

Th e eff ect of maternal experience on hippocampal-dependent memory has 
been confi rmed by other laboratories (Lemaire et al., 2006b; Pawluski et al., 
2006a), has been shown to be long-lasting (Gatewood et al., 2005; Love et al., 
2005; Pawluski et al., 2006b), and shown to be abolished by stress induced 
during pregnancy (Lemaire et al., 2006b). Indeed, pregnancy and not only 
mothering experience appears to aff ect the hippocampus-dependent learning 
and memory in the mother. Th is is emphasized by the results obtained by Jodi 
L. Pawluski and collaborators in the laboratory of Lisa Galea, using the spatial 
working/reference version of the radial-arm maze. Th ey have found that pri-
miparous rats make fewer errors compared to multi- and nulliparous rats, and 
that pregnant-only rats completed the task on signifi cantly fewer days than 
primiparous, multiparous, and nulliparous rats (Pawluski et al., 2006b). In 
addition, marked modifi cations in hippocampal plasticity and function occur 
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during the early postpartum period, probably associated with the decreased 
plasma levels of estradiol aft er delivery and the increased levels of glucocorti-
coids. Early postpartum females show a reduced spatial learning and then an 
enhanced retention two weeks later compared to virgin rats. Th ese behavioral 
modifi cations are associated with a marked decrease in cell proliferation rate 
in the subgranular layer of the dentate gyrus of the hippocampus aft er deliv-
ery, without signifi cant changes in the survival of newly generated neurons 
two weeks later (Darnaudery et al., 2007). In addition, Leuner and colleagues 
(2007) have reported that cell proliferation in the dentate gyrus is suppressed 
in lactating postpartum females until the time of weaning, an eff ect that is 
dependent on the elevated basal glucocorticoid levels associated with lacta-
tion. Pups are the cause of both the elevated glucocorticoids levels and the 
decrease in neurogenesis. Th us, removal of pups shortly aft er birth prevents 
the decrease in hippocampal cell proliferation and reduces basal corticoste-
rone levels in postpartum females. Furthermore, the decrease in cell prolifer-
ation in postpartum females is prevented by an adrenalectomy and low-dose 
corticosterone replacement (Leuner et al., 2007). Th e important and transient 
changes in spatial learning and neurogenesis aft er delivery and during lacta-
tion emphasize the complexity of the interactions between hormones, brain 
plasticity, and behavior in the context of the profound homeodynamic adjust-
ments occurring during motherhood.

Additional structural and functional plastic modifi cations in the hippo-
campus are associated with maternal experience. For instance, multiparous 
female mice show increased long-term synaptic potentiation along Schaff er 
collaterals in the hippocampus compared to virgin mice. Th is functional plas-
tic modifi cation is facilitated by oxytocin, and is abolished by the administra-
tion of an oxytocin antagonist (Tomizawa et al., 2003). Morphological studies 
using the Golgi-Cox staining method have revealed that both pregnant rats 
(at day 21 of pregnancy) and lactating rats have an increased density of den-
dritic spines in apical dendrites of CA1 hippocampal pyramidal neurons com-
pared to virgin cycling females in diestrus, estrus, or proestrus (Kinsley et al., 
2006). Other studies with Golgi impregnation have detected a decrease in the 
number of branch points and dendritic length in CA3 and CA1 pyramidal 
neurons in primiparous rats compared to multiparous and nulliparous rats. 
In addition, multiparous rats have greater spine density in the basal region of 
CA1 pyramidal neurons (Pawluski and Galea, 2006). Gonadal hormones and 
glucocorticoids, which are known to regulate the number of dendritic spines 
in CA1 neurons, may regulate these plastic changes in mothers. Interestingly, 
spine density in the basal region of CA1 pyramidal neurons is correlated with 
the number of male pups in a litter (Pawluski and Galea, 2006). Higher levels 
of testosterone in the uterus of the mother with a higher number of male pups 
and the increased time spent by the mother in anogenital licking of male off -
spring may be among the factors involved in this neuroplastic eff ect (Pawluski 
and Galea, 2006).
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SOCIAL INTERACTIONS, HORMONES, AND BRAIN PLASTICITY

Social interactions are an important source of exteroceptive signals for brain 
plasticity. I have briefl y mentioned an interesting example in the previous 
chapter when analyzing the plastic maturation of the song control system in 
the brain of songbirds. Male songbirds that mature in the presence of adult 
males and learn songs from them, show a reduction in synaptic connectiv-
ity in the lateral magnocellular nucleus of the anterior neostriatum in par-
allel to song learning. In contrast, songbirds that mature in colonies without 
adult males do not learn songs and do not show synaptic plasticity in the song 
 system (Wallhausser-Franke et al., 1995). Th is is just one of many other exam-
ples that may be presented to sustain the infl uence of social interactions on 
developmental brain plasticity. In this section of the book I will examine the 
infl uence of social interactions on brain plasticity in adulthood.

Social infl uences interact with hormonal regulatory actions to modulate 
brain plasticity. In the case of the plasticity in the brain song system, social 
interactions with adult males interact with regulatory hormonal actions, 
such as those exerted by gonadal hormones, and with the singing activity 
by itself (Ball et al., 2004), to modulate neural plasticity in the song system. 
For instance, the regulatory action of testosterone on singing rate and the 
 volume of the HVC and the nucleus RA is modulated in male canaries by 
the social interactions, including the presence or absence of other males and 
females (Boseret et al., 2006). Interaction with males may also cause promi-
nent  plastic changes in the female rat brain; these changes are elicited by male 
 pheromones. Exposure to pheromones from dominant, but not from subordi-
nate males, enhances cell proliferation and neurogenesis in the subventricular 
zone and in the  dentate gyrus of adult females. Th e eff ect of male pheromones 
on  neurogenesis in the adult female brain is mediated by luteinizing hormone 
and prolactin. Luteinizing hormone mediates the enhancement of cell prolifer-
ation in the dentate gyrus, while prolactin mediates male pheromone-induced 
cell proliferation in the subventricular zone (Mak et al., 2007). Th erefore, two 
 diff erent hormones mediate, with regional specifi city, the changes in neu-
rogenesis in the brain of adult female rats as a consequence of their inter-
action with males. In turn, the plastic changes in neurogenesis regulated by 
luteinizing hormone and prolactin in the female brain appear to be required 
for female mate preference (Mak et al., 2007).

Other hormones, such as stress hormones, are also important players in the 
adaptation of brain plasticity for the generation of homeodynamic behavioral 
and endocrine responses in a changing social environment. Acute activation 
of physiological stress systems by social interactions result in transient syn-
aptic plastic changes in the hippocampus, amygdala, prefrontal cortex, and 
other brain regions. Th ese changes allow the generation of new emotional, 
cognitive, and behavioral responses. Other hormones, such as vasopressin 
and oxytocin, are also important for the regulation of social behavior, social 
affi  liation, social recognition, parental nurturing behavior, the formation of 
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selective mother–infant bonds, and the formation and maintenance of pair 
bonding in monogamous mating species (Keverne and Curley, 2004; Lim and 
Young, 2006; Wang and Aragona, 2004). Plasticity of mesolimbic dopami-
nergic circuits of reward and reinforcement may be involved in the actions 
of oxytocin and vasopressin on social behavior. Actions of corticotropin-
 releasing hormone in the nucleus accumbens are also important for partner 
preference and pair bonding (Lim et al., 2007).

In some species, social interactions result in marked plastic reorganiza-
tion of the brain. In electric fi sh (Apteronotus leptorhynchus), long-term 
social interaction results in plastic changes in the diencephalic prepacemaker 
nucleus, which controls chirping, an electrocommunication behavior involved 
in aggression. Paired fi sh have an increased number of new cells added to the 
periventricular zone adjacent to the diencephalic prepacemaker nucleus, and 
an increased immunoreactivity for vimentin, a marker of radial glia, in the 
same brain region. Th e plastic brain changes coincide temporally with the 
onset of chirping behavior (Dunlap et al., 2006). Similar results were obtained 
aft er the administration of cortisol, suggesting that the hormone may be 
involved in the association of brain plasticity and the onset of chirping behav-
ior. In the halfspotted goby (Asterropteryx semipunctata), temporal modifi ca-
tions in the number and size of GnRH and arginine vasotocin neurons in 
diff erent brain regions are associated with seasonal changes in social inter-
actions, territoriality, and parental care (Maruska et al., 2007), and in sev-
eral species the activity of GnRH neurons is regulated by social cues (Bakker 
and Baum, 2000; Rissman, 1996). In the African cichlid fi sh, Haplochromis 
burtoni, changes in social status, including events such as losing or winning 
a territorial encounter, result in plastic alterations in the activity of GnRH 
neurons, in the volume of hypothalamic neurons regulating growth hormone 
secretion and in the expression of androgen and estrogen receptors and argi-
nine vasotocin in the brain (Burmeister et al., 2007; Greenwood and Fernald, 
2004; Greenwood et al., 2008; Hofmann and Fernald, 2000). Diff erent forms 
of social defeat, such as that experienced by a male that loses a fi ght against a 
dominant male for control of territory and females, are associated with prom-
inent plastic changes in the brain, which are regulated by stress hormones. 
In our society, several forms of emotional abuse and hostile behaviors in the 
workplace, frequent phenomena popularly known as mobbing or bullying, are 
also a source of stress. Diff erent aggressive, submissive, and defensive behav-
iors are displayed in these confl ictive situations. Th ese behaviors may have 
long-term eff ects on the brain, which in turn will sustain the generation of 
new behavioral responses. Th e result of a confl ictive social interaction may 
have very diff erent outcomes in brain plasticity depending on whether one is a 
“winner” or a “loser.” We may assume that winning a social confl ict is a form 
of acute stress that may have “positive” eff ects for brain function. However, 
we do not know much regarding the brain changes associated with winners 
in social confl icts. In contrast, several studies have analyzed the physiologi-
cal and behavioral eff ects of social defeat. Social defeat in humans may have 
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serious detrimental consequences for brain function, and may cause depres-
sion and other aff ective and emotional disturbances (Huhman, 2006). Social 
defeat in rats evokes anhedonia and motivational defi cits (Rygula et al., 2005). 
Several brain regions appear to experience plastic reorganization aft er social 
defeat. Expression of BDNF in the nucleus accumbens appears to be required 
for the development of long-term neural and behavioral plasticity in response 
to social defeat (Berton et al., 2006). In addition, plastic synaptic modifi ca-
tions in the basolateral amygdala appear to be involved in learning associ-
ated with the experience of losing a social confl ict (Huhman, 2006). Another 
brain area aff ected by social defeat is the hippocampus. Social defeat in rats 
and mice decreases the ratio between mineralocorticoid and glucocorticoid 
receptors in the hippocampus, and therefore the response of the hippocam-
pus to stress hormones (Buwalda et al., 2005). Alterations in the hippocampus 
induced by social defeat include a decrease in cell proliferation in the dentate 
gyrus (Yap et al., 2006). In addition, both brief and repetitive social defeats 
induce a reorganization of dendrites in CA3 pyramidal neurons. In both cases 
there is a decrease in apical dendritic volume, surface area, and length. In 
addition, brief social defeat produces an increased length, volume, and branch 
complexity of basal dendrites (Kole et al., 2004). Th ese morphological changes 
are associated with a long-lasting impairment of long-term synaptic potenti-
ation, which is also observed in the CA1 region of the hippocampus (Artola 
et al., 2006).

TRAUMATIC EXPERIENCES, HORMONES, AND BRAIN PLASTICITY

One of the most important sources of stress in the wild is predator attack. 
In the human society context, predator attack has been replaced by diff er-
ent forms of traumatic experiences, including traffi  c accidents, wars, terror-
ist attacks, male violence against children and women, and sexual abuse. All 
these forms of stress may have permanent psychological consequences and 
lasting changes in aff ect. In more severe cases, serious alterations may appear 
in the individuals that have suff ered the stress, then the situation is recognized 
as posttraumatic stress disorder. Traumatic stress may result in plastic remod-
eling of certain brain regions, such as the amygdala.

Brain imaging studies reveal a hyperexcitability of the right amygdala in 
the brain of humans exposed to traumatic situations (Rauch and Shin, 1997; 
Rauch et al., 1997; Shin et al., 2006). Th e amygdala also shows plastic changes 
in animals exposed to a fear conditioning paradigm. Fear conditioning is a 
form of associative Pavlovian learning in which the animals are exposed to 
a stressful situation, such as en electric shock, that is associated with a sen-
sory stimulus. In this paradigm, the animals learn to associate the sensory 
stimulus with the traumatic experience. Th us, aft er learning the association, 
the sensory stimulus per se may switch on the fear response. Plastic syn-
aptic changes in the amygdala underlie both acquisition and extinction of 
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the enhanced fear response. Fear conditioning induces long-term potentia-
tion of synaptic inputs to the amygdala, and several data support the view 
that fear conditioning is mediated by changes in synaptic strength at sen-
sory inputs to the lateral nucleus of the amygdala (Blair et al., 2001; Maren, 
2005; Maren et al., 1994; Rogan et al., 1997; Schafe et al., 2001; Sigurdsson 
et al., 2006). Exposure to predators produces a fear response similar to 
that obtained with the fear conditioning paradigm. Th e amygdala is also 
involved in the stress and fear response to the exposure to predator stimuli, 
and predator stress also leads to changes in long-term synaptic potentia-
tion over several amygdala aff erent and eff erent pathways involved in the 
defensive response (Adamec et al., 2006). Stress hormones may be involved 
in the generation of the plastic synaptic changes elicited in the amygdala 
by the fear conditioning paradigm and by exposure to a predator. In turn, 
the synaptic changes may be critical in mediating the hormonal regulation 
of memory consolidation (Adamec et al., 2006; McGaugh and Roozendaal, 
2002; Roozendaal et al., 2006).

Plastic synaptic changes in other brain structures, in addition to the 
amygdala, appear to be involved in the processing of fear memory. Synaptic 
plasticity in the medial prefrontal cortex, the hippocampus, and amygdala 
are likely involved in the extinction of fear memory (Maren and Quirk, 
2004; Sotres-Bayon et al., 2006). However, the plastic changes may also 
aff ect other forms of memory. As we have seen before, neural cell adhesion 
molecules may be involved in the synaptic plastic changes associated with 
stress. Interestingly, Carmen Sandi and her collaborators have reported that 
both spatial memory and N-CAM levels in the hippocampus are aff ected by 
exposing trained rats to a cat. Predator exposure impairs spatial memory 
and dramatically reduces the levels of the N-CAM-180 isoform in the hip-
pocampus. Th ese authors showed that 30 minutes of cat exposure resulted 
in a reduction of N-CAM-180 levels in the hippocampus to approximately 
60% of control values (Sandi et al., 2005). Another region involved in fear 
memory is the cerebellum. Saccheti and colleagues (2004) have demon-
strated plastic changes in the cerebellum that are linked to the consolida-
tion of fear memory. Th ese authors detected a long-lasting potentiation of 
the synapse between parallel fi bers and Purkinje cells in cerebellar slices 
at 10 minutes and 24 hours following fear conditioning. Th e mechanism 
of parallel fi ber long-term potentiation was postsynaptic and mediated by 
an increased AMPA response. Climbing fi ber synapses, in contrast, did not 
show modifi cations. In addition, when the parallel fi ber long-term synaptic 
potentiation is blocked, fear conditioning is aff ected. Th e discovery that the 
cerebellum participates in the consolidation of fear conditioning was unex-
pected, since this brain structure is usually considered a region exclusively 
involved in motor control. However, some studies have correlated cerebellar 
lesions with emotional disorders, including depression and schizophrenia 
(Schutter and van Honk, 2005).
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CHAPTER SUMMARY

In this chapter, I have examined the interaction of hormones and brain plas-
ticity during adult reproductive life. With this aim, I have presented some 
examples of brain mutability and its associated hormonal changes in the 
context of adult life events. Th e fi rst examples analyzed the hormonal reg-
ulation of circadian and seasonal changes in brain plasticity. We have seen 
that hormones regulate brain plasticity to synchronize the endogenous cir-
cadian clock and regulate brain metaplasticity to adapt circadian plasticity 
to seasonal changes in day length or external temperature. Th ese neuroplas-
tic modifi cations are associated with seasonal changes in specifi c behaviors, 
including mating, parental behaviors or hibernation. I have also examined 
the hormonal regulation of brain plasticity associated with reproductive 
cycles. In this case, hormones may synchronize metaplastic modifi cations in 
brain regions that coordinate ovulation with sexual receptivity, lordosis, and 
hippocampal-dependent behaviors. Hormones also regulate brain plastic-
ity during pregnancy, parturition, and the postpartum period, coordinating 
metaplastic changes in brain regions involved in the regulation of maternal 
behavior, the interaction with pups, the response to stress and the hormonal 
release by the neurohypophysis. I have also examined in this chapter the 
hormonal regulation of brain plasticity to control emotional, cognitive, and 
behavioral responses to the social environment. In addition, I have presented 
some examples to illustrate that altered regulation of metaplasticity by stress 
hormones as a consequence of chronic stress or traumatic experiences may 
result in brain pathology. However, the interaction of hormones, brain plastic-
ity, and pathology has many other facets that I must explore with more detail 
in the next chapter.
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Chapter 9

Life Stages, Hormones, and Brain 
Remodeling: Disease and 
Neuroprotection

INTRODUCTION: ALTERED CROSS TALK BETWEEN ENDOCRINE GLANDS 
AND THE BRAIN UNDER PATHOLOGICAL CONDITIONS

In previous chapters I have analyzed examples of modifi cations in the cross 
talk between the brain and the endocrine glands in adaptation to changes in 
the physical, biological, and social environment during diff erent life stages. 
I have examined brain plastic modifi cations associated with complex altera-
tions in endocrine secretions, such as those occurring during fetal and early 
postnatal development, the transition from childhood to adulthood, circadian 
rhythms, reproductive cycles, and motherhood; also in adaptation to social 
interactions or seasonal environmental changes, including brain remodeling 
during extreme physical conditions (such as is the case of hibernating animals 
during winter). Th ese and other modifi cations examined so far regarding the 
interaction of hormonal secretions and brain plasticity in response to chang-
ing life conditions represent examples of adaptive responses aimed at main-
taining the homeodynamic equilibrium under physiological circumstances. 
However, both the regulatory actions that hormones exert on brain plastic-
ity and the regulatory control exerted by brain remodeling on the endocrine 
glands are altered during pathological conditions. Some examples of these 
alterations have been introduced in previous chapters. In this chapter I will 
examine, with more detail and in a broader context, the interaction of hor-
mones and brain plasticity under pathological conditions.

Pathological alterations in the central nervous system result in modifi ca-
tions in the communication of the brain with the endocrine glands, which in 
turn results in altered hormonal secretions and altered hormonal signaling to 
the nervous system. Endocrine diseases also result in altered hormonal levels, 
which have an impact on the brain and may result in impaired regulation 
of brain plasticity and the development of cognitive and aff ective disorders. 
As a consequence of these modifi cations in the cross talk between the brain 
and the endocrine glands, a new homeodynamic equilibrium may be reached. 
However, the system may be unable to adapt to chronic pathology of the brain 
or endocrine glands, resulting in permanent alterations in neuroendocrine 
communication, brain plasticity, and endocrine secretions, further enhancing 
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the pathological condition. In this chapter I will examine fi rst the evidence 
indicating that pathological brain remodeling aff ects hormonal secretions. 
Th en I will consider how pathological alterations in hormone levels or hor-
monal signaling, due to endocrine diseases or other causes, aff ect brain plas-
ticity and function. Finally, I will analyze the infl uence of specifi c hormones 
on the reorganization of nervous tissue aft er injury or neurodegeneration.

PATHOLOGICAL BRAIN REMODELING AFFECTS HORMONAL SECRETIONS

Th e genetically programmed brain mutability is also manifested under 
pathological conditions. Th e nervous tissue reacts to injury with the gener-
ation of an endogenous response that is evolutionary programmed to pro-
mote the protection, reorganization, and recuperation of the damaged tissue. 
Neurodegenerative and aff ective disorders are accompanied by functional and 
structural modifi cations in neuronal connectivity and cellular replacement. 
Aff ective disorders are accompanied by changes in the rate of neurogenesis 
in the hippocampus, by modifi cations in the branching of dendrites and the 
growth of dendritic spines, and by alterations in functional synaptic plastic-
ity. Neurodegeneration causes the structural loss of synaptic connections and 
the functional alteration of the synaptic circuits. Th e death of a postsynaptic 
neuron alters the function of the presynaptic cells, and vice versa. Th e axons 
and dendrites of surviving neurons show plastic modifi cations in an attempt 
to establish new synaptic contacts. Some new synaptic circuits are generated 
(or some old ones are reinforced) as an adaptive mechanism to compensate for 
the functional impairment caused by the damaged neuronal networks.

Glial cells are also key players in the reorganization of neural tissue under 
pathological conditions: microglia, astrocytes, and oligodendrocytes contrib-
ute to the remodeling of neural tissue aft er injury and under neurodegenera-
tive conditions. Astroglia and microglia are activated and recruited to the 
zones of neurodegeneration, and are involved in the formation of a glial scar 
in wounds of the brain and spinal cord. Glial activation is accompanied by 
striking changes in cellular morphology. Microglial cells reduce the branch-
ing of their cellular processes, which become thicker or retract, and the acti-
vated cells acquire an amoeboid phenotype. Activated astroglial cells show an 
increased cell volume, and thicker and less branched cellular processes than 
resting astroglia. Microglial cells participate in the remodeling of the dam-
aged tissue by the phagocytosis of neural or glial debris. Activated astroglia 
also participate in the structural remodeling of the damaged neuronal cir-
cuits. In addition, both astroglia and microglia secrete a variety of factors that 
regulate neuronal survival and axonal regeneration in the damaged tissue. 
Oligodendrocytes and oligodendrocyte precursors are involved in the process 
of remyelination. Neurodegeneration is also accompanied by the remodeling 
of blood vessels. Th e plastic reorganization of neural tissue aft er injury repre-
sents, at least in part, an attempt to reach a new homeodynamic equilibrium 
in the function of the nervous system.
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Th e plastic and regenerative responses of the nervous tissue to injury may 
aff ect the neuronal circuits that control pituitary hormone secretions; some 
brain pathologies are suspected to alter the cross talk between the endocrine 
organs and the brain. For instance, epilepsy is frequently associated with 
modifi cations in the levels of reproductive hormones (Montouris and Morris, 
2005), which in turn may aff ect seizure frequency, hippocampal synaptic 
plasticity, and hippocampal neurogenesis (Hajszan and MacLusky, 2006). 
Experimental middle cerebral artery occlusion in rats induces an increase 
in the levels of erythropoietin to control systemic oxygen homeostasis and 
erythropoiesis (Gendron et al., 2004). Experimental damage of the hypotha-
lamic arcuate nucleus in neonatal rats alters the secretion of gonadotropin-
 releasing hormone (GnRH) (Sasaki et al., 1994), gonadotropins (Terentini 
et al., 1974), growth-hormone-releasing hormone (Bloch et al., 1984; Sasaki 
et al., 1994), growth hormone (Maiter et al., 1991) and the plasma levels of 
leptin (Frederich et al., 1995; Morris et al., 1998).

In humans, the best characterized evidence for a link between brain pathol-
ogy and altered hormonal levels is a traumatic brain injury. Th e fi rst patient 
described with hypopituitarism as a result of traumatic brain injury occurred 
as early as in 1918 (Cyran, 1918), and other cases were soon discovered 
(Escamilla and Lisser, 1942). However, traumatic brain injury was considered 
an exceptional cause of hypopituitarism many decades thereaft er (Benvenga, 
2005). It is only in the last few years that new studies have revealed that pitu-
itary dysfunction is in fact a common consequence of traumatic brain injury 
(Lorenzo et al., 2005; Popovic, 2005). Traumatic brain injury aff ects children, 
adolescents, adults, and the elderly. Traffi  c accidents and violence-related 
events are the most common causes of traumatic brain injury. Recent estima-
tions indicate that approximately 25% to 50% of patients with traumatic brain 
injury will develop some degree of pituitary dysfunction (Aimaretti et al., 
2004; Kelly et al., 2000; Tanriverdi et al., 2006). Th is represents a high number 
of total patients, since the incidence of traumatic brain injury (which is simi-
lar around the world) is approximately 200 cases per 100,000 inhabitants per 
year (Bondanelli et al., 2005; Bruns and Hauser, 2003; Popovic et al., 2005). In 
addition, there are other forms of brain injury not included in these fi gures 
that have been identifi ed as a cause of pituitary dysfunction and hormonal 
imbalance. One example is a subarachnoid hemorrhage (Aimaretti et al., 2004; 
Dimopoulou et al., 2004; Kreitschmann-Andermahr, 2005). Chronic repeti-
tive head trauma associated with contact sports is another source of pituitary 
dysfunction (Tanriverdi et al., 2007). Th erefore, pituitary dysfunction aft er 
brain injury represents a major health problem.

Hormonal changes aft er a traumatic brain injury follow two diff er-
ent phases (Bondanelli et al., 2005). During the fi rst acute phase there is an 
endocrine modifi cation that may, at least in part, represent a homeodynamic 
response in adaptation to brain injury. Many hormonal changes during the 
acute phase are reversible and spontaneously disappear. Th e second phase cor-
responds to the permanent hypothalamic–pituitary dysfunction that remains 
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as a consequence of the injury in many individuals. During the acute phase 
aft er traumatic brain injury there is, in general, an increase in the plasma 
 levels of adrenocorticotropin and prolactin; cortisol levels are also frequently 
elevated. In contrast, luteinizing hormone, follicle-stimulating hormone, 
thyrotropin, and thyroxine levels may either decrease or remain unchanged, 
while triiodothyronine (T3) levels rapidly decrease aft er injury. A defi ciency 
in gonadal hormones is a frequent fi nding during the early post-injury period 
in both sexes. In general, clinical data suggest an imbalance of the neuroen-
docrine system controlling growth hormone secretion during the acute phase 
aft er traumatic brain injury, and both low and high basal levels of growth 
hormone have been reported during this phase. Diabetes insipidus also has a 
relatively high prevalence during the acute phase aft er injury.

Although the acute hormonal modifi cations aft er a traumatic brain injury 
are in general transitory, a signifi cant proportion of patients are left  with per-
manent hormonal alterations (Bondanelli et al., 2005). Th is is the second phase 
of hormonal modifi cations aft er traumatic brain injury, which is associated 
with a permanent hypopituitarism. Th e development and severity of the per-
manent post-traumatic hypopituitarism depends on several factors, including 
the severity of the traumatic brain injury and the secondary cerebral damage. 
It has been estimated that approximately 75% of the patients with post-trau-
matic hypopituitarism will develop an isolated hormonal defi cit, 21.9% will 
have multiple hormonal defi cits, and 3.4% will suff er from panhypopituitar-
ism. Th e most common chronic hormonal alterations aft er traumatic brain 
injury are growth hormone defi ciency and gonadotropin defi ciency (Aimaretti 
et al., 2004; Bondanelli et al., 2005; Tanriverdi et al., 2006). Th ese alterations 
are observed in approximately 30% of patients with post-traumatic hypopitu-
itarism. Corticotropin defi ciency and thyrotropin defi ciency are detected in 
18.5% of patients that suff er post-traumatic hypopituitarism. Diabetes insipi-
dus, which is a relatively common fi nding in the acute hormonal response 
to brain injury, persists as a chronic alteration in only 2.7% of the patients 
(Bondanelli et al., 2005).

Th e potential eff ects of pituitary defi ciency during development represent 
an additional cause of concern when considering traumatic brain injury in 
children and adolescents. Th e consequences that brain pathological alterations 
may have on hormonal secretions during development are largely unexplored. 
However, it is known that traumatic brain injury in children is a common 
cause of growth hormone defi ciency and growth retardation. Gonadotropin 
defi ciency is also common aft er a traumatic brain injury in children. In addi-
tion, cases of central precocious puberty have also been reported (Acerini 
et al., 2006; Acerini and Tasker, 2007; Niederland et al., 2007).

In summary, the limited evidence reviewed in this section indicates that 
the cross talk between brain plasticity and endocrine signals is modifi ed when 
brain function is aff ected by pathological alterations. Brain disease, such as 
a traumatic brain injury, causes modifi cations in the plasma levels of several 
hormones. In turn, hormonal alterations under brain disease conditions may 
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have an important impact on body homeodynamics, including the function of 
the nervous system. Th erefore, hormonal alterations aft er a brain injury may 
interfere with the process of brain recovery. Some of the hormonal changes, 
such as those occurring during the acute phase, may in part refl ect a homeo-
dynamic adaptation. However, the altered neuroendocrine regulation aft er a 
brain injury may result in hormonal levels that are not adapted to homeody-
namic needs and may negatively impact the brain, increasing neural dam-
age or preventing recovery. For instance, normal growth hormone secretion 
may facilitate brain recovery aft er traumatic injury in humans (Bondanelli 
et al., 2007). In the following section of this chapter I will analyze this part of 
the loop in the cross talk between brain plasticity and hormones, addressing 
the question of how hormones contribute to the plastic reorganization of the 
pathological brain.

PATHOLOGICAL ALTERATIONS IN HORMONAL LEVELS OR HORMONAL 
SIGNALING AFFECT BRAIN PLASTICITY

Altered hormonal levels caused by endocrine pathologies or other causes, 
including traumatic brain injury, may aff ect brain plasticity and function. It is 
known that several endocrine pathologies such as hypothyroidism, Cushing’s 
syndrome, diabetes, or growth hormone defi ciency are associated with changes 
in the function of the nervous system, and leads to defi cits in cognition (see 
also Chapters 3, 5, and 6). Th erefore, altered hormonal levels or hormonal 
signaling due to pathological conditions may aff ect brain function. Impaired 
regulation of brain plasticity as a conscience of the hormonal defi cit may be 
involved in these eff ects; a good example is hypothyroidism. Th yroid hor-
mone defi ciency during adult life is associated with cognitive impairment and 
behavioral alterations (Rivas and Naranjo, 2007), indicating that thyroid hor-
mones contribute to maintaining a healthy brain function. Hypothyroidism 
in nondemented elderly people is associated with impairments in learning, 
word fl uency, visual–spatial abilities, attention, visual scanning, and motor 
speed (Osterweil et al., 1992). Even subclinical hypothyroidism may have an 
impact on cognitive function, impairing working memory (Zhu et al., 2006). 
Hormonal therapy ameliorates at least some of the cognitive impairments of 
hypothyroidism (Miller et al., 2006), including memory performance and 
frontal cortex executive functions in individuals with subclinical hypothy-
roidism (Zhu et al., 2006). Th e cognitive eff ects of thyroid hormones may 
be related to their actions on brain plasticity (see Chapter 3), including the 
regulation of adult hippocampal neurogenesis. Indeed, adult-onset hypothy-
roidism causes a decrease in the survival and diff erentiation of new neurons 
in the subgranular zone of the dentate gyrus in the hippocampal formation 
(Ambrogini et al., 2005; Desouza et al., 2005; Montero-Pedrazuela et al., 2006), 
and hormonal therapy recovers the rate of adult hippocampal neurogenesis 
(Montero-Pedrazuela et al., 2006). In addition, adult-onset thyroid hormone 
defi ciency decreases the number of dendritic spines in layer V pyramidal 
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neurons of the visual cerebral cortex, and aff ects functional synaptic plasticity 
in the  hippocampus and cerebral cortex (Alzoubi et al., 2005; Ruiz-Marcos 
et al., 1988; Sui et al., 2006). Th yroid hormone therapy is able to recover synap-
tic plasticity to normal conditions (Alzoubi et al., 2005; Montero-Pedrazuela 
et al., 2006; Ruiz-Marcos et al., 1982a, b, 1994), suggesting that thyroid hor-
mone is exerting a protective role in the adult brain regulating neural plasticity 
under physiological conditions. Another action of thyroid hormone with rel-
evant clinical implications is its ability to down-regulate the expression of the 
amyloid-β precursor protein (APP) via a negative thyroid hormone response 
element in the fi rst exon of the APP gene. Accordingly, APP gene expression 
is increased in the brain of hypothyroid mice and decreased in the brain of 
hyperthyroid mice (O’Barr et al., 2006). Th erefore, hypothyroidism may rep-
resent a risk factor for the development of Alzheimer’s disease, and thyroid 
hormone may be a protective factor against this neurological illness.

Insulin, directly or by the regulation of glucose metabolism (see Chapter 5), 
is a protective factor for the central and peripheral nervous system. Insulin defi -
ciency and insulin resistance are associated with neurodegeneration, alterations 
in synaptic plasticity, and cognitive impairment (Artola et al., 2005; Biessels 
et al., 1996; Grillo et al., 2005; Kamal et al., 2005; Magariños and McEwen, 
2000; Qin et al., 2006). Diabetes also produces a reduction in adult neurogen-
esis in the hippocampus and the subventricular zone (Jackson-Guilford et al., 
2000; Saravia et al., 2004), induces neuronal apoptosis (Li et al., 2002), and 
impairs glial plasticity, promoting gliosis in several brain regions (Baydas et al., 
2003; Lieth et al., 1998; Mizutani et al., 1998; Saravia et al., 2006) and decreas-
ing astroglial proliferation and survival in the hypothalamus and cerebellum 
(Lechuga-Sancho et al., 2006a, b). Th e eff ects of insulin defi ciency and insulin 
resistance on synaptic plasticity and hippocampal neurogenesis in rodents may 
in part be mediated by increased corticosterone levels (Stranahan et al., 2008). 
Th is suggests that stress may increase neurological defi cits induced by diabetes. 
In addition, it has been proposed that insulin dysfunction may play a role in 
the genesis of Alzheimer’s disease (Carro and Torres-Aleman, 2004; Gasparini 
et al., 2002; Gasparini and Xu, 2003; Trudeau et al., 2004; Wickelgren, 1998). 
Insulin targets two important molecules in Alzheimer’s disease: β-amyloid pep-
tides and the microtubule-associated protein tau. Insulin promotes β-amyloid 
release from neurons, then reduces β-amyloid degradation by an insulin-
degrading enzyme, which is a protease that degrades both insulin and 
β-amyloid (Gasparini et al., 2001). Th erefore, insulin decreases intracellular 
levels and increase extracellular levels of β-amyloid peptides. In addition, insu-
lin also transiently increases and then decreases the phosphorylation of tau 
(Hong and Lee, 1997; Lesort et al., 1999).

Alterations in the levels of growth hormone and IGF-I may also infl uence 
brain plasticity and function. Growth hormone defi ciency in humans is asso-
ciated with moderate changes in cognitive function (Arwert et al., 2006; Falleti 
et al., 2006; Maruff  and Falleti, 2005; Sathiavageeswaran et al., 2007; van Dam, 
2005). In addition, diff erent neurodegenerative conditions are associated with 
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modifi cations in serum IGF-I levels (Busiguina et al., 2000; Carro et al., 2000). 
Furthermore, mice with low levels of serum IGF-I, as a consequence of specifi c 
targeted disruption of the IGF-I gene in the liver, had reduced neurogenesis in 
the hippocampus together with impaired spatial learning (Trejo et al., 2008). 
Moreover, the disruption of IGF-I input to the brain promotes amyloidosis, 
cognitive disturbance, hyperphosphorylated tau deposits, gliosis, and synap-
tic protein loss (Carro et al., 2006). Th is fi nding supports the hypothesis that 
disrupted IGF-I signaling may be involved in the pathology of Alzheimer’s 
disease. Indeed, systemic IGF-I promotes brain β-amyloid clearance, stimu-
lating the neuronal release of the molecule and the transport into the brain of 
β-amyloid carrier proteins that will take the molecule out of the brain (Carro 
et al., 2002; Carro and Torres-Aleman, 2004). Th erefore, decreased systemic 
IGF-I levels may result in an impaired β-amyloid clearance.

Glucocorticoids play a key role in the integration of brain plasticity, emo-
tions, behavior, and body homeodynamics. Th ese hormones mediate eff ects of 
acute and chronic stress to the brain, regulating the rate of adult hippocampal 
neurogenesis (Mirescu and Gould, 2006) and other forms of morphological 
and functional brain plasticity (see Chapter 3). While acute stress and acute 
glucocorticoid actions are essential to adapt brain plastic responses to homeo-
dynamic conditions, repeated stress or chronic glucocorticoid administration 
may result in permanent synaptic alterations, memory disturbances, anxiety, 
and depression (McEwen and Wingfi eld, 2003). Chronic stress or chronic glu-
cocorticoid exposure impairs functional synaptic plasticity (Foy et al., 1987; 
Pavlides et al., 2002; Shors et al., 1989) and induces remodeling of dendrites 
and synaptic contacts in diff erent brain regions, including the hypertrophy of 
dendritic trees in pyramidal-like and stellate neurons in the basolateral nucleus 
of the amygdala (Vyas et al., 2002, 2004), the retraction of the apical dendritic 
tree of pyramidal neurons in the anterior cingulate and prelimbic cerebral 
cortex (Cook and Wellman, 2004; Radley et al., 2004; Wellman, 2001), and the 
retraction of apical dendrites of CA3 pyramidal neurons of the hippocampus 
(Magariños and McEwen, 1995; Magariños et al., 1997; McKittrick et al., 2000; 
Sandi et al., 2003; Sousa et al., 2000; Stewart et al., 2005; Watanabe et al., 1992; 
Woolley et al., 1990b). In addition, an adrenalectomy increases, while corti-
costerone decreases, adult hippocampal neurogenesis (Mirescu and Gould, 
2006). Th ese alterations induced by chronic stress and chronic glucocorticoids 
may be reversible (Conrad et al., 1999; Radley and Morrison, 2005) and may 
represent a compensatory response to chronic stress (Conrad, 2006). However, 
long-term alteration in the regulation of the hypothalamic–pituitary–adrenal 
axis (such as those produced by prenatal and early postnatal stress, traumatic 
experiences, or social defeat) may result in permanent impairment of hippo-
campal plasticity and function, cognitive alterations, and depression (see also 
Chapters 6 and 8). In addition, chronic glucocorticoid exposure may exacer-
bate neurological and psychiatric disorders of diff erent etiology. Experimental 
studies in rats have shown that chronic treatment with corticosterone increases 
the vulnerability of the hippocampus to neurotoxicity (Conrad et al., 2007). In 
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humans, diff erent disorders associated with elevated plasma glucocorticoids, 
such as major depression and Cushing’s syndrome, may result in a reduction 
in hippocampal volume (Campbell and MacQueen, 2006; MacMaster et al., 
2008; Maller et al., 2007). In addition, there is evidence of glial cell loss in the 
human brain under conditions of elevated glucocorticoid exposure, such as 
major depression (Cotter et al., 2001; Rajkowska and Miguel-Hidalgo, 2007). 
Th us, altered glucocorticoid levels or an altered response to glucocorticoids 
may represent a risk factor for brain pathological remodeling.

Alterations in the hypothalamo–pituitary–adrenal system caused by stress 
also result in the activation of arginine-vasopressin and oxytocin neurons in 
the hypothalamus (Bao et al., 2008). Th us, stress conditions in humans result 
in elevated plasma concentrations of the hormones arginine-vasopressin 
and oxytocin. In addition, plasma levels of arginine-vasopressin are elevated 
in depressed patients (van Londen et al., 1997), and are associated with an 
increased risk of suicide (Bao et al., 2008). It has also been proposed that alter-
ations in vasopressin and oxytocin may be involved in autism (Hammock and 
Young, 2006). Angiotensin II, which participates in the brain’s response to 
stress, promotes the release of vasopressin by magnocellular vasopressiner-
gic hypothalamic neurons (Saavedra and Benicky, 2007). Angiotensin II has 
proinfl ammatory eff ects in the brain, and it has been postulated that it may be 
involved in the physiopathological mechanisms of several brain disorders, such 
as stroke, bipolar disorder, and schizophrenia. Antagonists of angiotensin II 
type 1 receptors prevent the hormonal and sympathoadrenal response to iso-
lation stress and the development of stress-induced gastric ulcers (Saavedra, 
2005; Saavedra et al., 2005). Angiotensin II–type receptor antagonists also 
prevent the pathological hypertrophy and infl ammation of brain vascula-
ture caused by genetic hypertension, and protect against experimental stroke 
(Ando et al., 2004; Saavedra, 2005; Zhou et al., 2005). However, angiotensin II 
also plays an important role in the regulation of physiological brain plasticity 
(see Chapter 5), and in the control of blood–brain barrier permeability (Wosik 
et al., 2007). Furthermore, angiotensin II type 2 receptor–defi cient mice have 
morphological alterations in the dendritic spines and cognitive defi cits (Maul 
et al., 2008). Th us, a disbalance in angiotensin II levels or angiotensin II sig-
naling in the brain may be the cause of diff erent pathological disorders.

Experimental studies have shown that gonadal hormone defi ciency results 
in alterations in brain plasticity (see Chapter 4). For instance, ovarian hormone 
deprivation results in alterations in dendritic and synaptic plasticity in rodents 
and primates (Hao et al., 2003; Leranth et al., 2002; Witkin et al., 1991), modi-
fi cations in glial plasticity (Luquin et al., 1993), and impaired neurogenesis in 
the adult hippocampus of rodents (Perez-Martin et al., 2003; Tanapat et al., 
1999). Physiological fl uctuations of ovarian hormones during the menstrual 
cycle in women may aff ect implicit memory (Maki et al., 2002), and ovarian 
hormone deprivation by surgical menopause may result in cognitive defi cits 
that primarily aff ect verbal episodic memory (Henderson and Sherwin, 2007). 
Furthermore, ovarian hormone deprivation during the climacteric period 
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may cause alterations in mood and behavior and mild cognitive impairments 
(Genazzani et al., 2007). Th ese changes may be associated with plastic modifi -
cations in the human brain. Indeed, studies with proton magnetic resonance 
spectroscopy suggest that acute ovarian hormone suppression aff ects neu-
ronal–glial membrane turnover in the dorsolateral prefrontal cortex in young 
women (Craig et al., 2007). In contrast, estrogen therapy appears to increase 
neuronal–glial membrane turnover in the brain of postmenopausal women 
(Robertson et al., 2001) and increase the volume of the hippocampus (Lord 
et al., 2008). Deprivation of testicular hormones also alter dendritic and syn-
aptic plasticity in diff erent regions of the central nervous system (Gomez and 
Newman, 1991; Kurz et al., 1986; Leranth et al., 2003); decreased levels of tes-
tosterone may result in cognitive defi cits (Beauchet, 2006) and may represent a 
risk factor for the development of aff ective, cognitive, and neurodegenerative 
diseases in humans (Bialek et al., 2004; Gold and Voskuhl, 2006; Pike et al., 
2006). Furthermore, congenital hypogonadism may cause structural altera-
tions in the human brain, aff ecting cortical function (Itti et al., 2006).

Pathological alterations in the hormones that regulate energy balance, 
such as ghrelin (McNay, 2007) and leptin (Harvey, 2007), may also aff ect 
brain function and cognition. Animal studies indicate that leptin-defi cient 
obese mice (ob/ob) have a reduced brain size, defective neuronal and glial 
maturation, increased apoptosis, and alterations in myelination and synaptic 
markers (Ahima et al., 1999; Bereiter and Jeanrenaud, 1979; van der Kroon 
and Speijers, 1979). In addition, leptin receptor-defi cient rodents have spatial 
memory defi cits (Li XL et al., 2002). Although these brain alterations may in 
part refl ect the role of leptin on brain development, it is possible that leptin 
defi ciency in adulthood may also have a negative impact for brain function. 
Indeed, leptin defi ciency alters synaptic plasticity in the hypothalamus (Pinto 
et al., 2004).

HORMONES REGULATE PLASTICITY AND EXERT NEUROPROTECTIVE 
ACTIONS IN THE INJURED BRAIN

Th ere is much evidence indicating that hormones infl uence the plastic cellular 
responses of the central nervous system aft er injury and neurodegeneration. 
Experimental studies have shown that a variety of hormones promote neu-
ronal survival aft er injury of the brain or spinal cord. In addition, hormones 
regulate the growth and reorganization of microvasculature in damaged 
neural regions. Some hormones also aff ect the morphological and functional 
transformation of quiescent glial cells into reactive astroglia and reactive 
microglia, and the proliferation and migration of astroglia and microglia to 
the neurodegenerative regions. Hormonal actions on cognition and aff ective 
status aft er brain damage may also involve the regulation of the generation 
of new neurons in the hippocampus and their incorporation into functional 
neuronal circuits. In addition, hormones may aff ect the regeneration of the 
injured neural tissue by the modulation of the growth of neuronal processes, 
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and the reorganization of neuronal connectivity aft er brain injury. Hormones 
may also aff ect the generation, proliferation, and migration of new oligoden-
drocytes, and the remyelination of damaged white matter regions. Finally, 
hormones may regulate the establishment of new functional synaptic connec-
tions and the reorganization of neuronal maps. I will now examine specifi c 
hormonal actions that may infl uence the remodeling of the damaged brain 
and spinal cord, with special emphasis on neuroprotective eff ects.

Peptide Hormones

Adrenomedullin, a vasodilating hormone that also produces vascular regen-
eration (Brain and Grant, 2004; Lopez and Martinez, 2002), has been shown 
to be neuroprotective aft er brain ischemia. Transgenic mice overproducing 
adrenomedullin in the liver showed reduced brain edema, neuronal loss and 
gliosis, an increased vascular regeneration and neurogenesis, and an improved 
motor function aft er transient middle cerebral artery occlusion. Exogenous 
administration of adrenomedullin had similar eff ects, reducing infarct area, 
promoting vascular regeneration, and improving neurological function 
(Miyashita et al., 2006).

Another peptide hormone that aff ects the remodeling of brain tissue under 
pathological conditions is corticotropin releasing hormone (CRH). CRH is a 
hypothalamic hormone that regulates the endocrine, autonomic, immuno-
logical, and behavioral responses to stress; actions of CRH are essential to 
maintain proper functioning of the stress response. In addition, CRH pro-
motes memory and regulates synaptic plasticity in diff erent brain regions (see 
Chapter 5). Th e fi nding of reduced levels of CRH in the brain and cerebrospi-
nal fl uid of patients with Alzheimer’s disease and a decrease in CRH immu-
noreactive fi bers in the brain of these patients suggests that this hormone may 
exert some protective eff ect (Bayatti and Behl, 2005). CRH neurons are also 
activated in depressed patients (Swaab et al., 2005). Th ere is also evidence sug-
gesting that CRH receptors may be involved in the response of neural tis-
sue to experimental ischemia, although the results are contradictory in many 
aspects. While some studies have reported that an antagonist of CRH type 1 
receptor promotes neuronal survival (Lyons et al., 1991; Strijbos et al., 1994), 
other studies suggest that the activation of CRH receptors is neuroprotective 
(Bayatti and Behl, 2005; Bayatti et al., 2003; Fox et al., 1993).

Prolactin may also regulate the response to brain injury. Its expression is 
increased in the neural tissue of juvenile rats aff ected by a hypoxic ischemic 
injury. Th e expression of prolactin aft er injury occurs mainly in astroglia and 
microglia. Administration of prolactin does not reduce neuronal damage, but 
promotes glial proliferation (Moderscheim et al., 2007). An important action 
of prolactin is to promote the generation of oligodendrocytes, and remyelina-
tion following white matter lesions (Gregg et al., 2007). In addition, eff ects of 
prolactin on neurogenesis (Shingo et al., 2003) may potentially contribute to 
the reparative process of the brain aft er injury.
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Growth hormone is also involved in the regulation of neural plasticity 
aft er injury, and exerts neuroprotective actions aft er a hypoxic-ischemic brain 
injury (Gustafson et al., 1999; Scheepens et al., 2001; Shin et al., 2004). Th e 
administration of hexarelin, a growth hormone secretagogue, to seven-day-
old rats that have suff ered a hypoxia-ischemia brain lesion, reduces the extent 
of brain damage (Brywe et al., 2005a). Th e neuroprotective eff ect of hexarelin is 
mediated through the phosphatidylinositol 3-kinase (PI3K)/Akt pathway, via 
the inhibition of glycogen synthase kinase 3β (GSK3β) (Brywe et al., 2005a). 
In addition, growth hormone reduces cognitive defi cits (Ramsey et al., 2004; 
Th ornton et al., 2000), promotes the growth of brain microvessels (Sonntag 
et al., 1997), and reduces neuronal loss (Azcoitia et al., 2005) in the aged rat 
brain. Th ese eff ects of growth hormone may be exerted directly on growth 
hormone receptors expressed by brain cells (Scheepens et al., 2001), and may 
also in part mediated by increasing the levels of IGF-I, a very potent neuropro-
tective hormone. IGF-I is important for brain development and plasticity (see 
Chapters 5 and 6), promotes neuronal survival, and inhibits neuronal apopto-
sis in vitro and in vivo in a variety of experimental models of neurodegenera-
tion (Åberg et al., 2006; Carro et al., 2003; Trejo et al., 2004). In vivo, IGF-I 
has also been shown to be a neuroprotective factor against a variety of neu-
rodegenerative conditions, including hypoxic-ischemic brain injury (Guan 
et al., 1993, 2003), excitotoxicity (Azcoitia et al., 1999b; Carro et al., 2001), 
and cerebellar ataxia (Fernandez et al., 1998, 1999, 2005). Eff ects of IGF-I on 
synaptic plasticity, adult hippocampal neurogenesis, and local brain-derived 
neurotrophic factor (BDNF) formation in the brain (see Chapter 5) may con-
tribute to its neuroprotective activity. IGF-I neuroprotective eff ects are exerted 
by the activation of the main intracellular signaling pathways associated with 
IGF-I receptors, the mitogen-activated protein kinase/extracellular signal-
regulated kinases (MAPK/ERK), and the PI3K/Akt pathways (Guan et al., 
2003). In particular, the inhibition of GSK3β activity, which is downstream 
of the PI3K/Akt pathway, seems to be an essential step in the neuroprotective 
mechanism (Brywe et al., 2005b). In addition, IGF-I may interact with other 
hormones, such as erythropoietin and estradiol, to promote neuroprotection 
(Digicaylioglu et al., 2004; Garcia-Segura et al., 2006; Mendez et al., 2006). 
Besides preventing neuronal death, IGF-I protects white matter and promotes 
the formation of new oligodendrocytes (Åberg et al., 2007; Chesik et al., 2007; 
Guan et al., 2003). Th is is very important in cases of human stroke where the 
main injury is usually in the white matter, and for other pathologies involving 
demyelination, such as multiple sclerosis.

An important question to consider is the role of local versus systemic IGF-I 
in the regulation of brain plasticity under neurodegenerative conditions. As 
we have seen in Chapter 5, IGF-I is both a growth factor locally produced in 
the brain, and a hormone produced in the liver in response to growth hor-
mone signaling. Both local and hormonal IGF-I appear to be involved in 
endogenous neuroprotective mechanisms. Th e expression of diff erent molec-
ular components of the IGF-I system, including IGF-I, IGFBP-2, and IGFBP-3, 
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increase in the brain aft er a neurodegenerative stimuli (Beilharz et al., 1998; 
Chung et al., 2003; Garcia-Estrada et al., 1992; Hwang et al., 2004). Th is has 
been interpreted as an endogenous local neuroprotective response of neural 
tissue. In addition to the neuroprotective actions of locally produced IGF-I, 
there is extensive evidence indicating that hormonal IGF-I plays a major role 
in the prevention of neurodegeneration. Indeed, peripheral administration of 
IGF-I is neuroprotective (Fernandez et al., 1999), indicating that peripheral 
IGF-I may enter the brain to exert neuroprotection. Furthermore, the work of 
Eva Carro and her collaborators in the laboratory of Ignacio Torres-Aleman 
has unquestionably shown that endogenous circulating IGF-I is neuroprotec-
tive and mediates the neuroprotective eff ects of exercise: when the passage of 
IGF-I into the brain is blocked, exercise is no longer neuroprotective (Carro 
et al., 2001, 2006). Finally, the importance of serum IGF-I for brain function 
has also been demonstrated by the studies of Jose Luis Trejo and collabora-
tors, which showed that mice with low-serum IGF-I levels (due to specifi c, 
targeted disruption of the IGF-I gene in the liver) presented cognitive defi cits, 
disrupted long-term synaptic potentiation in the hippocampus, and reduced 
the density of glutamatergic synaptic terminals in the hippocampus. Chronic 
systemic IGF-I administration to IGF-I–defi cient mice ameliorated the cogni-
tive alterations and impaired synaptic plasticity, and restored the density of 
glutamatergic synapses (Trejo et al., 2008). Th erefore, liver-derived circulating 
IGF-I seems to play a major role in the regulation of brain plasticity; defi cits in 
serum levels of IGF-I may contribute to the development of brain pathological 
alterations, as we have seen earlier in this chapter.

Th e hormone erythropoietin, in addition to being involved in the regu-
lation of erythropoiesis, has many neuroprotective actions. Th ese include 
promoting the survival of septal cholinergic neurons and learning improve-
ment in adult rats which had undergone fi mbria-fornix transections (Konishi 
et al., 1993; Mala et al., 2005; Mogensen et al., 2004). Erythropoietin also plays 
an important role in the protection of neurons and prevention of cognitive 
impairment aft er ischemia (Bernaudin et al., 1999; Catania et al., 2002; Junk 
et al., 2002; Sadamoto et al., 1998; Sakanaka et al., 1998; Siren et al., 2001), 
and is an essential mediator of protection in hypoxic-ischemic precondition-
ing (Malhotra et al., 2006; Prass et al., 2003). Another characterized action 
of erythropoietin with important clinical implications is its ability to reduce 
damage in experimental autoimmune encephalomyelitis models in mice (Li 
et al., 2004; Zhang J et al., 2005). Many other neuroprotective actions of eryth-
ropoietin have been described, including the prevention of retinal ganglion 
cell death aft er an axotomy (Kilic Ü et al., 2005), the promotion of retinal gan-
glion cell axonal regeneration (King et al., 2007), the protection of the spinal 
cord and brain from traumatic injury (Gorio et al., 2002; Siren et al., 2006; 
Verdonck et al., 2007; Yatsiv et al., 2005), and the reduction of cell death aft er 
an experimental intracerebral hemorrhage (Lee et al., 2006). Th is impressive 
list of neuroprotective actions suggests that erythropoietin is a promising 
candidate for neuroprotective therapies. Indeed, recent clinical studies have 
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shown that erythropoietin therapy ameliorates cognition in chronic schizo-
phrenic patients (Ehrenreich et al., 2007). Further clinical trials should deter-
mine the extent of the neuroprotective activity of this hormone.

Th e neuroprotective eff ects of erythropoietin may be mediated by multiple 
mechanisms, including (i) the decrease of nitric oxide formation (Calapai et al., 
2000; Genc et al., 2006); (ii) the increase of the expression of growth factors, 
such as BDNF (Viviani et al., 2005; Zhang et al., 2006); (iii) the inhibition of 
neuronal apoptosis (Celik et al., 2002; Chong et al., 2002, 2003; Digicaylioglu 
and Lipton, 2001; Siren et al., 2001; Villa et al., 2003; Wen et al., 2002); (iv) 
the enhancement of neurogenesis (Lu et al., 2005; Shingo et al., 2001); (v) the 
decrease in excitotoxic glutamate release (Kawakami et al., 2001); and (vi) the 
down-regulation of microglia activation, cytokine production, and infl amma-
tion (Chong et al., 2003; Genc et al., 2006; Villa et al., 2003). Furthermore, the 
endogenous production of erythropoietin and the expression of erythropoietin 
receptors are increased in the brain aft er reduced oxygenation (Bernaudin et al., 
1999, 2000; Marti et al., 1996). Th e induction of the erythropoietin system in 
the brain aft er ischemia follows a precise time course with cellular specifi city: 
erythropoietin and its receptor are induced fi rst (within one day) in endothelial 
cells, then by day three in microglia/macrophage cells, and fi nally, one week 
aft er ischemia, in reactive astrocytes (Bernaudin et al., 1999, 2000). Th is precise 
induction of the erythropoietin system in the brain may represent an endog-
enous mechanism to protect neural tissue from damage aft er a reduction in 
blood fl ow (Bernaudin et al., 1999, 2000; Kilic E et al., 2005).

Th ere is also evidence indicating that hormones involved in the regulation 
of energy homeodynamics and food intake exert protective actions in the brain 
against diff erent neurodegenerative stimuli. In mice, leptin has been shown to 
prevent excitotoxic brain damage in vivo and excitotoxic-induced neuronal 
loss in vitro (Dicou et al., 2001), and reduces brain infarct volume induced 
by middle cerebral artery occlusion (Zhang F et al., 2007). In addition, leptin 
prevents neuronal death induced by oxygen-glucose deprivation in rat pri-
mary cultures of the cerebral cortex (Zhang F et al., 2007). Janus kinase/STAT, 
MAPK, and PI3K/Akt have been identifi ed as signaling molecules involved 
in the neuroprotective eff ect of leptin in neuroblastoma cells (Lu et al., 2006; 
Russo et al., 2004). Ghrelin also exerts protective and antiapoptotic eff ects in 
the brain. Chronic systemic treatment of male rats with growth-hormone-
releasing peptide-6, an agonist of the ghrelin receptor, increases antiapop-
totic signaling and reduces cell death in diff erent brain regions. In addition, 
growth-hormone-releasing peptide-6 inhibits the activation of caspases and 
apoptotic cell death in the hypothalamus and cerebellum induced by the 
administration of monosodium glutamate (Delgado-Rubin de Celix et al., 
2006), and reduces apoptosis in the cerebellum of aged rats (Paneda et al., 
2003). Th ese protective eff ects may be, at least in part, mediated by an increase 
in the brain levels of IGF-I (Frago et al., 2002). Th e administration of ghrelin 
has also been shown to be neuroprotective, reducing apoptosis in experimen-
tal models of cerebral ischemia (Miao et al., 2007). Glucagon-like peptide-1 
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(GLP-1), which is involved in the regulation of glucose homeodynamics and 
food intake, also has neuroprotective properties, preventing neuronal dam-
age induced by excitotoxicity, oxidative stress, and β-amyloid (During et al., 
2003; Perry and Greig, 2003; Perry et al., 2003), and GLP-1 agonists reverse the 
impairment in long-term synaptic potentiation induced in the hippocampus 
by β-amyloid (Gault and Hölscher, 2008).

Melatonin and Thyroid Hormones

Melatonin has been reported to protect neurons from apoptosis (Cagnoli 
et al., 1995; Feng et al., 2004), excitotoxicity (Chung and Han, 2003; Espinar 
et al., 2000; Giusti et al., 1996; Skaper et al., 1998; Vega-Naredo et al., 2005), 
traumatic brain injury (Mesenge et al., 1998), and transient cerebral ischemia 
(Lee et al., 2005; Sun et al., 2002), among other brain insults. Th e hormone 
also protects white matter from excitotoxicity (Husson et al., 2002), reduces 
motoneuron death aft er a sciatic nerve transection (Rogerio et al., 2002), and 
exerts some protection in experimental models of Parkinson’s and Alzheimer’s 
diseases (Feng et al., 2004; Sharma et al., 2006). Melatonin has also been pro-
posed as a potential treatment for amyotrophic lateral sclerosis (Jacob et al., 
2002; Weishaupt et al., 2006). Th e neuroprotective eff ects of melatonin are 
accompanied by the prevention of behavioral defi cits associated with brain 
injury. For instance, treatment of male rats with melatonin aft er a global cere-
bral ischemia prevents cognitive defi cits induced by the ischemic episode. 
Melatonin ameliorates hippocampal-dependent place learning (assessed in 
the Morris water maze), and working memory (assessed with the eight-arm 
Olton radial maze). In addition, melatonin treatment reduces neuronal loss in 
the hippocampal formation (CA1, CA2, CA3, and the dentate gyrus) induced 
by ischemia (Letechipia-Vallejo et al., 2007). Th ese neuroprotective eff ects of 
melatonin are associated with a plastic remodeling of dendrites and dendritic 
spines in hippocampal pyramidal neurons (González-Burgos et al., 2007). 
Actions of melatonin on glial cell remodeling aft er injury may also be involved 
in neuroprotective eff ects. Melatonin enhances the survival of astrocytes aft er 
an ischemia induced by the occlusion of the middle cerebral artery (Borlongan 
et al., 2000), and decreases astrocytic hypertrophy in the spinal cord associ-
ated with a motoneuron axotomy (Rogerio et al., 2002). In addition, melatonin 
inhibits microglia activation in the hippocampus aft er kainic acid administra-
tion (Chung and Han, 2003).

Th yroid hormones also aff ect brain remodeling aft er injury. Treatment 
with triiodothyronine stimulates axonal regeneration in the cerebral cortex 
and corpus callosum aft er a stab wound injury, and promotes wound healing 
(Heinicke, 1977). Furthermore, there is substantial evidence indicating that 
thyroid hormone promotes axonal regeneration in damaged peripheral nerves 
(Barakat-Walter, 1999; Barakat-Walter et al., 2007). Another important aspect 
of thyroid hormone in the regulation of neural remodeling aft er injury is its 
essential role in the maturation of oligodendrocytes. Th is thyroid hormone 
action suggests that it may contribute to central nervous system remyelination 
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in diff erent pathological conditions, including multiple sclerosis (Calzà et al., 
2005; D’Intino et al., 2006). Indeed, experimental evidence indicates that thy-
roid hormone enhances and accelerates remyelination in experimental mod-
els of chronic demyelination (Fernandez et al., 2004b).

Steroid Hormones

Glucocorticoids

As mentioned in Chapter 3, glucocorticoid and mineralocorticoid receptors 
have opposite roles regarding neuronal survival. While the sustained activa-
tion of glucocorticoid receptors may result in brain functional impairment, 
mineralocorticoid receptors appear to be neuroprotective. Mice overexpress-
ing mineralocorticoid receptors in the forebrain show a reduced neuronal 
death aft er a transient cerebral global ischemia, and have better spatial mem-
ory retention and reduced anxiety compared to normal mice (Lai et al., 2007). 
In addition to aff ecting neurogenesis, neuronal survival, and synaptic plastic-
ity, the eff ects of glucocorticoids in the damaged brain may in part be related 
with the regulation of glial plasticity. Glucocorticoids infl uence the metabo-
lism of glutamate in astrocytes, increasing the expression of both glutamine 
synthetase and glutamate dehydrogenase in astrocytes (Hardin-Pouzet et al., 
1996; Vardimon et al., 1999). Glucocorticoids may also be detrimental to reac-
tive astrocytes by mechanisms involving the depletion of intracellular ATP 
levels and deterioration of mitochondrial transmembrane potentials (Shin 
et al., 2001). In addition, glucocorticoids decrease microglia proliferation in 
response to hippocampal deaff erentation (Woods et al., 1999), and cortisol 
represses the infl ammatory induction of nitric oxide production in primary 
cultured microglia and transformed N9 microglial cells (Drew and Chavis, 
2000a). Th ese antiinfl ammatory actions of glucocorticoids on glial cells may 
represent a positive protective response and a better functional brain recov-
ery aft er an acute injury. Th erefore, the regulation of glial gene expression 
and plasticity by glucocorticoids aft er brain injury in part may represent an 
adaptive response to restore homeodynamics. Glial responses to glucocor-
ticoids may be involved in the regulation of neuronal apoptosis and adult 
hippocampal neurogenesis, promoting brain repair aft er neurodegeneration 
(Nichols et al., 2005). However, under some circumstances glucocorticoids 
may have the opposite eff ects. Th us, stress-induced elevated levels of glu-
cocorticoids activate microglia in vivo and may induce a proinfl ammatory 
response in the brain (Nair and Bonneau, 2006). In addition, glucocorticoids 
decrease the proliferation of oligodendrocyte precursors (Alonso, 2000) and 
the expression of myelin basic protein in oligodendrocytes (Melcangi et al., 
1997); therefore, glucocorticoids may aff ect the process of myelination and 
remyelination aft er brain injury, or in demyelination diseases. Th e actions of 
glucocorticoids on glial cells are also important for their eff ect on peripheral 
nerve remodeling aft er injury or degeneration. For instance, glucocorticoids 
modulate glutamate metabolism and myelin formation by Schwann cells, 
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enhancing the expression of glutamine synthetase and cytosolic aspartate 
 aminotransferase (Grenier et al., 2005), and stimulating the activity of the 
promoters of peripheral myelin protein-22 (PMP22) and myelin protein zero 
(P0) genes (Désarnaud et al., 2000).

Dehydroepiandrosterone

Th e adrenal steroid dehydroepiandrosterone (DHEA) is another hormonal 
factor that regulates the plastic responses of neural tissue to injury. Aft er 
transection of a rat sciatic nerve, treatment with DHEA reduces the extent 
of denervation atrophy (as evaluated by gastrochemius muscle weight), and 
induced an earlier onset of axonal regeneration (as confi rmed by the increase 
of myelinated axons) of larger average fi ber diameter and greater axonal 
cross-sectional areas in the proximal, middle, and distal sections (Ayhan 
et al., 2003). Moreover, this hormone is also able to enhance the functional 
recovery following a crush injury of a rat sciatic nerve. Th us, in this experi-
mental model, DHEA induces a faster return to normal values of sciatic 
function index (determined by walking track analysis), and an increase in 
the number of myelinated fi bers and fi ber diameters (Gudemez et al., 2002). 
DHEA has also been shown to reduce sciatic nerve functional impairment in 
diabetic rats (Yorek et al., 2002). In vitro, DHEA protects cells of the clonal 
mouse hippocampal cell line HT22 against the excitatory amino acid gluta-
mate (Cardounel et al., 1999), as well as primary hippocampal cultured neu-
rons against the neurotoxic actions of AMPA and kainic acid (Kimonides 
et al., 1998). In vivo, DHEA protects hippocampal pyramidal neurons against 
unilateral infusions of N-methyl-D-aspartic acid (NMDA) (Kimonides et al., 
1998), or systemic administration of kainic acid (Veiga et al., 2003). DHEA 
and its sulfate derivative have been shown to protect neurons from other 
degenerative stimuli as well, including neurotoxic eff ects of corticoster-
one, oxidative stress, ischemia, and amyloid-β protein toxicity (Bastianetto 
et al., 1999; Bologa et al., 1987; Cardounel et al., 1999; Kaasik et al., 2001; 
Kimonides et al., 1999; Lapchak et al., 2000; Li et al., 2001; Tomas-Camardiel 
et al., 2002). Furthermore, DHEA displays memory-enhancing properties 
(Flood et al., 1992; Vallée et al., 2001) and increases adult neurogenesis in the 
hippocampus of rodents (Karishma and Herbert, 2002).

DHEA may exert neuroprotection through diff erent mechanisms. Th ese 
may include antioxidative eff ects (Aragno et al., 2000), the modulation of 
GABAA, NMDA, and sigma-1 receptors (Bergeron et al., 1996; Maurice et al., 
2001), the down-regulation of glucocorticoid receptors (Cardounel et al., 
1999), and the regulation of protein kinase C signaling (Racchi et al., 2001). In 
addition, DHEA regulates reactive gliosis, decreasing the formation of reac-
tive astroglia (Garcia-Estrada et al., 1999; Hoyk et al., 2004), and reduces the 
infl ammatory response of reactive astroglia and reactive microglia (Barger 
et al., 2000; Kipper-Galperin et al., 1999; Tomas-Camardiel et al., 2002; Wang 
et al., 2001). For instance, DHEA inhibits the production of nitric oxide by 
microglia (Barger et al., 2000), and the production of tumor necrosis factor α 
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and interleukin-6 by astrocytes (Kipper-Galperin et al., 1999). DHEA could 
also act as a precursor of sex steroid hormones and exert neuroprotective 
actions through these molecules (see below).

Sex Steroids

Sex steroids are potent modulators of neural plasticity under pathological con-
ditions. Th e brain’s response to injury and the incidence of neurodegenerative 
diseases and aff ective disorders is diff erent among men and women (Azcoitia 
et al., 2002; Garcia-Segura et al., 2001; Leung and Chue, 2000; Stein, 2007). 
Premenopausal women have fewer strokes than men of the same age; however, 
aft er menopause, the incidence of stroke increases in women. Pregnancy and 
childbirth are also associated with an increased risk of stroke. In addition, 
women have diff erent types of strokes. Subarachnoid hemorrhages occur with 
higher frequency in women than in men. Sex diff erences are also observed 
in neurodegenerative diseases. For instance, gender discrepancies in inci-
dence, symptoms, and medication eff ects have been detected for Parkinson’s 
disease. Th e incidence of Alzheimer’s disease is higher in postmenopausal 
women than in men of the same age. Men are less susceptible to multiple scle-
rosis than women, and the disease activity decreases during late pregnancy. 
Sex diff erences in the age of onset and the severity and type of symptoms 
are also observed for schizophrenia, which generally occurs slightly later in 
women and, until menopause, has a less severe course in women than in men. 
Moreover, although the peak age of onset for schizophrenia is generally late 
adolescence to early adulthood in both men and women, a second cohort of 
women develop schizophrenia at the onset of menopause. Depression, anx-
iety, and eating disorders aff ect many more women than men. In contrast, 
alcoholism and antisocial personality are more common in men. All these 
examples suggest that the brain of women and men have diff erent suscepti-
bilities to pathological alterations, and diff erent capacities to cope with these 
alterations. In agreement with the observations in humans, animal studies 
have also detected sex diff erences in the outcome of brain injury. Th us, in 
several experimental neural lesion models, male animals are more vulnerable 
than female animals. For instance, female rats have better stroke outcomes 
aft er vascular occlusion than males (Alkayed et al., 1998; Zhang et al., 1998), 
while male rats show stronger memory defi cits aft er entorhinal cortex lesions 
than females (Roof et al., 1993a). Sex diff erences have also been observed in 
striatal dopaminergic neurotoxicity in mice (Miller et al., 1998). Two neuro-
toxicants tested, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) and 
methamphetamine, resulted in a greater dopamine depletion in males than 
in females (Miller et al., 1998; Yu and Wagner, 1994). In females, the outcome 
aft er a brain injury depends on the hormonal fl uctuations during the estrus 
and menstrual cycle (Azcoitia et al., 1999a; Datla et al., 2003; Hortnagl et al., 
1993; Stein, 2007). Sex diff erences have also been detected in experimental 
animals in anxiety and emotional learning (Toufexis et al., 2006). Sex diff er-
ences in the outcome of a brain injury suggest a regulatory role of neural tissue 
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remodeling by gonadal hormones under pathological conditions. Next, is an 
examination of the neuroplastic actions of gonadal hormones under condi-
tions of neural degeneration and injury.

Progesterone

Protective and regenerative eff ects of progesterone have been well character-
ized in experimental models of degeneration occurring aft er physical injury 
of peripheral nerves. Th e possible benefi cial eff ect of progesterone for the 
treatment of peripheral neuropathy was fi rst suggested by Koenig and col-
leagues in the laboratory of Étienne Émile Baulieu, who demonstrated that 
progesterone, when given locally, is able to counteract the decrease of myelin 
membranes amounts induced by a cryolesion in the sciatic nerve of the mouse 
(Baulieu and Schumacher, 2000; Koenig et al., 1995). Successive studies in the 
laboratory of Roberto C. Melcangi in Milan showed that, in an experimental 
model of sciatic nerve transection, the treatment with progesterone is also able 
to modulate the expression of the myelin proteins P0 and PMP22. Indeed, the 
treatment with progesterone or its metabolite 5α-dihydroprogesterone signif-
icantly increases the low P0 mRNA levels present in the distal portion from 
the cut (Melcangi et al, 2000a). Th ese eff ects have also been detected in rat 
Schwann cell cultures (Désarnaud et al., 1998; Magnaghi et al., 2001; Melcangi 
2000a, b). In the same models, the gene expression of PMP22 is infl uenced 
only by 3α,5α-tetrahydroprogesterone, a metabolite of dihydroprogesterone 
(Melcangi et al., 1999b). Progesterone also stimulates the expression of the 
transcription factor Krox-20, which plays an important role in the myelina-
tion of peripheral nerves, as well as other transcriptions expressed by Schwann 
cells, such as Krox-24, Egr3, and FosB, that may be involved in the initiation 
of myelination (Guennoun et al., 2001; Magnaghi et al., 2007; Mercier et al., 
2001; Schumacher et al. 2001). Protective and regenerative eff ects of proges-
terone have been characterized in several experimental models of peripheral 
nerve injury (Chavez-Delgado et al., 2005; Leonelli et al., 2006; Melcangi et al., 
2003, 2005), and the hormone has been shown to prevent myelin structural 
and functional abnormalities induced by experimental diabetes in the sciatic 
nerve of rats (Leonelli et al., 2007; Veiga et al., 2006).

Progesterone has neuroprotective properties in diff erent experimental 
models of central nervous system neurodegeneration, including colchicine-
 induced hippocampal damage (Vongher and Frye, 1999), brain and spinal 
cord excitotoxicity (Ciriza et al., 2006; Hoff man et al., 2003; Ogata et al., 
1993), traumatic brain injury (Asbury et al., 1998; Djebaili et al., 2004, 2005; 
Grossman et al., 2004; Robertson et al., 2006; Roof et al., 1994, 1996, 1997; 
Shear et al., 2002; Stein, 2005), cerebral ischemia (Cervantes et al., 2002; Chen 
et al., 1999; Gibson and Murphy, 2004; Kumon et al., 2000; Morali et al., 2005; 
Murphy et al., 2002; Sayeed et al., 2007), experimental Parkinson’s disease 
(Callier et al., 2001), spinal cord trauma (Labombarda et al., 2002; Th omas 
et al., 1999), spinal cord motoneuron disease (Gonzalez Deniselle et al., 2002, 
2005), motoneuron axotomy (Yu, 1989), and experimental autoimmune 



Disease and Neuroprotection 249

encephalomyelitis (Garay et al., 2007). Th e mechanisms involved in the 
neuroprotective eff ects of  progesterone are still not completely understood. 
However, it is known that the hormone has antioxidant properties (Roof 
et al., 1997), elicits the activation of intracellular signaling pathways involved 
in the promotion of cell survival (Nilsen and Brinton, 2002b, 2003b; Singh, 
2001, 2005), promotes the expression of growth factors such as BDNF (De 
Nicola et al., 2006; Gonzalez et al., 2004, 2005; Gonzalez Deniselle et al., 
2007), increases the expression of antiapoptotic molecules such as Bcl-2 and 
Bcl-XL (Nilsen and Brinton, 2002b; Yao et al., 2005), and reduces the expres-
sion of proapoptotic molecules such as BAX, BAD, and caspase-3 (Djebaili 
et al., 2005; Yao et al., 2005). Glial cells may also be involved in the neu-
roprotective eff ects of progesterone. Glial cells express progesterone recep-
tors (Labombarda et al., 2000), and brain injury induces the expression of 
the membrane-associated progesterone-binding protein 25-Dx in astrocytes 
(Meff re et al., 2005). Progesterone reduces reactive astrogliosis (Djebaili et al., 
2005; Garcia-Estrada et al., 1993, 1999) and the expression of aquaporin-4 
by astrocytes (Guo et al., 2006) aft er a brain injury, and may decrease brain 
edema acting on astrocytes (Guo et al., 2006; Meff re et al., 2005). Progesterone 
may also promote neuroprotection by regulating the infl ammatory activity 
of microglia (Drew and Chavis, 2000b). In addition, progesterone increases 
the density of oligodendrocyte progenitors in the injured spinal cord (De 
Nicola et al., 2006; Labombarda et al., 2006a), the proliferation of oligoden-
drocyte precursors in organotypic slice cultures of cerebellum (Ghoumari 
et al., 2005), and the cellular branching of oligodendrocyte progenitors in 
primary cultures (Marin-Husstege et al., 2004). Furthermore, the hormone 
promotes myelination, remyelination, and the expression of myelin proteins 
in the central nervous system (Garay et al., 2007, 2008; Ghoumari et al., 2003; 
Jung-Testas et al., 1996; Schumacher et al., 2004, 2007).

Some of the neuroprotective eff ects of progesterone may be mediated by 
the activation of classical progestin receptors, which are widely expressed 
in the brain (Guerra-Araiza et al., 2003). However, the hormone may also 
exert neuroprotection by mechanisms independent of the classical proges-
tin receptor (VanLandingham et al., 2006) via membrane progestin recep-
tors (Zhu et al., 2003) or by the membrane-associated progesterone-binding 
protein 25-Dx (Guennoun et al., 2008; Labombarda et al., 2003; Meff re 
et al., 2005). Furthermore, reduced metabolites of progesterone, such as 
 tetrahydroprogesterone, may exert rapid membrane eff ects by the modula-
tion of the GABAA receptor complex (Belelli and Lambert, 2005; Follesa et al., 
2001; Lambert et al., 2003). In the central nervous system, progesterone is 
rapidly metabolized into dihydroprogesterone, which is subsequently fur-
ther reduced to tetrahydroprogesterone (Mellon et al., 2001; Stoff el-Wagner 
et al., 1998). Th ese conversions are catalyzed by the enzymes 5α-reductase and 
3α-hydroxysteroid dehydrogenase, respectively (Mellon et al., 2001). Th is lat-
ter enzyme can either reduce dihydroprogesterone to tetrahydroprogesterone 
or oxidize tetrahydroprogesterone back to dihydroprogesterone (Celotti et al., 
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1992; Mellon et al., 2001). It has been shown that endogenous regulation of 
dihydroprogesterone and tetrahydroprogesterone production in the spinal 
cord is involved in the control of neuronal communication in the nociceptive 
circuits (Patte-Mensah et al., 2005). Similar regulation of dihydroprogester-
one and tetrahydroprogesterone formation may be involved in the control of 
diff erent brain functions and behavior (Matsumoto et al., 2005; Petralia et al., 
2005; Walf et al., 2006). Progesterone metabolism also seems to be involved in 
the neuroprotective eff ects of the hormone, since both dihydroprogesterone 
and tetrahydroprogesterone have been shown to exert similar neuroprotective 
eff ects to progesterone (Ciriza et al., 2004a, 2006; Djebaili et al., 2004, 2005; 
Frank and Sagratella, 2000; Frye, 1995; Frye and Scalise, 2000; He et al., 2004; 
Lockhart et al., 2002; Rhodes and Frye, 2004; Rhodes et al., 2004; Sayeed et al., 
2006), including the down-regulation of reactive gliosis (Ciriza et al., 2004a). 
In addition, the pharmacological inhibition of progesterone metabolism abol-
ishes the neuroprotective eff ect of the hormone (Ciriza et al., 2006; Rhodes 
et al., 2004). Th e administration of the 5α-reductase inhibitor fi nasteride 
reduces the increase in plasma and hippocampal levels of dihydroprogester-
one and tetrahydroprogesterone aft er progesterone administration to ova-
riectomized rats, and prevents the neuroprotective eff ect of progesterone in 
the hippocampus of ovariectomized rats injected with the excitotoxin kainic 
acid (Ciriza et al., 2006). Furthermore, the inhibitor of 3α-hydroxysteroid 
dehydrogenase, indomethacin, blocks the neuroprotective and anti-gliotic 
eff ects of both dihydroprogesterone and tetrahydroprogesterone, suggesting 
that both metabolites are necessary for the neuroprotective actions of pro-
gesterone (Ciriza et al., 2006). Dihydroprogesterone and tetrahydroproges-
terone may exert complementary eff ects that contribute to neuroprotection. 
Dihydroprogesterone, which is neuroprotective at low concentrations (Ciriza 
et al., 2004a), may act on progestin receptors (Melcangi et al., 1999; Rupprecht 
et al., 1993) and may aff ect progesterone-receptor-mediated transcription of 
neuroprotective genes (Djebaili et al., 2005; Nilsen and Brinton, 2002b; Yao 
et al., 2005). Tetrahydroprogesterone, which is neuroprotective at high con-
centrations (Ciriza et al., 2004a), is an allosteric agonist of GABAA receptors 
(Lambert et al., 2003; Majewska, 1992; Puia et al., 1990); this interaction may 
contribute to the neuroprotective eff ects of progesterone (Frye and Scalise, 
2000; Melcangi et al., 2001). Th e enzyme 3α-hydroxysteroid dehydrogenase 
may regulate the optimal levels of both metabolites in the brain.

Th e role of progesterone metabolism in the neuroprotective and anti-gli-
otic eff ects of the hormone is highly relevant for hormone therapy in humans 
using synthetic progestins. For instance, in contrast to the neuroprotective 
eff ects of progesterone, the synthetic progestin medroxyprogesterone ace-
tate (MPA, Provera) used in hormonal therapy in postmenopausal women, 
in clinical studies such as the Women’s Health Initiative of the NIH (Maki, 
2005), and as a widely used female contraceptive (Hapgood et al., 2004), is 
unable to prevent gliosis and neuronal loss in the hilus of animals injected 
with kainic acid (Ciriza et al., 2006). Furthermore, while progesterone and 
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estradiol protect hippocampal neurons in culture against glutamate toxic-
ity, MPA is not neuroprotective; it reduces the protective eff ects of estradiol 
and blocks estrogen-induced over-expression of the antiapoptotic molecule 
Bcl-2 (Nilsen and Brinton, 2002a). In addition, both estradiol and progester-
one exert a potentiation of glutamate-mediated rises in intracellular calcium 
in neurons, while MPA blocks the eff ect of estradiol (Nilsen and Brinton, 
2002b). Furthermore, MPA decreases the neuroprotective eff ect of oral con-
jugated estrogens in the subcortical brain regions aft er experimental stroke 
in rats (Littleton-Kearney et al., 2005). Among other possible causes for the 
diff erent treatments outcomes with progesterone and MPA are their diff erent 
eff ects on the levels of active progesterone metabolites, since the administra-
tion of progesterone signifi cantly increases plasma and hippocampal dihydro-
progesterone and tetrahydroprogesterone levels, while MPA does not (Ciriza 
et al., 2006). Th e fi nding that both dihydroprogesterone and tetrahydropro-
gesterone are necessary for the neuroprotective eff ect of progesterone may in 
part explain why MPA, which cannot be converted into dihydroprogesterone 
or tetrahydroprogesterone, has no neuroprotective eff ects. In addition, MPA 
inhibits the enzyme 3α-hydroxysteroid dehydrogenase, involved in the revers-
ible conversion between dihydroprogesterone and tetrahydroprogesterone; 
therefore, it may aff ect the local actions of dihydroprogesterone and tetra-
hydroprogesterone in the brain (Belelli and Herd, 2003). Other diff erences in 
the mechanisms of action of progesterone and MPA, including the action of 
MPA on androgen receptors (Bentel et al., 1999) and glucocorticoid receptors 
(Wiegratz and Kuhl, 2004), may also contribute to their diff erent eff ects on 
neuronal survival.

Estradiol and Estrogens

Th e eff ects of estradiol on neuronal plasticity aft er a brain injury are well docu-
mented. Since the pioneering work of Matsumoto and Arai (1979), it has been 
shown that estradiol may promote synaptic sprouting in response to injury. 
Th ese authors tested the eff ect of estradiol in the arcuate nucleus aft er deaff er-
entation, a treatment that results in a loss of axodendritic synapses. Treatment 
with estradiol benzoate for three weeks (beginning on the day of surgery) 
eff ectively restored the axodendritic synaptic population of the deaff erented 
arcuate nucleus in adult ovariectomized rats (Matsumoto and Arai, 1979, 
1981). Further studies showed that the arcuate nucleus of aged female rats still 
retains plasticity to react to deaff erentation under the infl uence of estrogen 
(Matsumoto et al., 1985). Other studies have shown that estrogen enhances 
synaptic sprouting in the hippocampus of ovariectomized female rats aft er 
entorhinal cortex lesions (Morse et al., 1986, 1992), and that estrogen acceler-
ates the regeneration rates of axotomized facial motoneurons (Islamov et al., 
2002; Tanzer and Jones, 1997). Estradiol may infl uence synaptic sprouting by 
regulating the expression or activity of a variety of molecules that participate 
in the process of axonal growth and axonal target recognition, including cyto-
skeletal components, adhesion and guidance molecules, and soluble factors, 
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such as growth factors and neurotrophins. Estradiol induces the expression 
of the microtubule-associated protein tau in axons (Diaz et al., 1992; Ferreira 
and Caceres, 1991; Lorenzo et al., 1992), and regulates tau phosphorylation 
in the brain (Alvarez-de-la-Rosa et al., 2005; Cardona-Gomez et al., 2004; 
Goodenough et al., 2005); this may result in the stabilization of microtubules 
and the promotion of axonal growth. Another molecule that may be involved 
in estrogen-induced axonal regeneration is GAP43, a presynaptic protein 
implicated in the growth and regeneration of axons (Oestreicher et al., 1997). 
Th e expression of GAP43 is modulated by estrogen in the mediobasal hypo-
thalamus of adult rats (Lustig et al., 1991), in the preoptic area of developing, 
adult, and aged rats (Shughrue and Dorsa, 1993; Singer et al., 1996a), and in 
the medial septum and vertical limb of the diagonal band of Broca in aged rats 
(Ferrini et al., 2002).

Apolipoprotein E (ApoE) may also participate in the eff ect of estrogen on 
synaptic sprouting. ApoE is involved in lipid and cholesterol metabolism, 
and in the mobilization and reutilization of lipid in the repair, growth, and 
maintenance of myelin and axonal membranes (both during development 
and aft er injury). Furthermore, the epsilon 4 allele of ApoE has a direct impact 
on the cholinergic function in Alzheimer’s disease (Poirier, 1994), and is a 
risk factor for the development of age-related chronic neurological diseases 
(Struble et al., 2007). Th e synthesis of ApoE is dramatically increased aft er 
an injury of peripheral nerves (Ignatius et al., 1986; LeBlanc and Poduslo, 
1990), and in the central nervous system (Poirier, 1994). Although nerve 
regeneration may occur in ApoE-defi cient mice (de Chaves et al., 1997; 
Popko et al., 1993), these animals show increased central neuronal damage 
aft er a cerebral ischemia and other forms of cerebral injury (Chen Y et al., 
1997; Horsburgh et al., 1999; Sheng et al., 1999), suggesting that ApoE is a 
factor involved in brain repair. Stone and associates (1997, 1998) have shown 
that estrogen enhances ApoE expression by astroglia and microglia, and 
that it induces synaptic sprouting in response to an entorhinal cortex lesion 
in wild-type mice, not ApoE-knockout mice. Furthermore, synaptic sprout-
ing is increased by estrogen in the same regions where sprouting is depen-
dent on ApoE (Teter et al., 1999). ApoE has been also shown to be involved 
in the eff ects of estradiol on axonal growth in vitro (Nathan et al., 2004). 
Th ere is also evidence that ApoE is involved in the neuroprotective actions 
of estradiol against a cerebral ischemia (Horsburgh et al., 2002). Diff erent 
ApoE alleles aff ect the neuroprotective and neuroplastic actions of estra-
diol. For instance, the antiinfl ammatory eff ects of the hormone are reduced 
in microglia from mice with the ApoE4 genotype compared to microglia 
from ApoE3 mice (Brown et al., 2008). In addition, estradiol enhances 
long-term synaptic potentiation in the dentate gyrus of mice expressing the 
human ApoE allele, but does not aff ect long-term synaptic potentiation mice 
expressing human ApoE3 (Yun et al., 2007). In agreement with these experi-
mental fi ndings, diff erent ApoE alleles seem to determine the neuroprotec-
tive outcome of estrogen therapy in humans (Burkhardt et al., 2004; Struble 
et al., 2007; Wang et al., 2006; Yaff e et al., 2000).
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Another important action of estradiol on the remodeling of neural tissue 
under pathological conditions is the regulation of the plastic modifi cations 
of glial cells (Fig. 9.1). Th e eff ect of estradiol on astroglia diff ers depending 
on whether it is acting under physiological or pathological conditions. Th us, 
estradiol increases glial fi brillary acidic protein (GFAP) expression and 
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Figure 9.1. Hormonal regulation of reactive gliosis aft er brain injury. Immuno-
reactivity for vimentin, a marker of reactive astrocytes (panels A, C, E) and for major 
histocompatibility complex-II (MHC-II), a marker of reactive microglia (panels B, D, 
F) in the CA1 stratum radiatum of the hippocampus at a distance of approximately 
100–200 μm from the lateral border of a stab wound. Th e panels illustrate represen-
tative examples from orchidectomized rats aft er the administration of vehicle (A, B), 
testosterone (C, D), or estradiol (E, F) on days 0, 1 and 2 aft er injury. Both testosterone 
and estradiol reduce reactive gliosis. All fi gures are at the same magnifi cation. Scale 
bar, 50 μm. (Courtesy of Dr. George Barreto. Based on Barreto et al., 2007.)
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promotes the extension of GFAP immunoreactive processes under physiolog-
ical conditions, while the hormone decreases GFAP and vimentin expression 
in gliotic injured tissue (Ciriza et al., 2004b; Garcia-Estrada et al., 1999; Hoyk 
et al., 2004). For instance, estradiol decreases astrocyte proliferation and glial 
scar formation aft er a stab wound injury in the cerebral cortex and hippocam-
pus (Barreto et al., 2007; Garcia-Estrada et al., 1993, 1999), decreases reactive 
astrogliosis in the hippocampus aft er kainic acid administration (Ciriza et al., 
2004b), and decreases proliferation and increases cell death in primary corti-
cal astrocytic cultures (Zhang et al., 2002). In addition, astrocytes may medi-
ate the neuroprotective actions of estradiol by the release of growth factors, 
such as transforming growth factor β1 (TGF-β1), in response to the steroid 
(Dhandapani et al., 2005; Sortino et al., 2004). Furthermore, as mentioned 
earlier, estradiol increases the expression of ApoE in astrocytes; this may 
contribute to the reorganization of brain tissue aft er an injury (Stone et al., 
1997, 1998). Estradiol also increases the expression of heat shock proteins in 
astrocytes (Mydlarski et al., 1995), an eff ect that has been observed in striatal 
astrocytes aft er global ischemia in gerbils (Lu et al., 2002), and may be related 
to the protective eff ects of the hormone in animal models of brain ischemia. 
Estradiol increases glutamate uptake in astrocytes derived from Alzheimer’s 
patients (Liang et al., 2002). Th is may contribute to the potential protective hor-
monal eff ect against this neurodegenerative disease, in which the extracellular 
glutamate concentration appears to be increased. On the other hand, estradiol 
regulation of the expression of aquaporin-4 by astrocytes may reduce brain 
edema, and may contribute to the neuroprotective eff ects of this steroid in a 
stroke (Tomas-Camardiel et al., 2005). Estradiol also reduces brain infl amma-
tion acting on astrocytes, decreasing the activation of nuclear factor-kappaB 
induced by amyloid Aβ(1–40) and lipopolysacharide in cultured astrocytes 
(Dodel et al., 1999). Since nuclear factor-kappaB is a potent immediate-early 
transcriptional regulator of numerous proinfl ammatory genes, the hormonal 
regulation of this molecule in astrocytes may play a crucial role in the neuro-
protective eff ects of estrogens.

Estradiol also exerts its antiinfl ammatory actions in the brain, acting on 
microglia (Fig. 9.1). Several studies have analyzed the eff ect of estradiol on 
microglia, in search of a basis for the neuroprotective eff ects of this steroid 
(Mor et al., 1999; Vegeto et al., 2006). As already mentioned, estradiol enhances 
ApoE secretion by microglia in the brain (Stone et al., 1997) and inhibits apop-
tosis in microglia cultures by a receptor-mediated enhancement of BNIP2 pro-
tein production (Vegeto et al., 1999). Subsequent studies in microglia cultures 
have shown that estradiol inhibits the induction of inducible nitric oxide syn-
thase and several other infl ammatory mediators in response to lipopolysacha-
ride and to proinfl ammatory cytokines (Baker et al., 2004; Bruce-Keller et al., 
2000, 2001; Dimayuga et al., 2005; Drew and Chavis, 2000b; Vegeto et al., 2001, 
2006). In addition, the hormone reduces the number of reactive microglia in 
diff erent models of brain infl ammation (Tapia-Gonzalez et al., 2008; Vegeto 
et al., 2003, 2006) and brain injury (Barreto et al., 2007) in vivo. Estradiol is 



Disease and Neuroprotection 255

also able to enhance the uptake of the β-amyloid peptide by microglia derived 
from the human cortex (Li R et al., 2000), an eff ect that may be relevant for the 
protective eff ect of this hormone against Alzheimer’s disease. In APP23 mice 
(an animal model of Alzheimer’s disease), estradiol reduces microglia activa-
tion around β-amyloid plaques (Vegeto et al., 2006). Furthermore, Yue and 
associates (2005) have recently examined the importance of brain estrogen on 
β-amyloid peptide deposition by crossing the estrogen-synthesizing enzyme 
aromatase gene knockout mice with APP23 transgenic mice to produce estro-
gen-defi cient APP23 mice. Compared with APP23 transgenic control mice, 
estrogen-defi cient APP23 mice exhibited greatly reduced brain estrogen, 
and early-onset and increased β-amyloid peptide deposition. Interestingly, 
microglia cultures prepared from the brains of these mice were impaired in 
β-amyloid peptide clearance/degradation.

Estradiol also regulates adult neurogenesis under pathological conditions; 
this action may contribute to the regeneration of injured neural circuits. For 
instance, the hormone restores cell proliferation in the dentate gyrus and the 
subventricular zone in diabetic rats (Saravia et al., 2004, 2006), and increases 
neurogenesis in the subventricular zone following an ischemic stroke (Suzuki 
et al., 2007b). Th e hormone also partially compensates for the impairment in 
hippocampal neurogenesis in aged rats (Perez-Martin et al., 2005). Since adult 
hippocampal neurogenesis is necessary for the behavioral actions of antide-
pressants (Santarelli et al., 2003), and since changes in the rate of neurogenesis 
are correlated with modifi cations in cognition and aff ection (Abrous et al., 
2005; Dupret et al., 2007; Llorens-Martín et al., 2007; Sahay and Hen, 2007; 
Trejo et al., 2007), it is conceivable that the eff ects of estradiol on adult hip-
pocampal neurogenesis (see Chapter 4) may be involved in the hormonal anti-
depressive and procognitive eff ects.

In addition to the eff ects of estradiol in the reorganization of neural tissue 
under pathological conditions, regulating axonal sprouting, gliosis, and neu-
rogenesis, the hormone exerts protective eff ects on neurons, preventing neu-
rodegeneration. Many studies have documented the neuroprotective actions 
of estradiol in vitro. Estradiol promotes the survival of hypothalamic neurons 
(Chowen et al., 1992; Dueñas et al., 1996), amygdala neurons (Arimatsu and 
Hatanaka, 1986), neocortical neurons (Brinton et al., 1997), hippocampal neu-
rons (Sudo et al., 1997), and dorsal root ganglion neurons (Patrone et al., 1999) 
in culture. Furthermore, estradiol prevents neuronal loss in primary mesen-
cephalic cultures exposed to glutamate, superoxide anions, or hydrogen per-
oxide (Sawada et al., 1998), and also hippocampal cultures exposed to NMDA 
(Weaver et al., 1997). It has also been reported that estradiol protects corti-
cal neurons in culture from death induced by diff erent stimuli, such as iron 
(Vedder et al., 1999), glutamate toxicity (Singer et al., 1996b; Zaulyanov et al., 
1999), AMPA toxicity (Zaulyanov et al., 1999), the pro-oxidant hemoglobin 
(Regan and Guo, 1997), anoxia (Zaulyanov et al., 1999), cytochrome oxidase 
inhibitor sodium azide, kainite, or NMDA (Regan and Guo, 1997). Other stud-
ies have used neuronal cell lines to demonstrate the neuroprotective eff ects of 
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estradiol. For instance, estradiol protects NT2 neurons, PC12 cells, and mouse 
neuroblastoma (Neuro-2a) cells from H2O2 or glutamate-induced cell death 
(Bonnefont et al., 1998; Singer et al., 1998), SK-N-SH human neuroblastoma 
cells from serum deprivation (Green et al., 1997), hippocampal HT-22 cells 
from lipid peroxidation (Vedder et al., 1999) and B103 cells (Mook-Jung et al., 
1997), PC12 cells and Neuro-2a cells (Bonnefont et al., 1998) from neurotoxic 
eff ects of β-amyloid.

Estradiol has shown neuroprotective activity in several diff erent experi-
mental models of neurodegeneration in vivo. For instance, estradiol prevents 
neuronal loss in the hippocampus induced by the systemic administration of 
kainic acid, a widely used experimental model of neurodegeneration (Azcoitia 
et al., 1998, 2001; Picazo et al., 2003; Reibel et al., 2000; Veliskova et al., 2000). 
Th is fi nding is relevant for human pathology since excitotoxicity is a common 
cause of neuronal loss in many neurodegenerative diseases. Of critical impor-
tance with regard to the neuroprotective eff ects of estrogen is the eff ect of kainic 
acid on hilar neurons in intact female rats, which diff ers depending on the day 
of the estrus cycle on which the neurotoxin is injected. No signifi cant neuronal 
loss is observed when a low dose of kainic acid (7 mg/Kg b.w.) is injected on the 
morning of estrus (one day aft er the peak of estrogen levels in plasma). In con-
trast, there is a signifi cant loss of hilar neurons when the same dose of kainic 
acid is injected in the morning of proestrus (before the peak of estrogen levels in 
plasma), and when it is injected into ovariectomized rats (Azcoitia et al., 1999a). 
Th ese fi ndings suggest that the natural fl uctuation of ovarian hormones during 
the estrus cycle infl uences the vulnerability of hilar neurons to excitotoxicity.

Of great relevance for human pathology are the studies showing that estra-
diol is neuroprotective in experimental models of Parkinson’s disease. Several 
research teams have studied the eff ects of estradiol on the nigrostriatal system, 
showing that the hormone exerts a regulation of the nigrostriatal dopaminer-
gic system in normal animals and in experimental models of Parkinson’s dis-
ease. Ovariectomy, per se, reduces dopamine concentrations in the striatum; 
estradiol replacement prevents this reduction (Callier et al., 2000; Dluzen, 
2000). Several toxins that induce a loss of dopaminergic neurons in the sub-
stantia nigra and the consequent decrease of dopamine in the striatum in 
rodents and monkeys have been widely used to imitate Parkinson’s disease in 
humans. Estradiol therapy prevents the loss of substantia nigra dopaminergic 
neurons and the loss of dopaminergic innervation in the striatum in these ani-
mal models. For instance, estradiol reduces dyskinesia caused by the admin-
istration of MPTP in cynomolgus monkeys (Gomez-Mancilla and Bedard, 
1992). Estradiol also prevents the reduction in dopamine caused by the injec-
tion of 6-hydroxydopamine in the striatum of mice (Dluzen, 1997). Estrogen 
also has neuroprotective properties against MPTP-induced neurotoxicity in 
the nigrostriatal dopaminergic system of castrated males, preventing reduc-
tions in corpus striatum dopamine concentrations (Dluzen et al., 1996a, b). In 
addition to preventing the degeneration of substantia nigra neurons, estradiol 
may in part protect the nigrostriatal system by the regulation of dopamine 
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release, and via the inhibition of dopamine uptake by decreasing the affi  nity 
of the transporter for dopamine (Disshon and Dluzen, 1997; Disshon et al., 
1998; Dluzen, 2000). As mentioned regarding the neurodegenerative eff ect of 
kainic acid in the hippocampus, the degeneration of nigrostriatal dopami-
nergic neurons in experimental models of Parkinson’s disease also depends 
on the endogenous fl uctuation of gonadal hormones during the estrus cycle 
(Datla et al., 2003).

Experimental forebrain ischemia is another highly relevant model for 
human pathology where neuroprotective eff ects of estradiol have been 
assessed. Th e protective eff ects of estrogen in this model were documented 
by several pioneering studies in rats (Dubal et al., 1998; Pelligrino et al., 
1998; Rusa et al., 1999; Simpkins et al., 1997b; Wang et al., 1999; Zhang 
et al., 1998), mice (Culmsee et al., 1999), and gerbils (Chen J et al., 1998; Sudo 
et al., 1997). For instance, James W. Simpkins and his collaborators (Shi et al., 
1998; Simpkins et al., 1997b) showed that a pretreatment with 17 β-estradiol 
reduces animal mortality, ischemic area, and expression of the β-amyloid 
precursor protein mRNA in ovariectomized rats aft er a middle cerebral 
artery occlusion. Interestingly, the isomer 17 α-estradiol was able to reduce 
mortality, and the ischemic area as well. Both systemic and intracerebral 
administration of 17 β-estradiol was protective in this model. Phyllis Wise 
and her group (Dubal et al., 1998) showed that systemic estradiol pretreat-
ment signifi cantly reduced overall infarct volume compared with oil injected 
controls. Th is group also analyzed the expression of estrogen receptors and 
the antiapoptotic molecule Bcl-2 aft er an ischemia, and provided important 
cues on the neuroprotective mechanisms of estrogen in this model. In ger-
bils, 17 β-estradiol infused into the lateral cerebral ventricle prevents learning 
disability and neuronal loss at early stages aft er a transient forebrain ische-
mia (Chen J et al., 1998; Sudo et al., 1997). Th ese early studies also showed 
that the neuroprotective eff ect of estradiol in this model is not restricted to 
females. Th us, Th omas J. K. Toung and collaborators in the laboratory of 
Patricia D. Hurn reported that either acute or chronic administration of 17 
β-estradiol reduced cortical and caudate infarct volume in the male rat brain 
aft er an experimental stroke, using two hours of reversible middle cerebral 
artery occlusion. Furthermore, castration did not alter the ischemic outcome, 
whereas estrogen replacement reduced infarct volume in castrated animals 
(Toung et al., 1998). Further studies have confi rmed these initial fi ndings 
(Gibson et al., 2006; McCullough and Hurn, 2003; Merchenthaler et al., 2003; 
Wise et al., 2001; Yang et al., 2005) and indicate that estradiol not only pre-
vents neuronal death but also protects against alterations in functional syn-
aptic plasticity induced by ischemia (Dai et al., 2007).

Clinical data on the protective actions of estrogens against Alzheimer’s dis-
ease are controversial (Asthana et al., 2001; Fillit et al., 1986; Henderson et al., 
2000; Mulnard et al., 2000; Paganini-Hill and Henderson, 1996; Shaywitz and 
Shaywitz, 2000; Wang et al., 2000). Th e results of estrogen therapy on cog-
nitive function and Alzheimer’s disease in postmenopausal women will be 
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discussed further in Chapter 10. Experimental studies suggest that estradiol 
may exert therapeutic eff ects for some aspects of the pathology. Th e hormone 
enhances the function of basal forebrain cholinergic neurons (Bora et al., 2005; 
Granholm et al., 2003; Rabbani et al., 1997), and decreases the hyperphospho-
rylation of tau (Alvarez-de-la-Rosa et al., 2005; Cardona-Gomez et al., 2004), 
which is characteristic of Alzheimer’s disease. Furthermore, estradiol pro-
tects neurons against amyloid-β peptide neurotoxicity (Bonnefont et al., 1998; 
Marin et al., 2003; Mook-Jung et al., 1997; Quintanilla et al., 2005), and may 
decrease the generation and secretion of β-amyloid peptides (Xu et al., 2006) 
and amyloid precursor protein accumulation in the striatum of an animal 
model of Alzheimer’s disease (Granholm et al., 2003). However, it has been 
shown that the hormone is unable to decrease amyloid precursor protein lev-
els and β-amyloid deposits in the hippocampus and cortex in animal models 
of Alzheimer’s disease (Granholm et al., 2003; Green et al., 2005; Heikkinen 
et al., 2004).

Th e neuroprotective eff ects of estradiol may be, at least in part, exerted by 
the activation of classical nuclear estrogen receptors. Th ere is evidence that 
estrogen receptors are involved in the regulation of neuronal survival in vitro. 
Estrogen enhancement of neuronal survival in primary hypothalamic cul-
tures in the serum-free medium and in cortical cultures exposed to glutamate 
is blocked by the estrogen receptor selective modulator tamoxifen (Chowen 
et al., 1992; Singer et al., 1996b) and by the estrogen receptor antagonist ICI 
182780 (Dueñas et al., 1996; Singer et al., 1999). In addition, antiestrogens 
abolish the neuroprotective action of estradiol in cultures of dorsal root gan-
glion neurons deprived of nerve growth factor (NGF) (Patrone et al., 1999) and 
the protective eff ect of the hormone in a murine cholinergic cell line (SN56) 
against amyloid-β–induced toxicity (Marin et al., 2003). Furthermore, estra-
diol enhances the survival of PC12 cells transfected with the full-length rat 
estrogen receptor α, but does not aff ect the survival of control cells transfected 
with vector DNA alone (Gollapudi and Oblinger, 1999a, b; Lustig, 1996). In 
addition, selective agonists for both estrogen receptor α and β protect hip-
pocampal neurons in vitro against glutamate excitotoxicity, suggesting that 
both forms of estrogen receptors are involved in neuroprotective mechanisms 
(Zhao et al., 2004).

Th e dependence of the neuroprotective eff ects of estradiol on estrogen 
receptors has been demonstrated in vivo as well. For instance, the intracere-
broventricular administration of the estrogen receptor antagonist ICI 182780 
inhibits the neuroprotective eff ect of estradiol in hippocampal hilar neurons of 
ovariectomized rats exposed to systemic kainic acid (Azcoitia et al., 1999b). In 
addition, neuroprotective actions of estradiol against an ischemic brain injury 
are lost in estrogen receptor-α–defi cient mice but are preserved in estrogen 
receptor-β knockout mice, indicating that estrogen receptor α is indispensable 
for the neuroprotective eff ects (Dubal et al., 2001, 2006). Estrogen receptor-α 
knockout mice also show an increased depletion in striatal dopamine aft er a 
neurotoxic lesion of substantia nigra neurons in an experimental model of 
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Parkinson’s disease. However, the neuroprotective eff ect of estradiol against 
striatal dopamine terminal loss is prevented in both estrogen receptor-α and 
estrogen receptor-β knockout mice, indicating that both receptors are involved 
in the neuroprotective mechanism of the hormone in this model (Morissette 
et al., 2007), likely mediating diff erent protective mechanisms (D’Astous et al., 
2006; Morissette et al., 2008).

Some of the neuroprotective eff ects of estradiol may be independent of 
estrogen receptor activation. Christian Behl and his collaborators were among 
the fi rst to convincingly document that estradiol has antioxidant properties, 
and suppresses the oxidative stress in neurons and neuronal cell lines induced 
by hydrogen peroxide, superoxide anions, and other pro-oxidants (Behl, 1999; 
Behl et al, 1995, 1997). Both 17 β- and 17 α-estradiol (and some estradiol deriv-
atives) can prevent intracellular peroxide accumulation and degeneration of 
cultured neurons and clonal hippocampal cells. Th e antioxidant activity of 
estrogens is dependent on the presence of the hydroxyl group in the C3 posi-
tion on the A ring of the steroid molecule, and is independent of an activation of 
estrogen receptors (Behl et al., 1995, 1997; Culmsee et al., 1999; Moosmann and 
Behl, 1999; Regan and Guo, 1997). In addition to antioxidant eff ects, estradiol 
may use other possible neuroprotective mechanisms that are independent of 
nuclear estrogen receptor activation. Estradiol may interact with estrogen bind-
ing sites in the plasma membrane (Ramirez and Zheng, 1996), and may have 
many diff erent rapid eff ects on neuronal excitability and neuronal transmis-
sion, aff ecting rapid cytoplasmic signaling in neurons and glial cells (Bicknell, 
1998; Brann et al., 2007; Kelly et al., 2005; Lee and McEwen, 2001; Moss and 
Gu, 1999). Th ese actions may be mediated through putative nonnuclear estro-
gen receptors located in the cytoplasmic and membrane compartments of 
neurons and glial cells. Estradiol may also exert neuroprotection through non-
specifi c receptors, such as neurotransmitter ion channels (Weaver et al., 1997). 
Th e actions of estradiol via the membrane, cytoplasmic, and nuclear receptors 
are undoubtedly, in many cases, inextricably linked because the gene prod-
ucts generated by the estradiol-dependent activation of nuclear receptors and 
transcription can be post-transcriptionally modifi ed by cell signals activated 
by membrane estrogen receptors. Transcription itself can be augmented or 
reduced by coactivators and corepressors previously modifi ed through mem-
brane-associated estrogen receptor actions. Estradiol not only drives the tran-
scription of genes whose promoters bind nuclear estrogen receptors, but also 
of genes that are transactivated by other transcription factors modifi ed aft er 
membrane estradiol signaling. Th e extranuclear functions of estradiol may be 
mediated in part by receptors identical to the classical nuclear estrogen recep-
tors, but in some way modifi ed in order to prevent, at least temporarily, their 
translocation to the nucleus. While the predominant localization of classical 
estrogen receptors is in the cell nucleus, ultrastructural analyses have dem-
onstrated that estrogen receptor α immunoreactivity is also present in den-
dritic spines, axons, synapses, and glial cell processes, in a position that could 
favor nonnuclear signaling (Woolley, 2007).  Membrane-associated estrogen 
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receptors may be part of macromolecular entities aggregated in specifi c plasma 
membrane domains, the caveolae, where they can hypothetically interact with 
G proteins, receptor tyrosine kinases, nonreceptor kinases, and other signal-
ing partners (Marin et al., 2008; Toran-Allerand, 2004). Estrogen receptors can 
directly contact G proteins or transactivate other G-protein–coupled receptors, 
leading to the stimulation of ion channels and phospholipase C (Hewitt et al., 
2005; Kelly et al., 2002; Revankar et al., 2005). Estrogenic induction of phos-
pholipase C activation initiates a cascade of signals through increases in intra-
cellular Ca+2 and activation of protein kinase C and protein kinase A, leading 
to the modulation of other ion channels and cAMP response element-binding 
protein-dependent transcription. Of particular relevance are glutamate-medi-
ated increases in intracellular Ca+2 concentration that are potentiated by estra-
diol (Beyer et al., 2003), because this has been proposed to modulate cognitive 
function. Th e risk of calcium overload in neurons exposed to estrogenic com-
pounds that could occur under an excitotoxic condition is attenuated through 
enhancing mitochondrial sequestration of Ca+2. Th e estradiol-elicited intracel-
lular rise in calcium may result in a rapid stimulation of PI3K signaling cascade 
(Beyer et al., 2003).

Neuroprotective eff ects of estradiol and estrogenic compounds may involve, 
at least in part, a modulation of the expression of molecules implicated in the 
control of cell death. Estradiol has been shown to increase the expression of 
the antiapoptotic molecule Bcl-2 in NT2 neurons (Singer et al., 1998), in hip-
pocampal neurons in vitro (Nilsen and Brinton, 2003a; Wu et al., 2005; Zhao 
et al., 2004), in adult hypothalamic neurons in vivo (Cardona-Gomez et al., 
2001; Garcia-Segura et al., 1998), and in the cerebral cortex aft er a brain isch-
emia (Dubal et al., 1999). In addition to preventing neuronal death, Bcl-2 may 
also promote axonal growth and regeneration (Chen DF et al., 1997; Holm 
and Isacson, 1999). Th erefore, by the induction of Bcl-2, estradiol may pro-
mote neuronal survival aft er injury by both Bcl-2–induced inhibition of cell 
death and Bcl-2–induced facilitation of regeneration of neuronal connectiv-
ity. Furthermore, Bcl-2 attenuates the generation of reactive oxygen species 
(Bogdanov et al., 1999); therefore, estradiol may reduce oxidative stress in 
neural tissue by the induction of Bcl-2 expression. Estradiol also increases the 
expression of the antiapoptotic molecule Bcl-xl in PC12 cells (Gollapudi and 
Oblinger, 1999a, b; Koski et al., 2004), developing dorsal root ganglion cells 
(Patrone et al., 1999) and cultured hippocampal neurons (Pike, 1999). In addi-
tion, the mRNA for the Bcl-2 interacting protein BNIP2 is decreased by estro-
gen treatment in human neuroblastoma SK-ER3 cells (Belcredito et al., 2001; 
Garnier et al., 1997) and monoblastoid cells (Vegeto et al., 1999). Since BNIP-2 
is a negative regulator of Bcl-2, estrogen may promote Bcl-2 expression by 
this mechanism. In addition, estradiol may directly aff ect transcription of the 
Bcl-2 gene, since several putative estrogen-responsive sites are present in the 
Bcl-2 promoter (Teixeira et al., 1995).

Some studies have observed that estradiol induces changes in the expres-
sion of the members of the Bcl-2 family in conditions in which the hormone 
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prevents neuronal death, suggesting that hormonal regulation of these pro-
teins is associated with the neuroprotective eff ects of estradiol. For instance, 
estradiol enhances the survival of PC12 cells transfected with the full-length 
rat estrogen receptor α, and this eff ect is associated with an increased expres-
sion of Bcl-XL and a reduced expression of BAD (Gollapudi and Oblinger, 
1999b). An increased expression of Bcl-2 is also observed when the hormone 
protects NT2 neurons from H2O2 or glutamate-induced cell death (Singer 
et al., 1998). Th e reduction by estradiol of apoptosis induced by β-amyloid 
in primary neuronal cultures is accompanied by a signifi cant increase in the 
expression of the antiapoptotic protein Bcl-XL, the up-regulation of Bcl-w, and 
the down-regulation of Bim (Pike, 1999; Yao et al., 2007). Furthermore, estra-
diol increases the survival of cultured dorsal root ganglion neurons deprived 
of NGF; this eff ect is associated with an increased expression of Bcl-X without 
aff ecting the expression of BAX (Patrone et al., 1999). Dubal and colleagues 
(1999) have found that estradiol prevents the down-regulation of Bcl-2 expres-
sion in the rat cerebral cortex induced by ischemia, and this is accompanied 
by decreased tissue damage. In addition, the selective estrogen receptor-α 
agonist 4,4’,4’’-(4-propyl-[1H]-pyrazole-1,3,5-triyl)tris-phenol (PPT) prevents 
the decrease in the ratio between the striatal Bcl-2 and BAD levels, and the 
decrease in striatal dopamine in experimental Parkinson’s disease in mice 
(D’Astous et al., 2006).

Another target of estradiol that regulates cell death is the prostate apoptosis 
response-4 (Par-4), the product of a gene up-regulated in prostate cancer cells 
undergoing apoptosis. Par-4 expression is induced in neurons aft er exposure 
to trophic factor deprivation and apoptotic insults (Chan et al., 1999; Duan 
et al., 1999a, b; Guo et al., 1998) and is up-regulated in vulnerable neurons in 
Alzheimer’s disease brains (Guo et al., 1998). Par-4 antisense treatment sup-
presses mitochondrial dysfunction and caspase activation in synaptosomes, 
and prevents cell death of cultured hippocampal neurons following expo-
sure to excitotoxic and apoptotic insults (Duan et al., 1999a). Interestingly, 
both Par-4 induction and cell death induced by trophic factor deprivation 
in cultured hippocampal neurons are largely prevented by pretreatment of 
the cultures with 17 β-estradiol (Chan et al., 1999). Since increases in Par-4 
expression follow an increase of reactive oxygen species and precede mito-
chondrial membrane depolarization, caspase activation, and nuclear chro-
matin condensation/fragmentation, the down-regulation of Par-4 expression 
by estradiol may be one of the mechanisms involved in the antioxidant and 
neuroprotective eff ects of the hormone.

Interaction with growth factors and neurotrophins is another important 
component of the mechanisms participating in the plastic regenerative changes 
induced by estradiol aft er injury. Since the pioneering work of Toran-Allerand 
and colleagues (Toran-Allerand, 1996; Toran-Allerand et al., 1999), it has 
been well established that estradiol and neurotrophins interact in many areas 
of the nervous system. Estradiol regulates the expression of neurotrophins 
and their receptors, and neurotrophins regulate the expression of estrogen 
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receptors in diff erent neuronal populations. For instance, NGF signifi cantly 
increases nuclear estrogen binding in cortical explants (Miranda et al., 1996). 
In turn, estradiol regulates the expression of NGF receptors p75 and TrkA 
in dorsal root ganglion neurons from adult rats (Sohrabji et al., 1994a) and 
in PC12 cells (Sohrabji et al., 1994b). Th e hormone regulates the expression 
of mRNA for NGF in the hippocampus and frontal cortex (Simpkins et al., 
1997a), decreases the expression of NGF in the hippocampus and TrkA in the 
medial septum and nucleus basalis magnocellularis (Gibbs et al., 1994), and 
increases the expression of TrkA in the basal forebrain of adult female rats 
(McMillan et al., 1996). Neurons that produce BDNF in the forebrain express 
estrogen receptors (Miranda et al., 1993); estradiol regulates BDNF expres-
sion in many brain regions of adult ovariectomized rats (Sohrabji and Lewis, 
2006) and promotes BDNF retrograde transport in the forebrain (Jezierski 
and Sohrabji, 2003). Several of the neuroprotective, antiinfl ammatory, and 
aff ective eff ects of estradiol may be mediated by the regulation of BDNF brain 
levels (Murphy et al., 1998a; Scharfman and MacLusky, 2005; Sohrabji and 
Lewis, 2006) and by the interaction of estradiol with neurotrophin receptors 
(Carrer et al., 2005; Nordell et al., 2005). Th e interaction of neurotrophins and 
estrogen receptors may occur in the same neuron, since estrogen receptors 
and neurotrophin receptors are coexpressed in some cells. In 1992, Toran-
Allerand and colleagues reported that estrogen receptors colocalize with p75, 
the low-affi  nity NGF receptor, in cholinergic neurons of the basal forebrain. 
Further studies have shown a widespread colocalization of estrogen and neu-
rotrophin receptors within estrogen and neurotrophin targets, including neu-
rons of the cerebral cortex, sensory ganglia, and PC12 cells (Miranda et al., 
1994; Sohrabji et al., 1994a, b; Toran-Allerand, 1996; Toran-Allerand et al., 
1999). Th ese fi ndings indicate that estrogens and growth factors may act in 
concert on the same neuron to regulate the expression of specifi c genes that 
may infl uence neuronal survival, axonal regeneration, and dendritic and glial 
reorganization aft er injury.

Th e interaction of estradiol and growth factors in neuroprotection may 
involve glia. Sortino and colleagues (2004) showed that conditioned medium 
from astrocytes pre-exposed to estradiol increases the viability of cortical 
neurons treated with β-amyloid protein. Th is eff ect seems to be mediated by 
the release of TGF-β1 from astrocytes in response to estradiol. Dhandapani 
and colleagues (2005) similarly showed that estradiol and the selective estro-
gen receptor modulator tamoxifen protect cortical neurons from apoptosis 
induced by camptothecin in co-cultures of neurons and glial cells, but not 
in purifi ed cortical neuronal cultures. Th e neuroprotective eff ect seems to be 
mediated by the glial release of TGF-β. Estradiol and tamoxifen induce the 
release of TGF-β1 and TGF-β2 from cortical astrocytes; TGF-β immunon-
eutralization in the co-cultures prevents the neuroprotective eff ect. TGF-β 
released by astrocytes may also mediate estrogenic neuroprotection of noncor-
tical neurons. For instance, TGF-β released by hypothalamic astrocytes treated 
with estradiol protects GT1–7 neurons from serum deprivation (Mahesh 



Disease and Neuroprotection 263

et al., 2006). Th e release of other growth factors by astrocytes in response to 
estradiol may also be involved in the neuroprotective eff ect of the hormone. 
For instance, the release of glial cell line-derived neurotrophic factor (GDNF) 
by astrocytes treated with estradiol protects spinal cord motoneurons from 
excitotoxic cell death in a co-culture system in which pure motoneurons are 
treated with AMPA and then transferred to a culture of astrocytes pretreated 
with estradiol (Platania et al., 2005). Brain injury also induces the synthesis of 
IGF-I and estradiol by reactive astrocytes (Garcia-Estrada et al., 1992; Garcia-
Segura et al., 1999b; Hwang et al., 2004) and up-regulates estrogen receptors, 
IGF-I receptors, and IGF-binding proteins in reactive glia (Beilharz et al., 
1998; Blurton-Jones and Tuszynski, 2001; Chung et al., 2003; Garcia-Ovejero 
et al., 2002). Th erefore, estradiol and IGF-I released by reactive glia may act 
directly on these cells or on neighboring neurons, regulating reactive gliosis, 
neuronal survival, and the reorganization of neural tissue aft er injury. Indeed, 
IGF-I and estradiol interact to regulate the plastic response of the brain aft er 
injury and during neurodegenerative conditions. Th is has been assessed in 
ovariectomized rats in vivo, using systemic administration of kainic acid 
to induce excitotoxic degeneration of hippocampal hilar neurons (Azcoitia 
et al., 1999b). Both the systemic administration of estradiol and the intracere-
broventricular infusion of IGF-I prevent hilar neuronal loss induced by kainic 
acid. Th e neuroprotective eff ect of estradiol is blocked by the intracerebroven-
tricular infusion of the peptide JB1, an IGF-I receptor antagonist, while the 
neuroprotective eff ect of IGF-I is blocked by the intracerebroventricular infu-
sion of the estrogen receptor antagonist ICI 182780. Similar results have been 
obtained in ovariectomized rats aft er the unilateral infusion of 6-hydroxdop-
amine into the medial forebrain bundle to lesion the nigrostriatal dopaminer-
gic pathway (Quesada and Micevych, 2004), a model of Parkinson’s disease. 
Pretreatment with estrogen or IGF-I signifi cantly prevents the loss of substan-
tia nigra compacta neurons, the decrease in dopaminergic innervation of the 
striatum, and the related motor disturbances. Blockage of the IGF-I recep-
tor by intracerebroventricular JB1 attenuates the neuroprotective eff ects of 
both estrogen and IGF-I. Furthermore, the neuroprotective action of estradiol 
against MPTP toxicity in the nigrostriatal system of male mice is associated 
with the regulation of IGF-I receptor signaling (D’Astous et al., 2006). Th ese 
fi ndings suggest that the neuroprotective actions of estradiol and IGF-I aft er a 
brain injury depend on the coactivation of both estrogen receptors and IGF-I 
receptor in neural cells.

Activation of the PI3K/Akt signaling pathway may be involved in the 
interaction of the neuroprotective eff ects of IGF-I and estradiol. PI3K and 
Akt mediate neuroprotection by estrogen in diff erent experimental models 
(Honda et al., 2000; Marin et al., 2005; Wang R et al., 2006; Yu et al., 2004; 
Zhang et al., 2001). Via the activation of Akt, estradiol may also activate the 
MAPK pathway (Mannella and Brinton, 2006), which is also involved in the 
neuroprotective eff ects of the hormone (Guerra et al., 2004; Kuroki et al., 2001; 
Marin et al., 2005). In addition, Akt regulates several transcription factors that 
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may be involved in the control of neuronal survival, such as cAMP response 
element-binding proteins, nuclear factor-kappaB and several members of the 
forkhead family. In addition, the activation of Akt results in the phosphoryla-
tion of the Bcl-2 family member BAD; this may suppress BAD-induced cell 
death. Furthermore, Akt activation enhances Bcl-2 promoter activity; IGF-I 
and estrogen both induce Bcl-2 expression in neurons. Interestingly, IGF-I 
receptor activation is necessary for the induction of Bcl-2 by estradiol in the 
adult brain (Cardona-Gomez et al., 2002a). Th e activation of Akt by estradiol 
also has implications for the regulation of neuronal function and survival via 
the modulation of GSK3β activity (Cardona-Gomez et al., 2004; Goodenough 
et al., 2005; Quintanilla et al., 2005). Physiological phosphorylation of micro-
tubule-associated proteins by GSK3β may be involved in the regulation of 
microtubule dynamics, neuritic growth, synaptogenesis, and synaptic plastic-
ity. However, under pathological conditions, GSK3β may be responsible for 
the hyperphosphorylation of tau in Alzheimer’s disease, and its inhibition is 
associated with the activation of survival pathways in neurons. Interestingly, 
estradiol regulates the activity of GSK3β and decreases the phosphorylation of 
tau in the hippocampus (Cardona-Gomez et al., 2004). Immunoprecipitation 
studies suggest that in this brain region GSK3β forms a macromolecular com-
plex with tau, β-catenin, and the p85 subunit of the PI3K and another com-
plex with estrogen receptor α and β-catenin. Estradiol increases the amount 
of phosphorylated GSK3β associated with the fi rst complex and reduces the 
amount of β-catenin associated with the second complex. By the modulation 
of these macromolecular interactions between cytoskeletal and signaling pro-
teins, estradiol may regulate microtubule dynamics, synaptic plasticity, and 
neuronal survival (Cardona-Gomez et al., 2004; Garcia-Segura et al., 2006; 
Mendez et al., 2005, 2006).

Testosterone

Testosterone has been shown to regulate regeneration of nerve cells aft er an 
injury in both the peripheral and central nervous system. Th e hormone accel-
erates regeneration and functional recovery in rodent peripheral nerve injury 
models (Huppenbauer et al., 2005; Jones et al., 2001; Tanzer and Jones, 2004), 
and also promotes motor axon regeneration in axotomized motoneurons 
(Jones, 1994; Perez and Kelley, 1996; Tetzlaff  et al., 2006; Yu, 1982). In addi-
tion, removal of circulating androgens by castration decreases mRNA levels 
of the myelin proteins P0 and PMP22 in the sciatic nerve of adult male rats. 
Treatment with dihydrotestosterone, a metabolite of testosterone with a high 
affi  nity for androgen receptors, restores the levels of P0, while 5 α-androstane-3 
α, 17 β-diol, a metabolite of dihydrotestosterone, restores the levels of both P0 
and PMP22 (Magnaghi et al., 1999, 2004). Testosterone metabolites are also 
able to reduce functional and morphological impairments in the rat sciatic 
nerve induced by diabetes (Roglio et al., 2007).

Although some studies have reported increased neurodegeneration aft er 
testosterone administration in experimental models of cerebral hypoxia and 
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ischemia (Hawk et al., 1998; Nishino et al., 1998), in general, testosterone exerts 
no eff ects or promotes the survival of specifi c neuronal populations in the cen-
tral nervous system aft er diff erent forms of neural injury (Jones, 1994; Perez 
and Kelley, 1996; Rasika et al., 1999; Tetzlaff  et al., 2006; Yu, 1982). Testosterone 
prevents the hyperphosphorylation of the microtubule- associated protein 
tau (Papasozomenos, 1997), which is abnormally hyperphosphorylated in 
Alzheimer’s disease, reduces neuronal secretion of β-amyloid peptides associ-
ated with Alzheimer’s disease (Gouras et al., 2000), attenuates β-amyloid tox-
icity (Pike, 2001), protects granule and hilar neurons of the dentate gyrus from 
adrenalectomy (Frye and McCormick, 2000) and excitotoxicity (Azcoitia et al., 
2001), respectively, and decreases apolipoprotein E4-induced cognitive defi -
cits (Raber et al., 2002). Part of the neuroprotective properties of testosterone 
may be a result of the activation of androgen receptors (Ahlbom et al., 2001; 
Hammond et al., 2001; Jones et al., 2001). Testosterone may also exert neuro-
protection by its metabolism into estradiol (Azcoitia et al., 2001; see below).

Th e control of gliosis may be one of the mechanisms involved in the neu-
roprotective eff ects of testosterone (Fig. 9.1). During brain development, 
testosterone and its metabolite estradiol aff ect the diff erentiation of GFAP 
immunoreactive astrocytes and generate sex diff erences in astroglia (Chowen 
et al., 1995; Conejo et al., 2005; Garcia-Segura et al., 1988c; Mong et al., 1999; 
see Chapter 6). In the adult brain, testosterone regulates the expression of 
GFAP in the hippocampus (Day et al., 1990, 1993) and reduces the increase of 
GFAP associated with aging in the cerebellum (Day et al., 1998). In addition, 
testosterone reduces GFAP immunoreactivity in the border of a stab wound 
in the cerebral cortex and hippocampus (Barreto et al., 2007; Garcia-Estrada 
et al., 1993, 1999), decreases GFAP immunostaining and astrocyte hyper-
trophy around the infarct area aft er a middle cerebral artery occlusion (Pan 
et al., 2005), and attenuates the astroglial reaction in the red nucleus aft er a 
rubrospinal tract transection (Storer and Jones, 2003). Testosterone has also 
been shown to reduce reactive microglia in the border of a stab wound in the 
cerebral cortex and hippocampus (Barreto et al., 2007). Eff ects of testosterone 
on gliosis may be a contributing factor to neural regeneration. Th is is sug-
gested by the studies of Kathryn J. Jones and her collaborators on the eff ects of 
testosterone on the regulation of the central astrocytic response to peripheral 
nerve injury. In adult male hamsters, testosterone propionate administration 
reduces the increase of GFAP mRNA in the facial nucleus aft er a facial nerve 
axotomy (Coers et al., 2002; Jones et al., 1997b, 1999), attenuates glial-mediated 
synaptic stripping of axotomized motoneurons (Jones et al., 1997a, 1999), and 
increases facial nerve regeneration (Kujawa et al., 1991). Th ese results suggest 
that the regulation of astrogliosis may contribute to the regenerative mecha-
nisms of testosterone on facial motoneurons. Part of the eff ects of testosterone 
on gliosis may be mediated by its metabolism into dihydrotestosterone and 
estradiol within the brain (Barreto et al., 2007).

As we have seen in Chapter 4, aromatase is involved in the regulatory 
eff ects of androgens, via conversion into estrogens, on brain plasticity under 
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physiological conditions. In addition, local estrogen formation by aromatase 
in the nervous system may infl uence the reorganization of brain tissue aft er 
injury. Diff erent forms of neurotoxic and mechanical lesions in the brains of 
rats and mice increase aromatase activity and induce de novo expression of 
the enzyme in reactive glia (Garcia-Segura et al., 1999a, b, 2003). Aromatase 
expression is also induced in glial cells aft er an experimental stroke (Carswell 
et al., 2005). Th e morphology and ultrastructure of aromatase- immunoreactive 
glial cells, together with the coexpression of the astroglial marker GFAP, indi-
cate that most, if not all, aromatase-expressing glial cells are astrocytes. Th e 
induction of aromatase expression in astrocytes aft er a brain injury is accom-
panied by a signifi cant increase in aromatase enzymatic activity. Aromatase-
expressing astrocytes are observed in both sexes and in all injured brain areas, 
including the cortex, corpus callosum, striatum, hippocampus, thalamus, and 
hypothalamus. Th is indicates that astrocytes from most rodent brain areas 
have the potential for expressing aromatase, and therefore the potential to 
produce estradiol in response to injury. Furthermore, Richard Scott Peterson, 
Barney A. Schlinger, Colin J. Saldanha, and their collaborators (Peterson 
et al., 2001, 2004; Saldanha et al., 2005) have shown that aromatase mRNA 
and protein are rapidly and locally up-regulated in glial cells following neural 
injury in the zebra fi nch brain. Th is fi nding suggests that injury-dependent 
up-regulation of aromatase may be a conserved characteristic of the verte-
brate brain, and an important component of the initial response of neural 
tissue to injury.

Th e increased expression of aromatase in injured brain areas suggests 
that this enzyme may be involved in the reorganization of the nervous tis-
sue by increasing local estradiol levels. Estradiol formed by astrocytes may be 
released as a trophic factor for damaged neurons, and may be involved in the 
compensatory restructuring of injured brain tissue. Th us, estradiol released 
by astroglia may potentially aff ect synaptic function, selective regeneration of 
neuronal processes and local cerebral blood fl ow, contributing to the facilita-
tion of neuronal recovery and reduction of neuronal death. To determine the 
infl uence of aromatase on the response of brain tissue to injury, we injected a 
low dose of a neurotoxin, domoic acid, to aromatase knockout (ArKO) male 
mice and their wild-type male littermates. At the low dose selected in this 
study, domoic acid does not induce neurodegeneration in the hippocampus 
of normal mice. Th e number of neurons was then assessed in the hilus of the 
dentate gyrus using unbiased morphometric techniques. Th e number of hilar 
neurons was not signifi cantly diff erent between ArKO mice and their wild-
type littermates, indicating that aromatase defi ciency does not aff ect per se the 
development and survival of hilar neurons, at least in young adult animals. 
However, the number of hilar neurons in ArKO mice injected with domoic 
acid was signifi cantly decreased compared to control ArKO mice, to wild-
type controls and to wild-type mice injected with domoic acid (Azcoitia et al., 
2001). Th is fi nding indicates that aromatase defi ciency increases the vulnera-
bility of hilar neurons to neurotoxic degeneration.
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We obtained further proof of the neuroprotective role of aromatase in intact 
male rats that were implanted with an osmotic minipump containing the aro-
matase inhibitor fadrozole. Kainic acid, another well characterized neuro-
toxin for hilar neurons in the rat, was administered at a low dose that does not 
aff ect hilar neurons in intact male rats, but results in signifi cant neuronal loss 
in the hilus of castrated rats. As expected, the number of hilar neurons was 
not aff ected by kainic acid in control animals that were not treated with fadro-
zole. Furthermore, fadrozole alone did not aff ect the number of hilar neurons, 
indicating that fadrozole is not neurotoxic by itself. However, animals that 
were treated with both fadrozole and kainic acid had a signifi cant decrease 
in the number of hilar neurons compared to animals treated with vehicle, to 
animals treated with kainic acid alone, and to animals treated with fadrozole 
alone (Azcoitia et al., 2001). Th e loss of hilar neurons was accompanied by 
an increase in the number of neurons stained with Fluoro-Jade, a marker of 
dying cells. Th ese fi ndings further support the results obtained with the ArKO 
mice, and confi rm that aromatase is neuroprotective against excitotoxicity.

To determine whether the formation of estradiol is involved in the neuro-
protective eff ect of aromatase, male rats were treated with fadrozole, kainic 
acid, and estradiol. Estradiol treatment prevented the neurodegenerative 
eff ect of kainic acid in animals treated with fadrozole. Th e number of hilar 
neurons in animals treated with fadrozole, kainic acid, and estradiol was not 
signifi cantly diff erent from control animals, and was signifi cantly higher than 
in animals treated with fadrozole and kainic acid (Azcoitia et al., 2001). Th is 
fi nding, showing that the neurodegenerative eff ect of aromatase defi ciency is 
counterbalanced by the aromatase product estradiol, strongly suggests that 
the neuroprotective properties of aromatase lies in its ability to catalyze the 
formation of estradiol rather than reducing testosterone levels. Similar results 
have been obtained in ArKO mice aft er a reversible middle cerebral artery 
occlusion. Brain damage in this model is greater in female homozygous ArKO 
mice compared with wild-type female littermates; estradiol treatment pre-
vents the increased susceptibility of ArKO mice to brain damage (McCullough 
et al., 2003).

Another experimental model in which the neuroprotective eff ects of aro-
matase have been detected is cerebellar ataxia in a rat produced by the degen-
eration of the inferior olivary nucleus aft er treatment with 3-acetylpirydine 
(3AP), an antimetabolite of nicotinamide. Olivary neurons have a very high 
metabolic rate and are, therefore, very sensitive to 3AP toxicity. Th e destruc-
tion of the inferior olive results in a loss of climbing fi ber input to the cerebel-
lar Purkinje neurons (Baetens et al., 1982); this deaff erentiation leads to ataxia 
(Fernandez et al., 1999). Inferior olivary neurons express aromatase (Lavaque 
et al., 2006a; Sierra et al., 2003a) and estrogen receptors (Shughrue et al., 1997), 
and their activity is aff ected by estradiol (Smith, 1998). In addition, estradiol is 
neuroprotective for inferior olivary neurons (Sierra et al., 2003a). We observed 
that the inhibition of aromatase with fadrozole enhanced the injury produced 
by 3AP in the inferior olive of intact male rats. Fadrozole treatment decreased 
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the number of neurons that survived from 3AP and increased the number of 
Fluoro-Jade stained dying cells (Sierra et al., 2003a), indicating that aromatase 
is neuroprotective for inferior olivary neurons. Th e neuronal loss induced by 
the aromatase inhibitor fadrozole in the inferior olivary nucleus of male rats 
treated with the neurotoxic 3AP was prevented by the administration of estra-
diol (Sierra et al., 2003a). Th is indicates that, as concluded in the hippocam-
pus studies, the toxic eff ect of fadrozole is due to the inhibition of aromatase 
and not to another unknown eff ect of the drug. Th erefore, estradiol formation 
also mediates the neuroprotective eff ect of aromatase in the inferior olivary 
nucleus. Th e action of estradiol and aromatase in this nucleus may be impor-
tant for the maintenance of motor function that is under the control of the 
olivo–cerebellar system. Indeed, postmenopausal women receiving estrogen 
have a decreased risk of falling and better postural balance than nonestrogen 
users (Naessen et al., 1997; Randell et al., 2001).

In addition to preventing neuronal death, aromatase activity may also reg-
ulate brain cell proliferation aft er injury. Traumatic brain injury in the zebra 
fi nch hippocampus induces high levels of cell proliferation. Peterson and 
collaborators have found that the rate of cell proliferation, assessed by BrdU 
labeling, is correlated with the amount of expression of aromatase in glial cells 
around the lesion site, and that cell proliferation is reduced by an ovariectomy 
and by aromatase inhibition (Peterson et al., 2007).

Th e studies mentioned above, on ArKO mice and on rats and zebra fi nches 
aft er systemic administration of the aromatase inhibitor fadrozole, indicate 
that aromatase is neuroprotective. However, these studies did not diff erenti-
ate between brain aromatase and the peripheral enzyme. Th e role of extrago-
nadal estradiol synthesis in neuroprotection is suggested by the fact that brain 
injury aft er a reversible middle cerebral artery occlusion is increased in ArKO 
female mice and in female wild-type mice chronically treated with fadro-
zole, compared to ovariectomized wild-type mice (McCullough et al., 2003). 
Furthermore, aromatase inhibition in ovariectomized rats also increases neu-
rodegeneration in the hippocampus of animals treated with kainic acid (Veiga 
et al., 2005a). To test the role of local brain aromatase activity in neuropro-
tection, the aromatase inhibitor fadrozole was infused into the right lateral 
cerebral ventricle of a group of male rats (Azcoitia et al., 2001). Fadrozole was 
administered at a concentration within the range previously shown to inhibit 
aromatase in the rat brain. Th e number of hilar neurons in the hippocampal 
formation was assessed aft er an injection of a low dose of kainic acid that does 
not induce neurodegeneration in intact males. Indeed, the number of hilar 
neurons was not aff ected by this low dose of kainic acid in control animals. 
Furthermore, the infusion of fadrozole in the cerebral ventricle did not aff ect 
the number of hilar neurons in control animals. Th is is a further indication 
that aromatase activity is not indispensable for maintaining hilar neuron sur-
vival under normal circumstances. However, animals that were treated with 
both fadrozole and kainic acid showed a signifi cant decrease in the number of 
hilar neurons, compared to animals treated with vehicle, animals treated with 
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kainic acid alone, and animals treated with fadrozole alone. Th ese fi ndings 
indicate that brain aromatase activity exerts an endogenous mechanism of 
neuroprotection. Similar fi ndings have been obtained in the zebra fi nch brain. 
Th e size of the penetrating mechanical brain injury induced by a needle is 
greater when fadrozole is injected in the injured hemisphere compared to the 
injection of vehicle. Furthermore, a greater number of apoptotic cell nuclei are 
detected around the fadrozole-associated lesion relative to vehicle, and estra-
diol replacement reduces the eff ect of fadrozole (Saldanha et al., 2005; Wynne 
and Saldanha, 2004).

In conclusion, the endogenous response of neural tissue to cope with neu-
rodegenerative insults may include the induction of aromatase and the con-
secutive increase in the local production of estradiol. Locally formed estradiol 
may act on estrogen receptors, which are known to mediate neuroprotection 
by estradiol in several experimental models of neurodegeneration (Azcoitia 
et al., 1999b; Sawada et al., 2000; Veliskova et al., 2000; Wilson et al., 2000; 
Wise et al., 2001). In addition, aromatase may also promote neuroprotection 
by increasing local estradiol concentration to levels compatible with the anti-
oxidant neuroprotective eff ects of the molecule (Behl and Holsboer, 1999). 
Since aromatase is expressed in the adult human brain, including the hip-
pocampus and the cerebral cortex (Stoff el-Wagner, 2001; Stoff el-Wagner et al., 
1999; Yague et al., 2006), this enzyme may represent a new molecular target for 
the therapy or prevention of neurodegenerative diseases, such as Parkinson’s, 
Alzheimer’s, and other aging-associated brain neurodegenerative disorders. 
In this regard, it is important to note that estradiol is decreased in the cerebro-
spinal fl uid of older women (Murakami et al., 1999), likely refl ecting a decrease 
in local cerebral levels of the hormone. Furthermore, estradiol is decreased 
both in plasma and the cerebrospinal fl uid of women with Alzheimer’s disease 
(Manly et al., 2000; Schonknecht et al., 2001), suggesting that aromatase activ-
ity or expression may be decreased in these patients.

Th e role of brain aromatase in neuroprotection calls for the development 
of new therapeutic strategies aimed at the up-regulation of the enzyme in the 
brain without aff ecting its expression in other tissues. Considering the pos-
sible health risks of hormonal therapy, the regulation of local brain estradiol 
synthesis may off er an interesting therapeutic alternative for neuroprotection. 
Since the expression of the human aromatase gene, CYP19, in the various tis-
sues is regulated by the use of tissue-specifi c promoters that are regulated by 
diff erent transcription factors and signaling pathways, it is possible to envis-
age the development of selective aromatase modulators specifi c for brain  tissue 
(DonCarlos et al., 2007).

Neurosteroids

In addition to estradiol, the synthesis of other steroids is also increased in 
the central nervous system aft er injury; this may also represent an endoge-
nous neuroprotective response. It is now well accepted that the central ner-
vous system is a steroidogenic tissue that expresses enzymes involved in the 
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synthesis and metabolism of steroids (Baulieu, 1997, 1998; Lavaque et al., 
2006b; Mellon et al., 2001; Stoff el-Wagner, 2001, 2003). Th ese include the cyto-
chrome P450side-chain-cleavage (P450scc) enzyme, which catalyzes the con-
version of cholesterol into pregnenolone, the precursor for glucocorticoids, 
mineralocorticoids, and sex steroids. Th e synthesis of pregnenolone is the 
fi rst enzymatic step in steroidogenesis. However, there is a previous step that 
is rate-limiting and hormonally regulated: the transfer of cholesterol from 
the outer to the inner mitochondrial membrane, where P450scc is located. 
Proteins located in the mitochondrial membranes, such as the peripheral 
benzodiazepin receptor (renamed translocator protein 18kDa [TSPO]) (Lacor 
et al., 1999; Papadopoulos et al., 2006) and the steroidogenic acute regulatory 
protein (StAR) (Stocco, 2001) allow cholesterol to cross the hydrophilic inter-
membrane space (Hauet et al., 2005) to reach P450scc.

TSPO was initially described on peripheral tissues as a second binding 
site for diazepam, which binds with a higher affi  nity to GABAA receptors on 
the nervous system (Braestrup and Squires, 1977). Since then, many studies 
have demonstrated that TSPO is pharmacologically and structurally distinct 
from the central benzodiazepine/GABAA receptors. TSPO is an 18kDa pep-
tide located predominantly in mitochondrial membranes (Anholt et al., 1986; 
Papadopoulos et al., 1994), and represents a critical component of the perme-
ability transition pore, a multiprotein complex implicated in the regulation 
of apoptosis (Chelli et al., 2004; Galiegue et al., 2003; Kunduzova et al., 2004; 
Marselli et al., 2004; Veenman et al., 2004). In addition, TSPO has been related 
to the regulation of several physiological events, including the control of ste-
roidogenesis (Brown and Papadopoulos, 2001; Casellas et al., 2002; Lacapere 
and Papadopoulos, 2003; Papadopoulos et al., 1997). TSPO is expressed in the 
nervous system, predominantly in glial cells ( Casellas et al., 2002; Kuhlmann 
and Guilarte, 2000; Vowinckel et al., 1997; Wilms et al., 2003). In addition, 
diff erent forms of neural injury and diff erent neuropathological conditions 
result in the induction of the expression of TSPO in the regions of the nervous 
system involved in the neurodegenerative events (Lang, 2002). Th e induction 
of TSPO expression aft er injury in the central nervous system is restricted 
mainly to microglia and astrocytes (Casellas et al., 2002; Kuhlmann and 
Guilarte, 2000; Vowinckel et al., 1997; Wilms et al., 2003), although a study 
has shown induction of TSPO in dorsal root ganglion neurons following an 
injury to the sciatic nerve (Karchewski et al., 2004). Th e induction of TSPO 
expression aft er a neural injury suggests that this molecule may be involved in 
the response of the neural tissue to cope with the neurodegenerative process. 
Indeed, it has been reported that SSR180575, a pyridazinoindole derivative 
that possesses a high affi  nity for TSPO, increases the survival of facial nerve 
motoneurons aft er an axotomy, and promotes the regeneration of periph-
eral nerves (Ferzaz et al., 2002). Another TSPO ligand, the benzodiazepine 
7-chloro-5-(4-chlorophenyl)-1, 3-dihydro-1-methyl-2H-1,4-benzodiazepin-
2-one (Ro5–4864), prevents the loss of neurons induced by kainic acid in 
the rat hippocampal formation (Veiga et al., 2005b). TSPO ligands are also 
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able to reduce the activation of astroglia and microglia aft er a brain injury 
(Veiga et al., 2005b, 2007). Th ese neuroprotective eff ects of TSPO ligands may 
be mediated by an increased steroid synthesis, although other alternative or 
complementary mechanisms cannot be excluded.

TSPO is closely associated with StAR in mitochondrial membranes, and 
both proteins interact in the transfer of cholesterol across the outer mitochon-
drial membrane to the inner mitochondrial membrane (Hauet et al., 2005). 
StAR was fi rst characterized in murine MA-10 Leydig tumor cells as a mito-
chondrial protein responsible for the acute induction of steroidogenesis (Clark 
et al., 1994). StAR is formed as a 37-kDa protein, which is rapidly transported 
into mitochondria where it is cleaved, generating a mature 30-kDa intrami-
tochondrial StAR protein that is inactive (Bose et al., 2002). StAR has been 
extensively studied in classical steroidogenic tissues, such as the adrenal 
gland and the ovary (Stocco, 2001). In addition, several studies have shown 
the expression of StAR in the central nervous system (Furukawa et al., 1998; 
Inoue et al., 2002; Kim et al., 2002, 2003a, 2004; Kimoto et al., 2001; King 
et al., 2002; Lavaque et al., 2006a; MacKenzie et al., 2002; Sierra et al., 2003b; 
Wehrenberg et al., 2001). StAR appears to be widely distributed throughout 
the brain, although diff erent levels of expression have been detected between 
diff erent brain areas. Furthermore, StAR expression seems to be restricted to 
very specifi c neuronal and astroglial populations in each brain area (Sierra, 
2004). High levels of StAR mRNA expression have been detected in the cere-
bral cortex, hippocampus, dentate gyrus, olfactory bulb, cerebellar granular 
layer, and cerebellar Purkinje cells of rodents (Furukawa et al., 1998; Kim et al., 
2002, 2003a; King et al., 2002; Wehrenberg et al., 2001). StAR mRNA has also 
been detected in the human brain (Inoue et al., 2002; Kim et al., 2003b; King 
et al., 2002). Western blot and immunohistochemical analyses have confi rmed 
that StAR protein is widely expressed throughout the adult central nervous 
system (Kimoto et al 2001; Sierra et al., 2003b). Th is may implicate that ste-
roidogenesis is a generalized process in the central nervous system. In addi-
tion, StAR is colocalized in the same neural cells with cytochrome P450scc 
and other steroidogenic enzymes (Furukawa et al., 1998; Kimoto et al., 2001; 
King et al., 2002, 2004a; Wehrenberg et al., 2001), suggesting that individual 
neural cells may synthesize several steroids directly from cholesterol.

StAR immunoreactivity has been detected in several neuronal popula-
tions, in ependymocytes, and in some astroglial cells in the brain (King et al., 
2002; Sierra et al., 2003b). Th e immunoreactive signal is located in the cyto-
plasm and has a punctate aspect compatible with mitochondrial localization. 
Strong StAR immunoreactivity is observed in the soma of large neurons, 
such as the motoneurons of the motor cranial nerves, large rombencephalic 
motoneurons, neurons of the deep cerebellar nuclei, Purkinje cells of the 
cerebellar cortex, and pyramidal neurons of the cerebral cortex. Th ese large 
neurons are characterized by a high mitochondrial content. In general, there 
is good agreement between data from in situ mRNA localization and data 
from immunohistochemical studies. Brain regions where neuronal perikarya 



Hormones and Brain Plasticity272

with high StAR expression have been detected include (i) areas involved in the 
transmission, processing, and integration of sensory information, such as the 
olfactory bulb, olfactory nuclei, somatosensory cerebral cortex, lateral genicu-
late nucleus, superior olive, superior colliculus, vestibular and cochlear nuclei, 
or the spinal trigeminal nucleus; (ii) areas involved in motor coordination and 
control, such as the motor cerebral cortex, the globus pallidus, some thalamic 
nuclei, the cerebellum, or several motor nuclei in the brainstem; (iii) areas 
involved in the control of brain activity and cognition, such as the locus coer-
uleus, the reticular formation, and the hippocampal formation (Sierra et al., 
2003b). Th erefore, StAR is expressed in brain areas with diff erent functions. 
Th is broad distribution of StAR corresponds to what should be expected, con-
sidering the variety of brain functions aff ected by locally produced steroids 
(Baulieu, 1998; Compagnone and Mellon, 2000; Mellon et al., 2001; Stoff el-
Wagner, 2003).

Although StAR is predominantly expressed by neurons in the central ner-
vous system, astrocytes also express StAR, both in vivo and in vitro (King 
et al., 2002; Sierra et al., 2003b). Immunoreactivity for both StAR and the 
astroglial marker GFAP is observed in the gray matter of specifi c brain areas 
such as the molecular layer of the hippocampus and the superfi cial layers of the 
cerebral cortex. In the white matter, StAR expression is exclusively restricted 
to astrocytes. In some white matter areas in proximity to the pia mater, long 
StAR immunoreactive cell processes are observed perpendicular to the brain 
surface. Th ese cell processes are immunoreactive for both GFAP and vimen-
tin, and likely correspond to marginal glia. In other areas of white matter, 
including the hippocampal fi mbria, the corpus callosum or the corticospinal 
tract, immunoreactivity for both GFAP and StAR is observed in the soma and 
processes of astrocytes (Sierra et al., 2003b). Th is suggests that a subpopula-
tion of astroglial cells is able to synthesize steroids from cholesterol in vivo, 
in agreement with the ability of astrocytes to synthesize pregnenolone, pro-
gesterone, dehydroepiandrosterone, androstenedione, and testosterone in 
vitro (Zwain and Yen, 1999a, b), and with the localization of P450scc in brain 
white matter (Le Goascogne et al., 1987). Th e local production of steroids, 
such as progesterone, by astrocytes in the white matter may infl uence oligo-
dendrocyte diff erentiation and myelination (Gago et al., 2001; Jung-Testas 
et al., 1996). Finally, it should be mentioned that StAR (Kim et al., 2003b) and 
steroidogenic enzymes (Papadopoulos et al., 1992; Yague et al., 2004; Zhang 
et al., 1995) are expressed in gliomas and may be potentially be involved in 
tumor progression.

Like TSPO, StAR expression is responsive to neurodegenerative insults: 
StAR mRNA and protein levels increase acutely and transiently in the brain 
aft er injury (Lavaque et al., 2006a; Sierra et al., 2003b). Th is raises the possibil-
ity that the up-regulation of the expression of TSPO and StAR and subsequent 
formation of neuroprotective steroids may be part of the mechanisms used 
by the nervous system to cope with neurodegeneration. In addition, the up- 
regulation of the expression of StAR and TSPO aft er injury is coordinated with 
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the up-regulation of steroidogenic enzymes and steroid receptors (Blurton-
Jones and Tuszynski, 2001; di Michele et al., 2000; Garcia-Ovejero et al., 2002, 
2005; Labombarda et al., 2006b; Lavaque et al., 2006a). TSPO and StAR allow 
the formation of pregnenolone by nerve cells (Baulieu et al., 2001; Kimoto 
et al., 2001), which in turn may be converted into other steroids, since the ner-
vous tissues express the necessary enzymatic machinery to synthesize a vari-
ety of steroids (Baulieu, 1997, 1998; London et al., 2006; Melcangi et al., 2008; 
Mellon et al., 2001; Stoff el-Wagner, 2003;). Pregnenolone, the fi rst steroid syn-
thesized from cholesterol by P450scc, is neuroprotective. For instance, preg-
nenolone reduces neuronal death in brain cell cultures (Bologa et al., 1987), 
and protects mouse hippocampal HT22 cells against glutamate and amyloid-β 
protein toxicity (Gursoy et al., 2001). In vivo, pregnenolone protects hippocam-
pal neurons from kainic acid toxicity (Veiga et al., 2003). Furthermore, preg-
nenolone and its sulfate derivative enhance memory and cognitive function 
in diff erent animal models (Darnaudery et al., 2002; Flood et al., 1992; Vallée 
et al., 1997a, 2001) and increase neurogenesis in the adult rat hippocampus 
(Mayo et al., 2001). Pregnenolone may exert its neuroprotective actions by 
several mechanisms, including the rapid modulation of GABAA, NMDA, and 
sigma 1 receptors (Irwin et al., 1992; Majewska, 1992; Maurice et al., 2001; Wu 
et al., 1991). In addition, pregnenolone is able to bind to microtubule-associ-
ated protein 2 (MAP2) and stimulate microtubule assembly (Murakami et al., 
2000; Plassart-Schiess and Baulieu, 2001), and therefore may exert eff ects on 
the neuronal cytoskeleton. Th e neuroprotective eff ects of pregnenolone may 
also be in part exerted by its metabolites. As it has been mentioned before in 
this chapter, progesterone, one of the metabolites of pregnenolone, also has 
neuroprotective properties. DHEA, which is an intermediate in the metabolic 
pathway from pregnenolone to estradiol, is also neuroprotective, as is testos-
terone, the direct precursor of estradiol. Th erefore, the nervous system may 
react to injury-enhancing endogenous protection by increasing the synthesis 
of these neuroprotective steroids. Some of the neuroprotective steroids, such 
as pregnenolone, DHEA, and testosterone may exert neuroprotection, at least 
in part, aft er conversion to estradiol (Azcoitia et al., 2001; Veiga et al., 2003). 
For instance, the intracerebroventricular infusion of the aromatase inhibitor 
fadrozole in castrated male rats prevents the neuroprotective eff ects of preg-
nenolone, DHEA, and testosterone in the hippocampus against kainic acid 
(Azcoitia et al., 2001; Veiga et al., 2003). Th e aromatase inhibitor fadrozole 
also results in the blockage of the inhibitory action of DHEA on astrogliosis 
induced by deaff erentation in the olfactory bulb (Hoyk et al., 2004). Th erefore, 
estradiol formation by aromatase may mediate the neuroprotective and anti-
gliotic eff ects of DHEA. Th is conclusion does not exclude alternative or com-
plementary mechanisms for the neuroprotective eff ects of DHEA, including 
the formation of 7-hydroxylated metabolites (Jellinck et al., 2001).

Finally, an important question is whether the central nervous tissue is a 
source of substrates for brain aromatase. Glial cells in vitro may convert preg-
nenolone to DHEA and may then metabolize DHEA to testosterone (Zwain 
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and Yen, 1999 a, b). In addition, studies by Suguru Kawato and his collabora-
tors have demonstrated that estradiol is synthesized in the adult rat brain from 
cholesterol through pregnenolone, dehydroepiandrosterone, and testosterone 
(Hojo et al., 2004; Ishii et al., 2007). However, it is still unclear whether the 
brain of some species, including the human brain, expresses all the enzymes 
needed to transform cholesterol into estradiol.

CHAPTER SUMMARY

In previous chapters of this book I have analyzed how physiological modi-
fi cations in brain plasticity aff ect the activity of endocrine glands, and how 
physiological changes in hormonal levels impacts brain plasticity in order to 
maintain a functional homeodynamic equilibrium in the organism. Th e cross 
talk between the brain and endocrine glands also shows adaptive changes 
under pathological conditions. Alterations in brain plasticity due to brain 
pathology provoke modifi cations in the levels of hormonal secretions. Some of 
these hormonal secretions may in turn have an impact in the damaged brain 
and aff ect the reorganization of the injured neural tissue. I have examined 
the extensive evidence indicating that numerous hormones aff ect brain reor-
ganization aft er injury and neurodegeneration. Some hormones exert neu-
roprotective and regenerative actions, promoting a reparative remodeling of 
the damaged brain, spinal cord, and peripheral nerves. However, defi cits in 
hormonal levels or in hormonal signaling due to endocrine diseases or other 
causes has a negative impact in the central nervous system, promoting impair-
ments of glial plasticity, synaptic plasticity, and neurogenesis. Th e alteration 
in the physiological homeodynamic equilibrium between the brain and endo-
crine glands due to endocrine diseases may result in cognitive alterations, and 
may represent a risk factor for the onset of neurodegenerative diseases. Aging 
is another situation in which alterations in the homeodynamic equilibrium 
between endocrine glands and brain plasticity represent a risk for the onset of 
brain pathology. I will examine the interaction between hormones and brain 
remodeling during aging in the next chapter.
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Chapter 10

Life Stages, Hormones, and Brain 
Remodeling: Aging

INTRODUCTION: CHANGES IN BRAIN PLASTICITY AND ENDOCRINE 
FUNCTION WITH AGING

In previous chapters I have reviewed many examples of brain plastic changes 
that are modulated by hormonal signals during the developmental and adult 
periods of life. Th ese examples have been presented in support of the cen-
tral hypothesis of this book, which is that hormones play an essential role in 
the modulation of the endogenous mutability of the central nervous system, 
regulating plasticity and metaplasticity in adaptation to the environmental, 
biological, and social context, as well as endogenous body needs. Although 
some forms of brain plasticity may be aff ected by aging, during this period of 
life the brain continues its process of continual reorganization and suff ers a 
substantial remodeling. Th is remodeling may in part represent an adaptation 
to the extensive physiological modifi cations that occur in the organism with 
the aging process, but it also refl ects that the endogenous programming of the 
brain for mutability is still active in older ages.

Hormones play an essential role in the adaptation to aging by providing 
information regarding body changes to the brain. Th us, the impact of hor-
mones on brain plasticity is also highly relevant during this fi nal stage of the 
individual life cycle. Th e mutual interactions of the endocrine and nervous 
systems, which allows for the regulation of body homeodynamics during 
juvenile and adult life, are also maintained in older individuals. As in previous 
life periods, these interactions involve the remodeling of neuronal structure 
and function in parallel with the endocrine modifi cations. Aging is a period 
of profound changes in the body; this is refl ected in the profound changes that 
occur in the communication between the endocrine organs and the brain as 
well. As for other periods of intense reorganization during life (such as early 
development and puberty), aging represents a moment where the fragility 
of the homeodynamic system is maximal and where this system is therefore 
more exposed to disequilibrium and to the consecutive onset of pathological 
alterations. Th erefore, one of the diffi  culties in analyzing hormonal infl uences 
on brain plasticity in older individuals is to distinguish those aspects of brain 
remodeling that corresponds to physiological adaptive modifi cations from 
those that refl ect pathological alterations. However, it is important to keep in 
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mind that not all aspects of brain remodeling during aging necessarily refl ect 
a loss of function or pathology and that some aspects may represent physio-
logical adaptations.

Th e causes that produce the extensive physiological modifi cations of body 
functions with aging are still a matter of debate. Indeed, the causes of aging 
are still a mystery, as well as the relation, if any, of aging and lifespan. We 
do not yet have complete and fully satisfactory answers to many basic ques-
tions related to the aging process. It is even diffi  cult to defi ne with precision 
what the process of aging consists of. However, we know that aging is a period 
of transformation and reorganization of the homeodynamic systems of the 
body, and is associated with a restructuring of the homeodynamic equilib-
rium between the brain, the hormones, and the immune system.

One landmark of the aging process is a decline in immune function 
(Grubeck-Loebenstein and Wick, 2002; Miller, 1996). Th e involution of the 
thymus with aging is the cause of alterations in cellular and humoral immu-
nity (Gruver et al., 2007), which aff ects all tissues and organs, including the 
nervous system. Th e brain is also aff ected by changes in hormonal levels dur-
ing aging. In turn, aging-associated brain remodeling may be involved in 
the alterations of the endocrine and immune systems. Likely, the immune, 
endocrine, and nervous systems closely interact with mutual infl uences dur-
ing the aging process (Fig. 10.1). Th e brain via the autonomic nervous system 
and hypothalamic regulation of pituitary hormones (such as growth hor-
mone) may aff ect thymic involution and T-cell-mediated immune responses 
in aged animals (Burgess et al., 1999; Fabris et al., 1995; Kelley et al., 1988; 
Savino et al., 1999). Immune responses and cytokines released by the thy-
mus, in turn, may aff ect the endocrine glands and the brain. Aging is asso-
ciated with increased levels of various cytokines in plasma (Ershler, 1993; 
Hager et al., 1994; Roubenoff  et al., 1998; Wei et al., 1992), and there is sub-
stantial evidence that peripheral cytokines can cross the blood–brain barrier 
(Dunn, 1992; Gutierrez, 1993, 1994) and directly aff ect brain function or may 
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Figure 10.1. Aging is associated with alterations in brain plasticity, in hormonal lev-
els, and in immune function. Alterations in hormonal levels may impact the immune 
system; alterations in immune function impact the activity of endocrine glands. Brain 
plasticity is aff ected by the modifi cations in hormonal levels and in endocrine func-
tion. In turn, aging-associated changes in brain plasticity aff ect the activity of endo-
crine glands and the immune system.
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indirectly aff ect the brain via vagal aff erents (Dantzer et al., 1998; Hansen 
et al., 1998). Acting on the brain, cytokines may induce reactive gliosis and 
central infl ammatory responses, alter synaptic function and synaptic plas-
ticity, aff ect behavior, impair cognition, alter sleep, and promote depression 
(Craig et al., 2002). In addition, the endocrine thymus produces hormones, 
such as thymulin, homeostatic thymus hormone, thymus factor, thymosin 
fraction 5, thymosin α-1, and thymosin β-4, which may aff ect the activity of 
the hypothalamus–pituitary axis acting on β-endorphin, adrenocorticotropic 
hormone (ACTH), glucocorticoids, luteinizing-hormone-releasing hormone, 
and luteinizing hormone secretion (Goya and Bolognani, 1999; Goya et al., 
1999). Th erefore, thymic involution with aging may also result in alterations 
in pituitary hormonal secretions.

Several hormones may aff ect immune responses with aging, including 
melatonin and thyroid hormones. In addition, it is well established that the 
hypothalamic–pituitary–adrenal axis, which shows activation with aging and 
is known to modulate brain plasticity (see Chapters 3 and 5), exerts a strong 
regulation of immune function (McEwen et al., 1997). Indeed, glucocorticoids 
have been used as immunosuppressive agents since the 1940s (Hench, 1952; 
Webster et al., 2002). Emotional stress, which may also be enhanced in elderly 
people showing impaired social cognition, aff ects immune function (Butcher 
and Lord, 2004; McEwen et al., 1997) and regulates brain plasticity (see 
Chapter 8). Th erefore, brain remodeling, alteration of hormonal levels, and 
modifi cations of immune responses occur in parallel during aging, and are 
likely closely interrelated. Although our attention in this chapter focuses on 
the relations between hormonal changes and brain remodeling during aging, 
it is important to keep in mind that the reshaping of the neuroendocrine equi-
librium with aging occurs in a context in which the immune system is also 
suff ering a prominent reorganization, which may be actively involved in the 
endocrine and neural modifi cations.

Before analyzing the mutual infl uences of the endocrine and nervous sys-
tem during aging, let us briefl y summarize the main modifi cations that occur 
in the aged brain. Aging is a period of life accompanied by remarkable struc-
tural remodeling and volume changes of diff erent brain regions. Studies with 
noninvasive brain imaging of living subjects have revealed that the human 
brain decreases in volume with aging. In particular, very interesting changes 
have been detected in the white matter, which shows a decline in volume in 
the later years of life. Myelin may represent one of the most vulnerable struc-
tures to aging (Bartzokis, 2004; Salat et al., 2005); myelin loss implies less 
functional neuronal connections, and may therefore have a strong impact 
on brain function and cognition. While the decrease in volume of the white 
matter with aging seems to be uniform, some regions of the gray matter are 
more aff ected by aging than others (Alexander et al., 2008; Esiri, 2007). For 
instance, the frontal and parietal regions of the cerebral cortex seem to be 
more aff ected than temporal and occipital cortical regions. Histological stud-
ies have also detected structural changes associated with aging in the brains 
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of diff erent species, such as a loss of neurons and myelinated fi bers, increased 
numbers of astrocytes and microglia, reduced neurogenesis in the subven-
tricular zone and the dentate gyrus of the hippocampus, reduced dendritic 
branching, reduced number of dendritic spines and synapses, and reduced 
size of perforated postsynaptic densities (Esiri, 2007; Finch, 2003; Geinisman 
et al., 1992; Hof and Morrison, 2004; Kempermann et al., 1998; Kuhn et al., 
1996; Luo et al., 2006; Masliah et al., 2006; Nicholson et al., 2004; Scheibel, 
1979; Scheibel et al., 1976; Seki and Arai, 1995). As just mentioned for the fi nd-
ings with noninvasive imaging techniques, histological studies in the brains 
of animals and humans have also detected that not all brain regions appear 
to be equally aff ected by aging, suggesting that some neuronal populations or 
brain regions are more vulnerable than others. Th is may be in part due to dif-
ferences in vascularization or metabolic activity. However, there is a striking 
concordance between the brain regions that are more aff ected by aging and 
those in which hormones exert more profound regulatory actions on the plas-
ticity of neural tissue.

Th e hippocampus, amygdala, and prefrontal cortex are highly sensitive 
to hormones, and also show strong structural remodeling with aging. For 
instance, synaptic loss and decreased dendritic branching has been detected 
in the prefrontal cortex, medial temporal lobe structures, and hippocampus 
of older humans and rodents (Bondareff  and Geinisman, 1976; de Brabander 
et al., 1998; Geinisman et al., 1986; Grill and Riddle, 2002; Hof and Morrison, 
2004; Markham and Juraska, 2002; Rosenzweig and Barnes, 2003; Scheibel, 
1979; Scheibel et al., 1976; Uylings and de Brabander, 2002), and moderate 
neuronal loss has been detected in the prefrontal cortex of aging monkeys 
(Smith et al., 2004) and in the medial prefrontal cortex, visual cortex, and 
the hilus of the dentate gyrus of the hippocampus of aged rats (Azcoitia et al., 
2005; Yates et al., 2008), although generalized neuronal loss with aging is an 
uncommon fi nding (Gazzaley et al., 1997; Keuker et al., 2003; Merrill et al., 
2000, 2001; Pakkenberg and Gundersen, 1997; Peters et al., 1994; Rapp and 
Gallagher, 1996; Rasmussen et al., 1996; West et al., 1994). Most likely, non-
pathological changes in brain function during aging are predominantly related 
to decreased myelination, selective and regional-specifi c dendritic remodel-
ing, regional modifi cations in the number of synaptic inputs, and regional 
modifi cations of synaptic function and plasticity, and are not the consequence 
of a massive neuronal or synaptic loss. For instance, aging is associated with 
a decrease in the number of dendritic spines in the apical dendrites of layer 
V cortical pyramidal neurons of the rat visual cortex. However, in older indi-
viduals, this decrease is not homogeneous along the whole length of the apical 
dendritic shaft , being more pronounced in the segments of the dendrite cross-
ing layers II/III and IV than in dendritic segments crossing deep layers (Ruiz-
Marcos et al., 1992). Th is likely refl ects a selective reorganization of neuronal 
circuits with aging rather than an unspecifi c alteration in all synaptic contacts 
on dendritic spines. Th e selective reorganization of neuronal connectivity is 
associated with selective functional modifi cations in neuronal excitability, 
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calcium homeodynamics, and functional synaptic plasticity (Barnes, 2003; 
Chapman, 2005; Foster and Norris, 1997; Landfi eld, 1988; Rosenzweig and 
Barnes, 2003). For instance, synaptic long-term potentiation is impaired in 
the brain of aged rats, although with regional specifi city (Barnes, 2003; Burke 
and Barnes, 2006; Lynch et al., 2006; Rosenzweig and Barnes, 2003; Toescu 
et al., 2004).

Cognitive processes that rely on the medial temporal lobe and prefrontal 
cortex, such as learning, memory, and executive function, show consider-
able aging-related impairments (Burke and Barnes, 2006). Spatial memory is 
one of the modalities more aff ected in elder people, and this may refl ect an 
increased vulnerability of the hippocampus. Altered synaptic function and 
plasticity in the hippocampus with aging may impair the process of encod-
ing new information (Wilson et al., 2006). Decreased neurogenesis may also 
contribute to impaired hippocampal function with aging (Darnaudery et al., 
2006; Drapeau et al., 2003). Working memory, which is dependent on the 
prefrontal cortex and declarative memory (which is dependent on the hippo-
campus and other medial temporal lobe regions) are also aff ected in elderly 
persons. Older people may also be aff ected by depression; mainly those with 
chronic illnesses and cognitive impairment (Alexopoulos, 2005). Sensation 
and motor control are also aff ected in older ages. All these functional losses 
may be associated with alterations in brain plasticity with aging (Mahncke 
et al., 2006).

What are the causes of these modifi cations? As mentioned at the beginning 
of this chapter, some causes may represent physiological adaptations; others 
may refl ect pathological alterations. It is not an easy task to distinguish what 
is physiological and what is not. Is the decrease in some cognitive modalities 
adaptive or pathological? We tend to think that aging modifi cations in brain 
refl ect a generalized decline in its function. However, it cannot be excluded 
that the selective loss of a specifi c cognitive function, the selective decrease in 
the branching of some dendritic trees, or the selective modifi cations of func-
tional synaptic plasticity in specifi c brain regions may refl ect adaptations. As I 
have already mentioned, not all cognitive functions (and not all brain regions) 
are equally aff ected by aging. Remodeling in some brain regions may thus 
represent, at least in part, a process of adaptation to the new physiological 
conditions. What, then, are the causes of pathological alterations with aging? 
Although the probability of developing a neurodegenerative disorder (such as 
Alzheimer’s or Parkinson’s diseases) increases in elderly people, age per se is 
not the cause of brain pathological alterations. If we compare diff erent elderly 
people of the same age, we will fi nd a great variability in the degrees of cogni-
tive, neurological, or aff ective alterations. Some people will have a completely 
normal brain function; and in others we will fi nd neurodegenerative disor-
ders. For instance, cognitive decline in elderly people ranges from normal 
cognitive aging, through mild cognitive impairment, to the dementias. Th us, 
there is an obvious individual variability in terms of brain deterioration with 
aging (for instance, see Perls, 2004; Wilson R.S. et al., 2002).
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Several factors impact the variability of normal cognitive aging. According 
to the Scottish Mental Surveys of 1932 and 1947, the most important deter-
mining factor for cognitive aging is childhood intelligence (Deary et al., 2004). 
In addition, a variety of medical, psychological, social, and lifestyle factors 
interacting with genetic contributions also infl uence normal cognitive aging. 
Early events during fetal life (Whalley et al., 2006) may also impact late cogni-
tive decline (see Chapter 6). Th e development of neurodegenerative alterations 
also depends on diff erent interactions between life events and environmental 
and genetic factors. A restricted caloric diet, exercise, and exposure to a rich 
environment are among the environmental factors that may promote healthy 
brain aging. Some genes appear to be associated with healthy brain aging, 
and other genes increase the risk of neurodegeneration (Mattson and Magnus, 
2006).

Th e function of endocrine organs is also aff ected by aging. In consequence, 
the levels of several hormones change in plasma with aging: some of them 
decrease, others increase, and others do not change. It should be noted that 
the change in the levels of hormones with aging and the nature of the changes 
are not identical in all species. For instance, menopause in women, caused 
by the loss of ovarian secretions, is associated with a dramatic decrease of 
estradiol levels in plasma. In contrast, reproductive aging in rats, caused by 
hypothalamic failure to properly regulate ovarian secretions, is oft en associ-
ated with high estradiol levels in plasma. Dehydroepiandrosterone (DHEA) 
levels decrease with aging in humans, a change that does not occur in rodents 
where DHEA levels are undetectable in plasma. In humans, growth hor-
mone, ghrelin, insulin-like growth factor-I (IGF-I), DHEA, sex hormones, 
and thyroid-stimulating hormone are among the hormones that decrease 
with aging. In contrast, other hormones, like parathyroid hormone and pro-
lactin, follicle-stimulating hormone, and luteinizing hormone increase in 
elderly people (Chahal and Drake, 2007). Aging-associated changes in hor-
monal levels may involve diff erences in secretion, metabolism, or both. For 
instance, both thyroid hormone secretion and metabolism decrease with 
aging, and serum thyroxine (T4) concentrations are not aff ected. However, 
as a result of the decreased metabolism of T4 into triiodothyronine (T3), the 
levels of T3 decrease with aging (Mariotti et al., 1995). Additionally, hormonal 
changes with aging are not necessarily linear. Good examples of this are the 
hormonal changes during menopause in women (Djahanbakhch et al., 2007; 
Johnson, 1998; Sherman et al., 1976). Compared to younger women, estradiol 
and inhibin B levels are lower, follicle stimulating hormone concentrations are 
higher, and luteinizing hormone levels are unchanged during the follicular 
phase in women of advanced reproductive age with ovulatory cycles. Th en, 
aft er menopause, estrogen concentrations fall and follicle stimulating hor-
mone and luteinizing hormone levels rise above premenopausal concentra-
tions. Follicle stimulating hormone and luteinizing hormone levels also show 
a tendency to increase with aging in men.
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In addition to changes in hormonal levels with aging, there are also altera-
tions in circadian hormonal secretion rhythm. Th is is the case for testosterone 
in men in which circadian rhythm of plasma levels, higher in the morning 
than in the evening, is generally lost with aging (Bremner et al., 1983). Th e 
amplitude of the nocturnal pulses of thyroid stimulating hormone secretion 
is also lower in elderly subjects (Greenspan et al., 1991); there are also altera-
tions in circadian rhythms of plasma cortisol in elderly people (Sherman et al., 
1985; Van et al., 1996).

It is also important to consider that hormonal signaling and the cross talk 
between the brain and the endocrine glands in older ages may be altered with-
out major changes in basal hormonal levels. One example is insulin resistance 
in the aged brain (Cole and Frautschy, 2007; García-San Frutos et al., 2007), 
which results in alterations in the regulation of brain plasticity and may cause 
cerebral atrophy and may have deleterious consequences for cognitive func-
tion in elderly people (Reagan, 2007; see also Chapter 9). Another example 
is brain resistance to leptin (Fernandez-Galaz et al., 2001; Muzumdar et al., 
2006; Scarpace et al., 2001), which may also potentially impact the plasticity of 
the aging brain (see Chapter 5). Th is is also the case with hormones regulated 
by the hypothalamo–pituitary–adrenal axis. Although there are no apparent 
changes in the levels of adrenal corticosteroids with aging (Waltman et al., 
1991), the response to stress may be accentuated in elderly people (Bergendahl 
et al., 2000; Seeman and Robbins, 1994). Alterations in their capacity to pro-
cess incoming information and to adequately adapt their responses to the 
changing environmental and social conditions are among the causes and 
consequences of their diffi  culties in coping with stressors (Fig. 10.2). Th us, 
decreases in the volume of the hippocampus in elderly people may reduce 
their capacity to process information and adapt to the social and environmen-
tal context (Lupien et al., 2007).

Information processing in elderly people is further impaired by the fact 
that sensory organs provide unreliable information to the brain as sensory 
defi cits progress with aging. In addition, the responses of elderly people to 
sensory inputs are also altered due to their decreased muscular strength, as 
well as impairments in motor coordination and postural balance (Stern and 
Carstensen, 2000). Other factors, such as alterations in circadian rhythms, 
may also contribute to the impaired response to stress in older ages. Moreover, 
social isolation is common in elderly individuals and may also contribute to 
their diffi  culties to cope with social stress. Th e psychological consequences of 
their nonadaptive responses to the changing environmental and social con-
text further increase their nonadaptive responses to stressors—a vicious loop 
that may fi nally cause or facilitate the onset of depression and other aff ective 
and cognitive pathologies (Fig. 10.2).

Changes in hormonal levels and/or in hormonal responsiveness with aging 
are associated in time with the progression of neurodegenerative disorders, 
increased depressive symptoms, and other psychological disturbances. Th is 
suggests that the alteration of the cross talk between the endocrine glands and 
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the brain may be a risk factor for the development of neurodegenerative dis-
eases or aff ective disorders of diff erent etiologies in elderly people. Th us, the 
modifi cation in hormone levels or hormonal signaling with aging may have 
a negative impact on the regulation of brain plasticity, and may in some way 
contribute to brain alterations with aging. However, the fact that two events 
occur at the same time is not proof of a causal relationship. Hormones may 
change and brain may suff er alterations in its plasticity and function by dif-
ferent causes; one event does not necessarily have to infl uence the other. I will 
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Figure 10.2. Modifi cations in brain plasticity and ability to process sensory infor-
mation in older people may cause impairments in their cognitive skills, aff ecting social 
cognition, memory, and their ability to interact with other individuals. Alterations 
in physical strength and postural balance, together with alterations in the circadian 
clock, further contribute to social isolation, which causes an impaired ability to cope 
with stress and an increased stress response. Th is generates a vicious circle that results 
in further instability of the system: the increased stress response results in hormonal 
changes that will further aff ect brain plasticity, physical strength, motor control, cir-
cadian rhythms, and cognition.
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analyze this question in detail in this chapter, and will argue in favor of the 
importance of the cross talk between the brain and endocrine organs in the 
regulation of physiological and pathological brain remodeling with aging.

Let me start with some basic questions on hormonal changes with aging. 
Are these hormonal alterations linked directly with the aging process? Do they 
refl ect a physiological or a pathological alteration? If the alteration is patholog-
ical, does it promote aging-associated disorders or, on the contrary, represent 
a compensatory mechanism to cope with other aging-associated alterations? 
And fi nally, are the aging-associated hormonal changes good, bad, or irrel-
evant for brain function? It is easier to address by experimentation some of 
these questions than others; none have a direct short answer. In the next sec-
tions will focus on the trio of subjects that are involved: the hormones, the 
brain, and the aging process. I will discuss whether the decrease in plasma lev-
els of several hormones that occur with aging represents a positive adaptation 
to the new physiological conditions of the aged individual or, on the contrary, 
represents a genuine defi cit, negatively impacting brain function. Th e para-
dox that exists—the signaling of some hormones (growth hormone, IGF-I) is 
neuroprotective, yet at the same time it reduces longevity—will be discussed. 
How hormonal deprivation with aging aff ects the brain will also be covered, 
as well as a review of the studies dealing with the eff ects of hormonal therapies 
(gonadal hormones, DHEA, growth hormone, melatonin, and so forth) on the 
plasticity and function of the aging brain, including the human brain.

BIOLOGICAL SIGNIFICANCE OF ENDOCRINE FUNCTION 
CHANGES WITH AGING

As has been noted many times in this book, the regulation of hormone syn-
thesis and metabolism is an essential mechanism to maintain body homeo-
dynamics. Th erefore, hormonal plasma levels fl uctuate to maintain proper 
physiological function. Growth, reproduction, metabolism, temperature con-
trol, ionic concentration and water balance, and behavior: all body functions 
are tamely and timely regulated by changes in hormonal levels. Th us, plasma 
hormone levels increase and decrease according to physiological demands. 
Changes in the rate of hormonal synthesis and in the rate of hormonal metab-
olism participate in this physiological adaptation. However, hormonal levels 
in plasma may also change as a consequence of a pathological disequilibrium. 
Th is change may be the direct consequence of the pathology. In this case, hor-
mone levels may change because its metabolism or synthesis is directly altered 
by pathology. Pathological alterations in the synthesis or metabolism of hor-
mones are common in humans, and is the cause of many clinical syndromes. 
Many people suff er from an alteration in their pancreatic islets characterized 
by a massive or complete loss of β cells, the cells that produce insulin. Th is cel-
lular loss leads to a decrease in insulin levels. In this case, pathology—the loss 
of β cells—is the direct cause of a change in hormonal production. As a sec-
ondary consequence, the homeodynamic function of insulin for the regulation 
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of glucose metabolism is defective, and a new pathology emerges: diabetes 
mellitus. In other cases, however, a change in hormonal levels in plasma may 
represent a compensatory reaction to a pathological status. Hormonal secre-
tion is then altered to cope with the pathological situation in an attempt to 
reach a new homeodynamic equilibrium. For instance, serum levels of insulin 
are increased in patients with insulin resistance. Th is is probably caused by 
both an increase of insulin secretion and a decrease in insulin degradation. By 
this compensatory mechanism, some people may maintain adequate glucose 
levels even if insulin signaling is defective.

Hormonal changes in plasma may thus correspond to at least three diff er-
ent situations, refl ecting: i) a homeodynamic adaptation to changing physio-
logical conditions; ii) a homeodynamic compensatory response to pathology; 
or iii) the direct consequence of a pathological alteration that, in turn, may 
result in a secondary pathology as a consequence of the hormonal misbal-
ance. In which one of these categories should the changes in hormonal levels 
associated with aging be classifi ed? Th is is not a semantic or purely academic 
question. In my view, it is important to understand the biological meaning of 
the hormonal changes associated with aging. If they were the consequence of 
a pathological situation, then it would be advisable to try to counteract the 
eff ects of the hormonal alteration. For instance, hormonal therapy would be 
adequate as a treatment to compensate for a decreased hormonal production 
with aging in this case. However, if the decrease of such a hormone with aging 
is a physiological homeodynamic adaptation or a compensatory response to 
pathology, then hormonal therapy could do more harm than good. Th erefore, 
we should try to understand the causes and the biological signifi cance of the 
hormonal changes with aging.

BRAIN MUTABILITY REGULATES AGING-ASSOCIATED 
CHANGES IN ENDOCRINE FUNCTION

Th e relation of hormones, the brain, and aging has two complementary faces: 
on one side, hormonal changes associated with the aging of endocrine glands 
may aff ect the brain; on the other side, brain remodeling associated with 
aging of the nervous tissue may alter hormonal production. Since the brain 
is the most important center for endocrine control, brain aging may have a 
strong impact on hormonal levels. Brain plasticity with aging may result in a 
reorganization of the circuits involved in sensing hormones and controlling 
hormone release. Indeed, there is evidence indicating that the hypothalamic 
circuits regulating hormonal production suff er marked alterations with aging. 
During aging, there is a decrease in the ordered rhythmic pattern of hor-
mone release that likely refl ects a modifi cation of neuronal circuits regulating 
pituitary secretions (Smith et al., 2005; Wise, 1987, 1999; Wise et al., 1999). 
Indeed, aging is associated with a dramatic reorganization of the serotonergic 
and noradrenergic hypothalamic systems, as well as the tuberoinfundibular 
dopaminergic system (Hung et al., 2003; Reymond, 1990; Rossi et al., 1992; 
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Weiland et al., 1989). Th ere is also a decrease in the expression of receptors for 
hormones, neuropeptides, and neurotransmitters (Brann and Mahesh, 2005; 
Gore, 2001; Sadow and Rubin, 1992), reorganization of neural membranes 
(Garcia-Segura et al., 1991a), and alterations in glial plasticity (Cashion et al., 
2003) in brain regions regulating hormonal secretions.

All these changes aff ect the secretion of several hormones, such as luteiniz-
ing hormone and growth hormone. Th e pulse amplitude of these hormones is 
aff ected because of the hypothalamic alterations of the secretions of gonado-
tropin-releasing hormone and growth-hormone-releasing hormone (GHRH), 
respectively. In turn, aging-associated modifi cations in growth hormone 
result in a reduced production of IGF-I in the liver, and alterations in gonado-
tropins aff ect the release of sex steroid hormones. Th us, it is likely that the 
reorganization of specifi c neuronal circuits may initiate the hormonal changes 
associated with aging. If this were the case, the hormonal changes would be 
a consequence of brain aging. Reproductive aging in rodents is an example 
of how the aging of the brain may aff ect hormonal secretion. Contrary to 
women, in which menopause is mainly the consequence of a failure of the 
ovaries to respond to gonadotropins, reproductive aging in rodents is believed 
to be caused by the hypothalamic failure to regulate gonadotropin secretion, 
and thus, ovarian function. Areas of the hypothalamus of rodents that regu-
late gonadotropin secretion show structural and functional changes in aged 
females (Brann and Mahesh, 2005; Garcia-Segura et al., 1991a; Gore, 2001; 
Hung et al., 2003; Sadow and Rubin, 1992). Th e hypothalamus is then unable 
to support cyclic ovarian function regulation and the animal enters the period 
of reproductive aging. Consequently, ovarian hormones do not show the cyclic 
changes observed in young females. Th erefore, in this case, brain remodeling 
is the cause of the hormonal changes. Hypothalamic reorganization may also 
be the cause of changes in the control of gonadotropins that are involved in 
the irregularity of menstrual cycles in the perimenopausal period in women 
(Wise, 1999; Wise et al., 1999).

HORMONES REGULATE AGING-ASSOCIATED 
CHANGES IN BRAIN MUTABILITY

From the above, we may then assume that some hormonal changes associated 
with aging are initiated by specifi c plastic alterations in the brain circuits that 
regulate endocrine secretions. Th e question then becomes: what triggers these 
modifi cations in brain plasticity? Are we dealing with an endogenous mecha-
nism of brain aging or a metaplastic adaptation of neuronal networks to previ-
ous hormonal changes? We could imagine a scenario in which subtle hormonal 
changes initiate a modifi cation in brain plasticity. Th en, the reorganized 
neuronal circuits will result in a modifi cation in the regulation of endocrine 
secretions. Subsequently, the distorted hormone levels in turn will produce 
new modifi cations in brain plasticity that will result in an amplifi cation of 
the hormonal changes. Th is may refl ect a situation where the equilibrium 
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is broken in a temporal point of maximal instability. Th e temporal point in 
which equilibrium is broken may be reached by the cumulative sum of small 
changes in hormonal levels and brain plastic modifi cations, and may repre-
sent an example of brain metaplasticity. For instance, Frederick Naft olin and 
James R. Brawer proposed that the hypothalamic failure to maintain ovarian 
cycles in rodents is the result of accumulative estrogen input to the hypotha-
lamic arcuate nucleus, which is involved in the cycling regulation of gonad-
otropin secretion (Brawer et al., 1980; Naft olin and Brawer, 1978). According 
to this hypothesis (re-elaborated with the concept of metaplasticity), accu-
mulative regulatory actions of estradiol on synaptic and glial plasticity in the 
arcuate nucleus during each estrus cycle (see Chapter 8) would gradually alter 
future synaptic and glial plastic responses to ovarian hormones in this brain 
region (Horvath et al., 1997b; Hung et al., 2003; Leedom et al., 1994) and will 
fi nally result in the impaired function of specifi c neuronal circuits that reg-
ulate gonadotropin secretion, such as those in which β-endorphin neurons 
are involved (Desjardins et al., 1995). Th us, regulation of metaplasticity in 
the arcuate nucleus by estradiol will result in an altered regulation of ovarian 
secretions, which fi nally will lead to reproductive aging.

Th e complexity of the cross talk between hormones and brain plasticity 
in the aging process is also well illustrated by the eff ects of stress on brain 
aging. Substantial evidence supports the existence of a link between stress, 
hypothalamo–pituitary–adrenal axis dysfunction, memory disorders, and 
aging (McEwen, 2002; Sapolsky et al., 1986). Here, it is important to con-
sider the diff erent eff ects that stress hormones have on the brain, depending 
on whether we are facing acute stress or chronic, unpredictable stress. Acute 
stress is essential for proper physiological function; overcoming acute stress 
is a source of psychological enjoyment. We all need acute stress, and actively 
search for it. Chronic or repetitive, unpredictable stress is something very dif-
ferent. Chronic, unpredictable stress is a source of despair and depression; 
nobody likes to suff er from it. Overcoming acute stress has a positive impact 
on the brain, and is essential for memory formation. We remember much 
better those past situations that were impregnated with positive or negative 
emotions than those that were emotionally indiff erent. Basal levels of glu-
cocorticoids associated with acute stress are important for memory forma-
tion. In contrast, repetitive glucocorticoid action, during repeated or chronic 
stress, has a negative impact on the brain, resulting in memory and cognitive 
alterations.

Two important concepts, already introduced in this book, may help us 
understanding the diff erent eff ects of acute and repetitive stress, and the rup-
ture of homeodynamic equilibrium in aging: allostasis and allostatic load 
(McEwen, 2002; see also Chapter 3). Allostasis is the adaptation exerted by 
the neuroendocrine system, autonomic nervous system, and the immune sys-
tem to the challenges of daily life. Th ese systems maintain stability through 
change—their action is initiated when needed, and is shut off  when no longer 
needed. Th ese changes, such as the acute stress response, are adaptive in the 
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short run. However, the action of the regulatory systems may be damaging if 
it is not shut off  in due time. Th e regulatory signals may then cause alterations 
in the target tissues that may lead to pathological damage. Th is is the situ-
ation termed allostatic load. Th us, the acute actions of glucocorticoids may 
represent an allostatic response, maintaining proper function of the brain. 
However, if the action of glucocorticoids is not effi  ciently terminated, if we 
are unable to overcome stress, our brain and its capacity to program adaptive 
control of endocrine glands and behavior will be aff ected. Th en, the new endo-
crine adjustments will further aff ect the brain, initiating a cascade of altera-
tions that will produce brain damage and permanent hormonal imbalance in 
the end.

Th is is the basis of the so-called “glucocorticoid cascade hypothesis” of 
aging, a theory postulating that changes in specifi c brain areas, as a result 
of allostatic load, initiate the process of aging (Sapolsky, 1992). According to 
this hypothesis, one of the key brain regions involved in this process is the 
hippocampus, which is involved in episodic, declarative, spatial, and contex-
tual memory, and is also an important integration center for the regulation of 
autonomic, neuroendocrine, and immune responses. Interestingly, the hippo-
campus is one of the brain regions more vulnerable to damage caused by repet-
itive stress. Neuronal death in the hippocampus aft er chronic glucocorticoid 
exposure may occur in some species and under certain conditions (Sapolsky, 
1992; Sapolsky et al., 1985). However, hippocampal cell loss aft er chronic glu-
cocorticoid exposure is not a generalized fi nding in all species (Conrad, 2006; 
Fuchs et al., 2001; Leverenz et al., 1999; Vollmann-Honsdorf et al., 1997) and 
does not occur in humans (Bao et al., 2008; Swaab et al., 2005). Th is may be 
due to the fact that the primate hippocampus expresses lower levels of gluco-
corticoid receptors than the hippocampus of rodents (Sanchez et al., 2000), 
which show neuronal death aft er chronic glucocorticoid exposure (Sapolsky, 
1992; Sapolsky et al., 1985).

Although neuronal loss is not involved in all species, structural plastic 
changes in the hippocampus is likely a generalized response to the allostatic 
load caused by glucocorticoids. Chronic stress produces remodeling of den-
drites and dendritic spines in the hippocampal neurons, decreases hippocam-
pal neurogenesis, induces gliosis, and fi nally may promote the impairment of 
hippocampal function (Fuchs et al., 2001; McEwen, 2002; Mirescu and Gould, 
2006; Sapolsky et al., 1985; see also Chapter 3). As a consequence, memory, cog-
nition, autonomic control, endocrine secretions, and the immune system will 
be altered. Not only can unpredictable repetitive stress in adulthood increase 
hippocampal damage, repetitive stress during the prenatal period may even 
result in alterations in hippocampal synaptic plasticity and neurogenesis at 
older ages (see Chapter 6). Prenatal stress in rats induces an increased anxi-
ety-like behavior and permanent dysfunction of the hypothalamo–pituitary–
adrenal axis system in adult life. Aged rats that were stressed during prenatal 
life show spatial hippocampal-dependent learning impairments (Darnaudery 
et al., 2006; Vallée et al., 1999) compared to normal older animals.
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Stress hormones aff ect other brain regions, such as the cerebral cortex and 
the amygdala (see Chapter 3). Repeated stress causes dendritic remodeling in 
the amygdala, increasing the dendritic length and spine synapse formation. 
In contrast, dendritic length in neurons from the medial prefrontal cortex is 
decreased by chronic stress (McEwen, 1999, 2005). It is remarkable that the 
brain regions more vulnerable to chronic stress, such as the hippocampus, 
the amygdala, and the prefrontal cortex, are also those regions that are more 
aff ected by aging. Th e eff ect of stress hormones on brain aging may also be 
envisaged as an example of metaplasticity. According to this view, develop-
mental plastic changes induced by stress hormones during fetal and early 
postnatal life, and its regulatory actions on brain plasticity during puberty 
and adult life, will predetermine future plastic brain responses during aging. 
Metaplastic brain modifi cations induced by stress hormones throughout life 
may explain the long-term eff ects that their actions have on aff ection, behav-
ior, and cognition in older ages.

A PARADOX: UNEXPECTED RELATIONSHIP BETWEEN BRAIN AGING, 
HORMONES, AND LONGEVITY

How stress hormones may aff ect brain aging has been previously discussed; 
an analysis of the eff ects that other hormonal changes during aging have on 
brain function is in order. As seen from Chapter 9, animal studies have shown 
that several hormones may protect neurons from diff erent neurodegenerative 
stimuli. Th ese include growth hormone, IGF-I, DHEA, and sex hormones. All 
these hormones have been shown to regulate plasticity and exert neuropro-
tective actions in the aging brain. Th erefore, it is possible that the decrease 
in the levels of these hormones in elderly people may result in altered brain 
plasticity and decreased protection against the environmental and genetic fac-
tors that promote neurodegeneration. Some hormones, such as estradiol and 
IGF-I, antagonize the damaging eff ects of adrenal steroids. IGF-I attenuates 
spatial learning defi cits in aged rats and promotes neurogenesis in the hip-
pocampus. Chronic IGF-I infusion in the brain restores the spatial learning 
abilities of aged rats that were stressed during prenatal life. IGF-I also up-
regulates neurogenesis in the hippocampus of these animals, and reduces 
their hypothalamo–pituitary–adrenal axis dysfunction (Darnaudery et al., 
2006). Interestingly, IGF-I increases estradiol levels in the plasma of aged rats 
that were submitted to prenatal stress. Estradiol, in turn, is known to increase 
neurogenesis in the hippocampus of old rats (Perez-Martin et al., 2005) and 
prevents hippocampal damage induced by excitotoxic injuries (Azcoitia et al., 
1998). In addition, the signaling of estradiol and IGF-I interacts to promote 
neuroprotection (Azcoitia et al., 1999b; Garcia-Segura et al., 2006; Quesada 
and Micevych, 2004) and to regulate hippocampal neurogenesis (Perez-
Martin et al., 2003). Th erefore, diff erent hormones aff ected by the aging pro-
cess may act in cooperation or antagonistically. In consequence, decreased 
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levels of protective hormones (such as IGF-I) with aging may increase the risk 
of neural damage induced by the allostatic load of stress hormones.

Th us, we may conclude that the decrease in plasma levels of some hormones 
in older individuals may have a negative impact on healthy brain aging. We 
may then be tempted to interpret the alterations in the levels of some hormones 
with aging as a pathological alteration that in turn may result in a secondary 
pathology, as a consequence of the hormonal misbalance. However, the situ-
ation is not so simple. First, the decrease in some neuroprotective hormones 
with aging may hardly be defi ned as pathological. For instance, the levels of the 
neuroprotective hormones estradiol and progesterone drop with menopause, 
which is not a pathological situation. Furthermore, we have reasons to sus-
pect that the decrease in some hormones with aging may represent a positive 
adaptation to increase lifespan. Th e pioneering work of Cynthia Kenyon and 
coworkers (Kenyon et al., 1993) showed that mutations in single genes related 
to the IGF/insulin signaling pathways could considerably enhance lifespan in 
the nematode Caenorhabditis elegans. We know today that in C. elegans, insu-
lin/IGF-I-like molecules through the activity of the DAF-2/insulin/ IGF-I-like 
receptor, and the DAF-16/FKHRL1/FOXO transcription factor may regulate 
lifespan. Targeted genetic manipulation of homologous genes in Drosophila 
has confi rmed the involvement of this signaling pathway in the regulation of 
longevity (Tatar et al., 2001). Similar genes in vertebrates may have the same 
function (Bluher et al., 2003; Holzenberger et al., 2003; Kenyon, 2005; Tatar 
et al., 2003). For instance, growth hormone/IGF-I defi ciency in dwarf mice is 
associated with an increase in longevity. Let us for a moment examine what 
dwarf mice may tell us about the relationship of hormones and longevity.

In 1929, George Snell described a recessive autosomal mutation in mice 
that results in a strong decrease in postnatal growth and adult body size (Snell, 
1929). We know today that the cause for this dwarfi sm is a loss-of-function 
mutation of pituitary factor 1 (Pit-1), a homeobox transcription factor involved 
in the diff erentiation of the somatotrophs, the lactotrophs, and the thyrotrophs 
(Li et al., 1990). Th erefore, Snell dwarf mice have a defect in the development 
of the anterior pituitary and a defi cit in growth hormone, thyroid-stimulating 
hormone, and prolactin. As a consequence of the  defi cit in growth hormone, 
Snell dwarf mice have a reduced postnatal growth and undetectable periph-
eral levels of IGF-I. Th ese animals are hypothyroid due to the lack of thy-
roid-stimulating hormone; females are sterile, due to luteal function failure 
as a consequence of the defi cit in prolactin (Bartke and Brown-Borg, 2004). 
Ames dwarf mice were discovered by Schaible and Gowen (1961) at Iowa State 
University in Ames, Iowa. Th ese animals have a mutation in a gene (Prop-1) 
that is expressed before Pit-1, which is necessary for the  development of 
Pit-1-expressing cells that will diff erentiate into  somatotrophs,  lactotrophs, 
and  thyrotrophs. Ames dwarf mice have similar defi cits in growth hormone, 
prolactin, and  thyroid-stimulating hormone that Snell mice have (Bartke 
and Brown-Borg, 2004). Another type of dwarfi sm in mice was obtained by 
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the targeted disruption of the growth hormone receptor/ growth-hormone-
binding protein (GHR/GHBP) gene (Zhou et al., 1997). Th ese mice have the 
same defi cit than people who have Laron syndrome: they lack growth hormone 
receptors and consequently are growth hormone resistant. In consequence, 
IGF-I levels in plasma are dramatically decreased in these mice (Bartke and 
Brown-Borg, 2004).

Snell mice, Ames mice, and Laron mice have something else in common, 
in addition to hormonal defi cits and being dwarfs: they live longer than nor-
mal mice. Both the average and maximal life span are increased in these mice 
(Bartke and Brown-Borg, 2004). As mentioned before, mutations of genes that 
codify for proteins analogous to those involved in mammalian IGF-I signal-
ing increase longevity in C. elegans and the fruit fl y, Drosophila melanogaster. 
In Snell, Ames, and Laron mice, IGF-I is undetectable in plasma; therefore, 
reduced IGF-I signaling may contribute to the increased longevity of these 
animals. Indeed, longevity is also increased in heterozygous IGF-I recep-
tor knockout mice (homozygous IGF-I receptor knockout mice are not via-
ble), even if these mice are not dwarf. Snell, Ames, and Laron mice have also 
reduced plasma insulin and glucose levels; this may also be a contributing 
factor for the increase in longevity. Reduced thyroid hormones may also be 
involved in the increased life span. Changes in metabolism, oxidative stress, 
decreased incidence of cancer, or other causes may account for the increased 
longevity of these mice. However, independent of what the cause or the causes 
of the increased longevity is, it seems that the reduced levels of certain hor-
mones may have a positive impact on this parameter. Th us, it is tempting to 
speculate that the decrease in the levels of some hormones with aging may 
possibly be a positive adaptation.

Of course, longevity is only one aspect of the picture. An increased life span 
does not necessary imply a reduction in brain aging. Since IGF-I and IGF-I 
signaling are neuroprotective, and decreased IGF-I levels in plasma are asso-
ciated with an increase in neurological alterations, it could be expected that 
Snell, Ames, and Laron mice, with undetectable IGF-I levels in plasma, would 
have increased brain deterioration. We would then have mice that live longer 
but that suff er more neurological alterations. Th e price of increased longevity 
would be an increase in brain deterioration. Th is prediction sounds reason-
able, and yet it is completely wrong. Nature is not as simple as our predictions. 
What is surprising and unexpected is that Ames and Laron mice appear to 
have a delay in brain aging—an age-related decline in learning and memory is 
postponed in these animals. In addition, Ames dwarf mice exhibit an increase 
in hippocampal neurogenesis (Sun et al., 2005b). Th is is rather puzzling, since 
we know that IGF-I administration to normal animals increases hippocampal 
neurogenesis and prevents aging-associated cognitive decline, and that IGF-I 
is highly protective for the brain. Furthermore, reduced IGF-I levels in plasma 
are a common marker for several neurodegenerative diseases (Carro et al., 
2002). Yet, these dwarf mice have undetectable levels of IGF-I in plasma and 
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still show reduced brain aging. How would this be? Growth hormone is also 
neuroprotective, has positive eff ects on learning and memory, and prevents 
brain aging. Yet, Ames and Laron mice have undetectable levels of growth 
hormone in plasma, and in spite of this profound hormonal defi cit, these 
animals exhibit apparently normal cognitive functions and maintain such 
into an advanced age. Can the positive eff ects of IGF-I and growth hormone 
administration for brain aging, combined with the lack of a negative impact 
of IGF-I and growth hormone defi ciency in the brain of aged dwarf mice, be 
reconciled?

Andrzej Bartke and his colleagues have proposed a solution to this prob-
lem. Th ey decided to assess growth hormone and IGF-I levels in the hippocam-
pus of Ames dwarf mice. As we have seen in previous chapters (for instance, 
see Chapter 5), growth hormone and IGF-I are locally produced in the brain. 
Th us, in addition to being hormones, they are locally produced factors. Bartke 
and his colleagues found that growth hormone and IGF-I protein levels were 
increased in the hippocampus of Ames dwarf mice compared with normal 
mice. Th ey also assessed the signaling of growth hormone and IGF-I and dis-
covered that Ames dwarf mice had 70% higher levels of phosphorylated Akt in 
the hippocampus when compared to normal controls. A signifi cant increase in 
the phosphorylation of cyclic AMP response element-binding protein (CREB) 
was also detected in the hippocampus of Ames dwarf mice (Sun et al., 2005a). 
Th us, Ames dwarf mice have an increased synthesis of growth hormone and 
IGF-I in the hippocampus, and an increased activation of growth hormone 
and IGF-I signaling in this brain area. In addition, the increased local pro-
duction of growth hormone and IGF-I in the hippocampus of Ames dwarf 
mice is associated with an increased neurogenesis in the dentate gyrus and 
an increased activation of antiapoptotic signaling, which may contribute to 
maintaining hippocampal function (Sun et al., 2005b; Sun and Bartke, 2007). 
Th erefore, Bartke and his colleagues have proposed that the increase in hip-
pocampal growth hormone and IGF-I expression and subsequent activation 
of the phosphoinositide 3-kinase (PI3K)/Akt-CREB signal transduction cas-
cade might contribute to the maintenance of cognitive function and neuronal 
structure in aged dwarf mice.

Th us, the brain may adapt its local synthesis of growth hormone and IGF-I 
as a compensatory mechanism for the defi cit in the peripheral levels of these 
hormones. Th is may explain why Ames dwarf mice (and likely the other dwarf 
mice defi cient in growth hormone and IGF-I) do not show brain deterioration 
in spite of the decreased plasma levels of growth hormone and IGF-I. Th ese 
mice may have an increased longevity due to the decreased levels of growth 
hormone and IGF-I in plasma and the consequential changes in metabolism, 
oxidative stress, or growth of tumor cells. At the same time, the loss of growth 
hormone and IGF-I in plasma does not aff ect the brain of these animals, since 
this organ is able to increase its local production of these factors, which are so 
important for maintaining brain function. Of course, it is possible that Ames 
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dwarf mice, which are permanently deprived of growth hormone and IGF-I 
throughout life, may develop compensatory mechanisms through the local 
production of these molecules in their brains that normal animals do not usu-
ally develop. Th erefore, the deprivation of growth hormone and IGF-I with 
aging in normal animals may have a stronger negative impact on brain func-
tion. However, the data obtained by Bartke and his colleagues suggests that, 
at least during some specifi c circumstances, the brain may modulate the local 
synthesis of growth hormone and IGF-I in adaptation to plasma levels of these 
molecules. Could the brain do the same for other neuroprotective hormones? 
Th is brings us to another important consideration—do peripheral hormonal 
levels predict the brain levels of these molecules? I will analyze these questions 
further on in this chapter, but beforehand, we need to take a look at the out-
comes of brain function with hormone therapies in elderly people.

HORMONE THERAPY AND HEALTHY BRAIN AGING

Revisiting the question regarding whether hormonal changes with aging are 
due to a homeodynamic adaptation to changing physiological or pathological 
conditions, or to a pathological alteration, we have seen in previous sections 
that hormonal alterations (such as those associated with repetitive stress) may 
promote alterations in brain plasticity and function during aging. However, 
the decrease of some hormones with aging may, at least in part, refl ect a phys-
iological adaptation to minimize aging-associated pathological alterations in 
metabolism, tumor growth, and oxidative stress. Th us, changes in the levels of 
some hormones with aging may refl ect an allostatic response aimed at com-
pensating for other imbalances associated with aging. Th erefore, at least in 
theory, the administration of these hormones might be inadequate as a thera-
peutic approach of taking care of aging-associated symptoms. However, once 
again, the situation is not so simple. In fact, the decline of levels of certain 
hormones during aging might negatively impact some tissues, like bones or 
the brain. Actually, the same hormones that may potentially promote tumor 
growth, such as growth hormone, IGF-I, or estradiol, are also protective 
growth factors for normal cells. Th us, hormones that may promote tumor 
growth in aged animals may also promote neuronal survival and bone calci-
fi cation. For instance, decreased levels of estradiol and IGF-I in plasma aft er 
menopause may be a protective physiological adaptation to minimize the risk 
of mammary tumors. However, at the same time, the decreased levels of these 
hormones in plasma are a risk factor for osteoporosis, and likely for neurode-
generative diseases as well. Th erefore, hormonal therapies may be justifi ed in 
treating or preventing the collateral eff ects of hormonal changes with aging. 
Th e question, and it is not an easy one, is to determine the appropriate age for 
treatment, the hormonal composition, dose, pattern of administration, and 
length of treatment that would result in positive eff ects. Unfortunately, we 
know very little regarding the eff ects of hormonal treatments for brain func-
tion in humans.
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While basic studies on animals strongly suggest that several hormones are 
neuroprotective (see Chapter 9), the situation is not so clear when analyzing 
information collected from human studies. Th e eff ect of diff erent hormonal 
therapies on brain function has been assessed in aged men and women with 
uncertain results. Below is a brief examination of the available information 
related to growth hormone, IGF-I, melatonin, DHEA, testosterone, and ovar-
ian hormones.

Growth hormone defi ciency in humans is associated with sleep distur-
bances, memory loss, feeling of diminished well-being, and other cognitive 
impairments. Several studies have reported a positive eff ect of growth hormone 
therapy in the cognitive performances of growth-hormone-defi cient patients. 
In animal models, growth hormone has been shown to protect the brain and 
spinal cord from diff erent forms of neurodegenerative stimuli, and promote 
neuronal survival aft er hypoxic-ischemic injury (see Chapter 9). Growth hor-
mone defi ciency in rats is associated with cognitive defi cits, such as impaired 
spatial learning; short-term synaptic plasticity and growth hormone therapy 
attenuates these defi cits (Ramsey et al., 2004). In addition, growth hormone 
has been shown to be eff ective in decreasing neurodegenerative changes in 
the hippocampus of aged rats (Azcoitia et al., 2005). A potential alternative 
to hormonal therapy with growth hormone is ghrelin, the endogenous ligand 
for the growth hormone secretagogue receptor. Ghrelin has potent growth-
hormone-releasing activity, and ghrelin receptor agonists may represent a 
potential treatment for brain-aging alterations (Delgado-Rubin de Celix et al., 
2006; Smith et al., 2007).

Neuroprotective eff ects of growth hormone may be mediated by direct 
actions on growth hormone receptors in the brain or by its eff ect in the liver, 
increasing the production of IGF-I, a potent neuroprotective hormone (see 
Chapter 9). Furthermore, it has been reported that growth hormone admin-
istration to old rats increases IGF-I expression in the brain (Frago et al., 2002; 
Lopez-Fernandez et al., 1996). Th e decrease of IGF-I levels with aging corre-
lates with cognitive decline, and IGF-I levels are lower in several neurodegen-
erative diseases. In addition, the administration of IGF-I to aged rats exerts 
protective eff ects in the brain (Lichtenwalner et al., 2001; Lynch et al., 2001). 
However, we do not have enough data on the IGF-I eff ects in the brain of 
elderly people.

Melatonin is another neuroprotective hormone that may have an aff ect 
on brain mutability with aging (Srinivasan et al., 2005). Some studies have 
reported a decreased production of melatonin with aging, which is also asso-
ciated with a signifi cant reduction in the quality and continuity of sleep. 
Diminished nocturnal melatonin secretion has been detected in patients with 
Alzheimer’s disease. Some of these patients also show severe disturbances 
in their sleep/wake rhythm. Clinical trials involving elderly insomniacs and 
Alzheimer’s patients suff ering from sleep disturbances suggest that treatment 
with melatonin may be eff ective in improving sleep. Interestingly, treatment 
with melatonin appears to be more eff ective in those individuals with low 
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endogenous levels of melatonin, pointing to the possible infl uence of endog-
enous hormone levels in the outcome of hormonal therapies, an interesting 
question that will be analyzed further in this chapter.

Plasma levels of DHEA show a strong decline in humans with aging (Ferrari 
et al., 2001; Lamberts et al., 1997). DHEA has memory-enhancing eff ects in 
aging rodents, and counteracts the negative actions of glucocorticoids on 
memory (Vallée et al., 2001). DHEA therapy has considerable eff ects on mood, 
well-being, and sexuality in patients with adrenal insuffi  ciency; some stud-
ies suggest that this steroid may improve cognition, promote a sense of well-
being, and reduce depressive symptoms in normal elderly men and women 
(Morales et al., 1994), although other studies do not support this conclusion 
(Allolio and Arlt, 2002; Baulieu et al., 2000; Huppert et al., 2000; van Niekerk 
et al., 2001). Th ere are also confl icting results regarding the relationship of 
DHEA-sulfate levels in human plasma and cognition (Vallée et al., 2001).

Testosterone declines in plasma with aging in both men and women. 
Testosterone deprivation has been associated with poor memory in men; some 
studies have suggested that testosterone loss may be a risk factor for cognitive 
decline and possibly dementia. Th us, men with low levels of free circulating 
testosterone appear to be at higher risk of developing Alzheimer’s disease than 
men with higher serum levels of this hormone (Moff at et al., 2004). Higher 
testosterone levels are associated with better cognitive performance in elderly 
men (Muller et al., 2005); some studies have shown that testosterone supple-
mentation enhances working memory and spatial cognition in elderly men 
(Janowsky, 2006). However, levels of testosterone that are too high may be 
unable to improve verbal and spatial memory (Cherrier et al., 2007). Although 
testosterone therapy may have positive eff ects on cognition, it is unclear 
whether it is an eff ective treatment for depressive symptoms in elderly men 
(Carnahan and Perry, 2004; Shamlian and Cole, 2006).

Many more studies have analyzed the eff ects on the brain of therapies with 
female hormones. Th erapies with estrogen and progestin (HT) or estrogen-
only therapies (ET) are currently used (and have been for many years) for the 
treatment of symptoms of menopause. Many postmenopausal women have 
received HT or ET, we therefore have much more information on the eff ects 
on the aged human brain of female sex hormones than for other hormones. 
Both progesterone and estradiol have been shown to be neuroprotective in 
animal studies, and for preventing cognitive and neuronal loss in several 
experimental animal models of neurodegeneration (see Chapter 9). ET in 
humans is associated with an increase in the hippocampus volume (Lord 
et al., 2008), and most studies suggest that ET increases memory and cognitive 
function in healthy women (Henderson, 2000; Yaff e et al., 1998). For example, 
in the Baltimore Longitudinal Study of Aging, nondemented postmenopausal 
women receiving HT performed better on tests of verbal and visual mem-
ory compared with never-treated women in samples in which both groups 
of women were comparable with respect to educational attainment, general 
medical health, and  performance on a test of verbal knowledge (Resnick and 
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Maki, 2001). In addition, short-term ET has been shown to improve prefron-
tal cortex- dependent cognitive functions in postmenopausal women (Krug 
et al., 2006).

HT may also be an eff ective treatment of depression for perimenopausal 
women (Birkhauser, 2002), and may reduce the negative symptoms of schizo-
phrenia in postmenopausal women (Stevens, 2002). Some studies have 
suggested that estrogen may reduce the motor disability associated with 
Parkinson’s disease (Cyr et al., 2002; Dluzen and Horstink, 2003; Saunders-
Pullman et al., 1999; Tsang et al., 2000). Th ere is also evidence from observa-
tional studies suggesting that moderate exposure to exogenous estrogen may 
decrease the risk of stroke in postmenopausal women (Paganini-Hill, 1995, 
2001). Furthermore, some studies suggest that ET may prevent or delay the 
onset of Alzheimer’s disease (Paganini-Hill and Henderson, 1996); some ran-
domized trials using estradiol also suggest that the hormone may improve 
cognition for women with Alzheimer’s disease (Asthana et al., 2001). However, 
evidence of a protective eff ect of estrogens in the human brain is not without 
controversy. Some studies indicate that ET or HT have no eff ect on Parkinson 
disease (Saunders-Pullman, 2003). Other studies indicate that estradiol does 
not reduce mortality or the recurrence of stroke in postmenopausal women 
with cerebrovascular disease (Viscoli et al., 2001). In addition, some random-
ized trials do not support the argument for protective eff ects of estrogens 
for Alzheimer’s disease (Henderson et al., 2000; Mulnard et al., 2000; Wang 
et al., 2000). Some studies even suggest that HT may have a negative impact 
on cognition in postmenopausal women with Alzheimer’s disease (Shaywitz 
and Shaywitz, 2000). Furthermore, the Women’s Health Initiative (WHI) 
 randomized trial, where participants received one daily tablet of 0.625 mg of 
conjugated equine estrogens plus 2.5 mg of medroxyprogesterone acetate, or a 
matching placebo, suggests an increased risk of dementia and stroke as a result 
of long-lasting hormonal treatment several years aft er menopause (Shumaker 
et al., 2003; Wassertheil-Smoller et al., 2003; Yaff e, 2003). Th erefore, there is an 
apparent discrepancy between the potent neuroprotective eff ect of sex steroids 
in animal models and the high variability of results in human studies; the 
question as to the source of these discrepancies naturally arises.

One potential source for the discrepancies in the literature is that there is 
a considerable variation in the exact hormonal composition and pattern of 
administration of HT in humans. Usually, a mixture of diff erent natural or 
synthetic estrogens and natural progestins is administered. Diff erences in for-
mulation, dose, route of administration, length of treatment, and sample size 
have been proposed as explanations for the disparity of results between diff er-
ent studies. For instance, diff erent progestins may have very diff erent eff ects on 
the brain. Medroxyprogesterone acetate, used in the WHI study, may have sev-
eral undesirable eff ects. In animals, the neuroprotective eff ects of progesterone 
are blocked by the inhibition of its metabolism into dihydroprogesterone and 
tetrahydroprogesterone, and both progesterone metabolites seem necessary to 
exert neuroprotection (Ciriza et al., 2006). In contrast, medroxyprogesterone 
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acetate cannot be metabolized into dihydroprogesterone and tetrahydropro-
gesterone, is not neuroprotective in animals (Ciriza et al., 2006), and may even 
block neuroprotection by estradiol (Nilsen and Brinton, 2002a, b; Nilsen et al., 
2006). It cannot be excluded therefore that natural progesterone, being able 
to be transformed into the neuroprotective metabolites dihydroprogesterone 
and tetrahydroprogesterone by neural  tissue may have better cognitive eff ects 
in the human brain than medroxyprogesterone acetate (see also Chapter 9). 
However, the estrogens-alone portion of the WHI study has not provided sup-
port for the expected benefi cial eff ects of estrogens in the brain. However, the 
WHI did not use estradiol but equine estrogens. Th is may be the source of the 
discrepancy (Sherwin and Henry, 2008).

Two other parameters that may be highly relevant in explaining the 
 diff erent results is the age of the women receiving the treatment, or the pre-
vious duration of hormonal deprivation. Th e focus of the WHI study on 
women who were already many years beyond the onset of menopause is a seri-
ous  limitation, since there are reasons to think that perimenopause may be a 
critical period for the highest effi  cacy of hormonal therapy on the prevention 
of brain disorders. Indeed, most studies that have analyzed the outcome of 
HT or ET treatments during the perimenopausal period have found positive 
cognitive eff ects (Henderson et al., 2005; Maki, 2006a, b). It is conceivable 
that during this critical period the brain may be adapting to the changing 
hormonal conditions. Another important consideration is the infl uence of 
an extended period of gonadal hormone deprivation on the neuroprotective 
eff ects of estrogen. Th e laboratory of Phyllis Wise has reported that estradiol 
loses neuroprotective and antiinfl ammatory actions against brain ischemia in 
mice aft er a long period of hypoestrogenicity. Estradiol exerts neuroprotective 
and antiinfl ammatory actions when administered immediately aft er an ovari-
ectomy, but not when administered 10 weeks aft er an ovariectomy (Suzuki 
et al., 2007a). Th ese results are important when explaining the discrepancy 
between the fi ndings of basic research and those of the WHI study in which 
the majority of women were treated with hormone therapy aft er an extended 
period of hormonal deprivation. Th erefore, the length of hormonal depriva-
tion may aff ect brain responsiveness to ovarian hormones. In addition, age is 
another important factor to consider. It should be noted that the WHI data are 
relevant for long-term hormonal therapy started in women aged 65 and over; 
it could be that the brain may also lose responsiveness to hormones with age. 
Th is question will be analyzed further in the next section.

DOES AGING AFFECT BRAIN RESPONSIVENESS TO HORMONES?

Most studies in animal models have used young adult rodents submitted to 
diff erent forms of brain injury to assess the neuroprotective eff ects of hor-
mones (see Chapter 9). Very little is known about the eff ects of hormone thera-
pies in the brains of older animals. Th e aged brain shows a reduced sensitivity 
to several hormones (Smith et al., 2005). For instance, the brains of old rats 
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are less sensitive to leptin. Th e infusion of this hormone is more eff ective in 
reducing food consumption in young rats than in old rats. In addition, leptin 
induces an increase in oxygen consumption in young rats but not in old rats. 
Th e diff erent eff ects of leptin in young and aged animals may be related to the 
fact that the hormone reduces neuropeptide Y levels in the hypothalamus of 
young animals but not in old animals. Th e aging brain is also less sensitive 
to ghrelin. Th e administration of ghrelin increases growth hormone levels in 
plasma. However, this response to ghrelin is reduced in elderly people due 
to age-dependent changes in hypothalamic responsiveness to the hormone. 
Th e limited evidence available suggests that, at least in rodents, sex steroids 
may still exert some neuroprotection in the aged brain. Sex steroids, and their 
precursors pregnenolone and DHEA, decrease age-related memory defi cits 
in rodents (Vallée et al., 2001). Progesterone exerts neuroprotective eff ects 
against traumatic brain injury in aged rats (Cutler et al., 2007), and motoneu-
rons of aged male rats retain synaptic plasticity in response to androgens 
(Matsumoto, 2001). Furthermore, it has been shown that estradiol decreases 
gliosis in the brain of aged mice (Lei et al., 2003; Saravia et al., 2007) and 
protects the brain of middle-aged rats (9–12 months) from a middle cerebral 
artery occlusion (Dubal and Wise, 2001). Estradiol also has similar eff ects 
on long-term synaptic potentiation and long-term synaptic depression in the 
hippocampus of adult (3–5-month-old) and aged (18–24-month-old) male 
rats, although the eff ect on long-term synaptic potentiation is smaller in aged 
rats (Foy et al., 2008). Furthermore, estradiol is still protective in aged rats 
against the eff ects of behavioral stress on synaptic plasticity (Foy et al., 2008). 
However, other studies suggest that some forms of plasticity in response to 
estrogen are abolished in the brain of old rats (Adams et al., 2001). Estradiol is 
also able to promote hippocampal neurogenesis in middle-aged mice (Saravia 
et al., 2007) and old rats (Perez-Martin et al., 2005), although it is not able to 
restore the rate of hippocampal neurogenesis to the level observed in young 
animals (Perez-Martin et al., 2005).

As mentioned at the beginning of this chapter, myelin loss may be one of 
the most important contributors to brain dysfunction with aging (Bartzokis, 
2004; Salat et al., 2005). Th erefore, it is important to search for potential treat-
ments to promote remyelination in the aged brain. In this regard, it is highly 
relevant that progesterone may exert a modest but signifi cant reversal of the 
age-associated decline in brain remyelination in middle-aged rats (Ibanez 
et al., 2004). Peripheral myelin is also responsive to progesterone in aged rats, 
although aging aff ects the responsiveness of peripheral nerves to the hormone. 
Th e aging process induces important biochemical and morphological changes 
in peripheral nerves; the prevalence of peripheral neuropathy in humans rises 
from about 2.4% to 8% with aging. Aging is associated with a decrease in the 
synthesis of myelin proteins, such as P0 and PMP22. In parallel, large mye-
linated fi bers undergo atrophy, while myelin sheaths increase in thickness 
and show various irregularities, like myelin ballooning, splitting, infolding, 
reduplication, and remyelination. A reduction in the number and density of 
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myelinated fi bers has been reported with aging in peripheral nerves of several 
animal species; this eff ect is particularly evident in myelinated fi bers of small 
caliber. Indeed, more than 60% of the myelinated fi bers with a diameter under 
5 μm are lost in aged animals. Moreover, alterations in the size and shape of 
myelinated fi bers also occur with aging.

Roberto C. Melcangi and his collaborators at the University of Milan have 
detected that treatments with progesterone and dihydroprogesterone are able 
to increase the levels of the myelin protein P0 in the sciatic nerve of aged male 
rats, while tetrahydroprogesterone signifi cantly increases the protein levels of 
PMP22 (Melcangi et al., 2003, 2005). Moreover, the treatments with proges-
terone or its metabolites have clear eff ects on the number and shape of mye-
linated fi bers, as well as on the frequency of myelin abnormalities. One of the 
most striking eff ects of the steroids is on the number of myelinated fi bers of 
a small caliber (<5 μm), which is signifi cantly increased by progesterone and 
its metabolites in the nerves of old rats. Th is is accompanied by a decrease of 
similar magnitude in the number of unmyelinated axons, and in particular, to 
large (>3 μm) unmyelinated axons. Moreover, the morphometric analysis sug-
gests that the increase in the number of myelinated fi bers refl ects an increased 
remyelination of small fi bers in aged sciatic nerves. Another signifi cant eff ect 
of the treatments of old rats with progesterone, dihydroprogesterone, and 
tetrahydroprogesterone is the reduction in the frequency of axons with mye-
lin abnormalities. Th ese steroids signifi cantly reduce the frequency of axons 
with myelin infoldings (one of the structural alterations that increases in aged 
nerves), and reduce the proportion of fi bers with irregular shapes. Th erefore, 
progesterone therapy may contribute to the preservation of the functional 
and structural integrity of peripheral nerves with aging (Azcoitia et al., 2003; 
Melcangi et al., 2003, 2005). However, Roberto C. Melcangi and his collabora-
tors have also detected a decreased capacity of the aged peripheral nerves to 
metabolize progesterone into dihydroprogesterone and tetrahydroprogester-
one. Interestingly, the peripheral nerves of aged rats, although responsive to 
progesterone, are less sensitive to the neuroprotective eff ects of progesterone 
than the nerves of young rats. Th erefore, aging may aff ect the responsiveness of 
peripheral nervous system to progesterone, due to the reduced capacity of the 
aged nerves to metabolize progesterone into the neuroprotective metabolites 
dihydroprogesterone and tetrahydroprogesterone (Melcangi et al., 2000b). 
A similar situation may occur in the central nervous system. It is clear that 
more studies are needed to determine to what extent sex steroid metabolism is 
altered in the brain of old animals.

In addition, neuroprotective eff ects of sex steroids that depend on the acti-
vation of their nuclear receptors may be impaired in the aged nervous system, 
because aging may aff ect the expression of steroid receptors and steroid recep-
tor coactivators (Jezierski and Sohrabji, 2001; Matsumoto and Prins, 2002). 
Th erefore, sex steroid receptor signaling may be very diff erent in young and 
older brains; consequently, the eff ects of sex steroids in the brain of young ani-
mals may not be predictive of the eff ects of the same molecules in aged brains. 
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In addition to changes in steroid receptor expression and signaling, there is 
at least one other good reason to explain why neuroprotective eff ects of sex 
steroids may be reduced in the aged brain: aging may also deplete other sub-
stances that may be necessary for the eff ects of sex steroids. Th ese may include 
growth factors, neuromodulators, neurotransmitters, and their receptors. 
For instance, Forger and her colleagues (Xu et al., 2001) have shown that the 
induction of motoneuron cell survival by testosterone in the spinal nucleus of 
the bulbocavernosus muscle (SNB) of rats is prevented by an acute blockade of 
the neurotrophin receptors TrkB and TrkC, as well as the blockade of the cili-
ary neurotrophic factor receptor-α. Th ese fi ndings indicate that endogenously 
produced trophic factors are necessary for the eff ect that testosterone has on 
neuronal survival. Another growth factor involved in the actions of sex ste-
roids is IGF-I. Evidence has accumulated to support the idea that the actions of 
estrogen and IGF-I in the brain are interdependent. As seen in Chapters 5, 6, 
and 9, the interdependence between estrogen and IGF-I, or between estrogen 
receptors and IGF-I receptors, has been documented for neuronal diff erenti-
ation, synaptic plasticity, adult neurogenesis, and neuroprotection (Cardona-
Gomez et al., 2001; Garcia-Segura et al., 2007; Mendez et al., 2005, 2006). 
Plasma levels of IGF-I decrease with aging, and IGF-I treatment to old rats 
ameliorate several age-related defi cits in the brain (Lichtenwalner et al., 2001; 
Lynch et al., 2001). Since brain IGF-I and IGF-I receptor levels are aff ected by 
aging (Sonntag et al., 1999), the eff ect of estrogen receptor activation may be 
very diff erent in young and old brains because aging decreases the availability 
of this key synergist.

DOES THE BRAIN HAVE MECHANISMS TO COUNTERBALANCE 
HORMONAL CHANGES WITH AGING?

As seen in previous chapters, several hormones that aff ect brain plasticity and 
function are also produced by nerve cells as autocrine or paracrine factors. 
Th ese molecules therefore have the duality of being hormones and locally pro-
duced neural factors. As hormones, they are involved in endocrine signaling. 
As local molecules, they may act as neuromodulators or growth factors acting 
by paracrine or autocrine mechanisms. Very little is known regarding how 
local synthesis of these factors is regulated in the brain. We have noted how 
Ames dwarf mice are able to increase the local synthesis of growth hormone 
and IGF-I in the brain to counterbalance the peripheral defi ciency of these 
molecules. It may be assumed that, under physiological conditions, the brain 
may also adapt the local synthesis of these molecules and their receptors, 
at least in part. Indeed, we know that local synthesis of IGF-I in most brain 
regions is elevated during development, and declines dramatically in adult-
hood. In contrast, IGF-I plasma levels are high during adulthood. Th us, low 
levels of IGF-I synthesis in the brain are associated with high plasma levels of 
IGF-I in adults. Th is suggests that the actions of peripheral IGF-I predominate 
in the adult brain, while local actions of IGF-I predominate in the developing 
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brain. Do high peripheral IGF-I levels present in the plasma in adults down-
regulate local IGF-I synthesis in the brain? Th e studies of Andrzej Bartke and 
his colleagues on Ames dwarf mice suggest that peripheral IGF-I levels in 
some way may regulate the synthesis of IGF-I in the brain. Th us, it is conceiv-
able that physiological changes aff ecting IGF-I plasma levels may be accom-
panied by physiological modifi cations in the synthesis of IGF-I by nerve cells. 
However, we do not have enough data yet to answer this question, and we do 
not know if the brain is regulating IGF-I synthesis to counteract the decline of 
IGF-I levels in plasma with aging.

A similar situation occurs for other hormones, such as sex steroids. As ana-
lyzed in Chapter 4, the capability to synthesize steroids is not only a peculiar-
ity of the classical steroidogenic tissues (such as the gonads and adrenal gland), 
but may also be ascribed to the nervous system. Cholesterol is transformed 
into pregnenolone by the cholesterol side-chain cleavage enzyme (P450scc) in 
nerve cells, and pregnenolone is metabolized into progesterone by the enzyme 
3β-hydroxysteroid dehydrogenase. Progesterone may then be transformed 
into its reduced metabolites dihydroprogesterone and tetrahydroprogesterone 
via the enzymatic complex formed by the 5α-reductase and 3α-hydroxysteroid 
dehydrogenase. Dihydroprogesterone and tetrahydroprogesterone mediate 
several eff ects of progesterone in the brain, acting via diff erent mechanisms. 
Dihydroprogesterone acts on progesterone receptors, while tetrahydroproges-
terone regulates the activity of ion channels associated with neurotransmit-
ter receptors, such as the GABAA and NMDA receptors. By these actions on 
neurotransmitter receptors, tetrahydroprogesterone has anxiolytic and anti-
depressive eff ects. It is conceivable that physiological changes in progesterone 
levels in plasma during the ovarian cycle, during pregnancy, and aft er deliv-
ery may aff ect progesterone and tetrahydroprogesterone levels in the brain. 
Th is infl uence of peripheral progesterone in the brain may be related to the 
changes in mood that some women experience during the menstrual cycle 
or with postpartum depression, when the brain is suddenly deprived of pro-
gesterone as a consequence of the drop in the levels of this hormone aft er 
delivery. Progesterone in plasma is very high during pregnancy; therefore, the 
brain has an abundant peripheral supply of progesterone to produce tetra-
hydroprogesterone. However, progesterone decreases abruptly aft er delivery 
and the brain looses this abundant peripheral supply for the synthesis of the 
endogenous anxiolytic tetrahydroprogesterone. Th e brain likely has to adapt 
its local synthesis of progesterone and tetrahydroprogesterone to compensate 
for the changing peripheral input of these molecules. We know from animal 
studies that the levels of progesterone, dihydroprogesterone, and tetrahydro-
progesterone in the brain do not necessarily match the changing levels of 
these molecules in plasma. Th is suggests that the brain regulates progester-
one synthesis and metabolism in order to maintain the adequate local levels, 
independent of the changing peripheral abundance of progesterone. It is also 
conceivable that individual diff erences in the adaptation of local synthesis of 
progesterone and tetrahydroprogesterone may result in individual diff erences 
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in the ability of the brain to compensate for the changing hormonal input. We 
may assume that not all female brains would be able to counterbalance the 
changes in peripheral hormones with the same accuracy. Indeed, it is evident 
that not all women experience the same depressive symptoms in the post-
partum period, and not all experience the same mood changes during the 
menstrual cycle. However, I want to emphasize that it would be a fl agrant, 
unjustifi ed contribution to reductionism to ascribe all the individual diff er-
ences in mood during the menstrual cycle or aft er parturition to individual 
diff erences in the synthesis and metabolism of progesterone. It is obvious that 
many other causes may aff ect the psychological situation of women in these 
circumstances. What I would like to suggest is that individual diff erences 
in brain progesterone synthesis and metabolism may represent a risk factor, 
or a contributing factor, for the diff erent individual responses to hormonal 
changes that, no doubt, are infl uenced by many other biological, psychologi-
cal, and social circumstances.

Th e decrease of progesterone levels in plasma aft er menopause may also 
aff ect progesterone and tetrahydroprogesterone levels in the brain, and infl u-
ence the appearance of depressive symptoms and aff ective disorders in post-
menopausal women. Once again, not all postmenopausal women experience 
the same symptoms aft er menopause; this suggests that the brain is able to 
counterbalance the hormonal changes aft er menopause. It may be hypoth-
esized that the compensation for hormonal loss by local synthesis or other 
mechanisms may diff er among individuals. Hormonal therapy may then 
possibly have a negative impact for those individuals in which the brain has 
adapted to hormonal loss. Th e same argument may be raised for other neu-
roprotective hormones that decrease in plasma with aging, such as IGF-I. Th e 
brain may have endogenous mechanisms to counterbalance this defi cit; local 
synthesis of these neuroprotective molecules may be one of them. However, 
the brain of some individuals may be unable to adequately counterbalance 
the hormonal alterations with aging, and this may contribute to impairment 
in brain function and the development of brain disorders. In these particu-
lar cases, hormonal therapy may be an option to consider as a compensatory 
treatment.

For therapies with ovarian hormones, the perimenopause may represent a 
critical period when the brain may be adapting local steroid synthesis to the 
new situation created by the loss of ovarian function. Steroid receptor machin-
ery and steroid synthesis in the brain is likely not yet severely aff ected by the 
new situation. In contrast, several years aft er menopause, the brain of many 
women may have counterbalanced the hormonal defi cit, either by adapting 
its local steroid synthesis or by other unknown mechanisms. For instance, 
we know that steroid hormone receptors may be activated by growth factors 
(estrogen receptors) or dopamine (progesterone receptors) (Blaustein, 2004). 
It is conceivable that these factors may activate steroid receptors in the aged 
brain, compensating for the absence of steroids. It is therefore plausible that 
hormonal therapy and estrogen therapy may have a negative impact on these 
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brains that are now in a diff erent homeodynamic condition, having adapted to 
functioning with low levels of circulating ovarian hormones.

Unfortunately, we know very little regarding the levels of hormones in the 
human brain, and very little about levels of hormones in the brain of aging 
animals. We do know, however, that plasma levels of hormones in experi-
mental animals do not necessarily refl ect the brain hormonal levels. Th ere 
are a few reports regarding the levels of hormones on cerebrospinal fl uid in 
elderly individuals. Some studies have found a decrease with age in estradiol 
and an increase in cortisol levels in the cerebrospinal fl uid of women with age, 
especially aft er menopause (Murakami et al., 1999). Increased cortisol levels 
have also been detected in the cerebrospinal fl uid of elderly men; some studies 
also suggest a decrease in DHEA levels (Guazzo et al., 1996). Still, we ignore 
the degree to which cerebrospinal fl uid levels of these hormones adequately 
refl ect their levels in brain tissue; in general, our information regarding pos-
sible changes and individual diff erences in brain hormonal levels with aging 
is clearly unsatisfactory.

OPPORTUNITIES FOR THERAPEUTIC INTERVENTION: HORMONE 
THERAPIES AND BEYOND

We are still a long way from being able to design rational protocols for hor-
monal therapies to protect the brain from the eff ects of aging. More studies 
into understanding the mechanisms of the action of hormones in the aging 
brain are necessary. More information is needed on the interaction of hor-
mones with other neuronal survival factors that are aff ected by the aging pro-
cess. Moreover, it is not clear yet whether hormones may be protective from 
some types of damage but deleterious in the case of other types of brain insult. 
Alternative strategies to hormonal therapies that may be clinically more eff ec-
tive can be experimentally tested. Gene therapy directed toward increasing 
the levels of peptide hormones in specifi c brain areas may be experimentally 
tested as a therapeutic approach to reduce brain defi cits associated with aging. 
Experimental gene therapy in rats, by the stereotaxic administration of an 
adenoviral vector expressing IGF-I, has given positive results in preventing 
the loss of hypothalamic tuberoinfundibular dopaminergic neurons with 
aging (Herenu et al., 2006, 2007).

It may also be useful to exploit the endogenous capacity of the brain to 
synthesize (as local paracrine or autocrine factors) some of the hormones 
aff ected by aging, such as growth hormone, ghrelin, IGF-I, and sex steroids. 
For instance, one approach to increase growth hormone and IGF-I levels in 
aged people is the administration of GHRH ( growth-hormone-releasing hor-
mone) analogs, or the use of molecules that increase the production of GHRH 
in the hypothalamus. For instance, L-dopa increases GHRH release in old 
rats, resulting in a pulsatile growth hormone profi le typical to that observed 
in young rats (Smith et al., 2005). IGF-I local synthesis in the brain may be 
enhanced by the administration of growth hormone. Th e use of new synthetic 
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agonists for the growth hormone secretagogue receptor may represent an 
option to increase growth hormone and IGF-I levels in elderly people.

For steroids, possible targets for therapeutic approaches are the proteins 
that participate in the transport of cholesterol from the cytoplasm to the inner 
mitochondrial membrane. Cholesterol is converted into pregnenolone in the 
mitochondria, then pregnenolone is converted into DHEA or progesterone 
in the endoplasmic reticulum. Th e transport of cholesterol to the inner mito-
chondrial membrane is the rate-limiting step for steroid synthesis, and is 
highly regulated. Two proteins located in the mitochondrial membrane, the 
steroidogenic acute regulatory protein (StAR) (Stocco, 2001) and the periph-
eral-type benzodiazepine receptor, recently renamed as 18kDa translocator 
 protein (TSPO) (Lacor et al., 1999; Papadopoulos et al., 2006) are involved in 
this transport (see Chapter 4), and may represent good candidates for pharma-
cological treatments to increase steroid synthesis in the aging brain. In agree-
ment with this hypothesis, it has been shown that the TSPO ligand Ro5–4864 
exerts neuroprotective eff ects in the brain of young animals (Chapter 9) and a 
benefi cial eff ect on morphological parameters of the sciatic nerve of aged male 
rats (Leonelli et al., 2005). Th e treatment with this TSPO ligand signifi cantly 
increased the total number of myelinated fi bers and decreased the percentage 
of fi bers with myelin decompaction. In contrast to the neuroprotective eff ects 
exerted by Ro5–4864, the TSPO ligand PK11195, which binds to a diff erent 
site in the TSPO structure, did not signifi cantly aff ect any of the parameters 
analyzed (Leonelli et al., 2005). In addition to increasing local synthesis of 
neuroprotective steroids, other functions of TSPO may also be important to 
maintain sciatic nerve integrity. Th ese include the regulation of oxidative pro-
cesses, since TSPO may modulate mitochondrial sensitivity to reactive oxygen 
species. Reactive oxygen species have been implicated in several neurodegen-
erative events; these become generally worse during the aging process. For 
instance, it is well known that the rate and degree of recovery aft er peripheral 
nerve lesions decline with age, and it has been proposed that reactive oxy-
gen species contribute to this delayed recovery. Consequently, Ro5–4864 may 
in part protect peripheral nerves by reducing sensitivity to reactive oxygen-
 species-induced damage. Given these promising results, TSPO ligands and 
other molecules that may enhance steroidogenesis in the nervous system 
should be systematically tested in aged animals. Compounds that regulate 
StAR activity may also be explored and developed.

Other proteins of potential therapeutic interest are the enzymes respon-
sible for sex steroid formation and metabolism, such as 5α-reductase and 
aromatase. More information is needed on the levels of expression of these 
enzymes in the aged human brain, since a potential mechanism to locally 
increase sex steroid levels in the brain is to change the expression or activity of 
these enzymes specifi cally in the nervous system. For instance, the aromatase 
gene is under the control of diff erent tissue-specifi c promoters (Honda et al., 
1999; Yague et al., 2006), and it is conceivable that it will be possible to develop 
specifi c selective aromatase modulators that will enhance the expression of 
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this enzyme in the brain but not in other tissues. In addition, gene therapy can 
be envisaged to increase the production of steroidogenic enzymes in specifi c 
brain regions. Finally, other potential candidates for pharmacological target-
ing are the hormone receptors. Selective modulators for androgen and estro-
gen receptors are under development. Several studies have shown that some 
synthetic selective estrogen receptor modulators (SERMs), such as tamoxifen, 
raloxifene, or bazedoxifene, and some natural SERMs, such as genistein, are 
neuroprotective in vitro and in vivo (Azcoitia et al., 2006; Callier et al., 2001; 
Ciriza et al., 2004b; Dhandapani and Brann, 2002; Grandbois et al., 2000; 
Kimelberg et al., 2003; Kokiko et al., 2006; Mehta et al., 2003; Mickley and 
Dluzen, 2004; Rossberg et al., 2000; Tapia-Gonzalez et al., 2008; Zhao et al., 
2005, 2006). SERMs interact with estrogen receptors, and have tissue-specifi c 
eff ects distinct from those of estradiol, acting as estrogen receptor agonists in 
some tissues and as antagonists in others. Th erefore, some SERMs may have 
estrogenic actions in some brain regions but an absence of estrogenic actions, 
or even anti-estrogenic eff ects, in other brain regions or peripheral tissues. 
However, before the therapeutic use of these drugs as neuroprotectants is con-
sidered, it is essential to learn much more about the expression and regula-
tion of sex steroid receptors and their cofactors in the aging brain, and also 
the impact of aging on the convergence of sex steroid receptor signaling with 
other signaling pathways. In addition, SERMs may also exert protection by 
antioxidant actions (Zhang Y et al., 2007). Antioxidant nongenomic eff ects of 
estradiol and other estrogenic compounds are the basis for the development 
of estrogen derivatives with neuroprotective potency (Prokai and Simpkins, 
2007). Among these, a group of interesting molecules are the so-called non-
feminizing estrogens, such as 17α-estradiol, and the estratriene derivatives, 
which share the neuroprotective eff ects of 17β-estradiol but do not activate 
estrogen receptors in the reproductive tract (Dykens et al., 2003; Simpkins 
et al., 2004, 2005).

In conclusion, potential alternatives to the treatment with neuroprotective 
hormonal factors might be either the treatment with molecules able to induce 
their local synthesis in the brain, or with molecules able to interact with their 
receptors and signaling cascades, or a combination of both. However, before 
considering broad clinical applications, it is still necessary for more basic 
research to clarify the mechanisms of action and potential risks of some of 
these treatments. More important, those aspects of brain remodeling with 
aging that represent a positive adaptive response still need to be delineated 
from those that refl ect a pathological alteration, to better defi ne the adequate 
goals of therapeutic interventions.

HORMONES AND BRAIN AGING: SUMMARY

I have analyzed in this chapter the interaction of hormones and brain plasticity 
during aging. Th ere is an additional component that is important for under-
standing the brain and endocrine changes with aging: the immune system. 
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Th e immune, endocrine, and nervous systems suff er a remarkable adjustment 
with aging. Th e reorganization of the immune, endocrine, and nervous inter-
actions may engage in a substantial reorganization of hypothalamic circuits 
controlling hormonal secretions, and are also accompanied by modifi ca-
tions of plastic responses in other brain regions (such as the hippocampus, 
amygdala, and the frontal cortex) involved in cognition and emotions. It is 
conceivable that the important changes observed in brain white matter with 
aging may be related with general alterations of immune and endocrine func-
tions. Plastic reorganization in brain gray matter with aging appears to have 
regional specifi city, and may in part involve specifi c neural remodeling as an 
adaptation to endocrine alterations. In this regard, it is noticeable that brain 
areas involved with emotions and cognition are among those more aff ected 
by aging, and also among those where hormones exert a stronger regulation 
of structural and functional plasticity. Our hypothesis is that hormones exert 
selective regulation on some forms of neural plasticity in certain brain regions 
during aging. Furthermore, neuroplastic eff ects of hormones during previ-
ous periods of life predetermine the outcome of hormonal regulation of brain 
plasticity during aging. Th erefore, hormones exert plastic and metaplastic 
eff ects on the brain to adapt brain function to the new physiological condi-
tions in older ages.

Although increasing age is a risk factor for the development of neurodegen-
erative and aff ective disorders, age per se is not the cause of brain disorders, 
and not all plastic changes in the aged brain refl ect pathological alterations. 
Genetic factors, environmental infl uences, and general health status may 
aff ect brain function, resulting in a considerable degree of individual varia-
tion in the grade of cognitive and aff ective alterations in elderly people. Th e 
endocrine system is also reorganized with age, and the instability associated 
with the physiological remodeling of brain neuronal and glial networks in 
adaptation to these endocrine changes may also represent a risk factor for the 
onset of brain pathological alterations. In turn, brain remodeling with aging 
may cause further endocrine alterations. Th erefore, although hormonal reg-
ulation of brain plasticity during aging may in part represent an allostatic 
adaptation to maintain stable body function, in some cases it may result in 
a nonadaptive modifi cation caused by the impossibility to reach an adequate 
homeodynamic equilibrium. Th ese nonadaptive modifi cations may eventu-
ally cause pathological alterations that, for the brain, may be manifested as 
cognitive decline, depressive symptoms, or psychological disturbances.

As highlighted earlier in this chapter, an important factor that should be 
taken in consideration is the capacity of the aging brain to functionally adapt 
to the hormonal changes. Previous chapters have shown that many hormones 
aff ect brain function, and regulate morphological and functional synaptic 
plasticity and neurogenesis in adult animals. In some aspects, these hormones 
act as trophic neuroplastic factors that maintain a proper brain activity. Th us, 
the decline in the levels of some of these hormones with aging, such as DHEA, 
estradiol, progesterone, growth hormone, and IGF-I, may represent a challenge 
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for brain tissue, and may result in alterations in the regulation of brain plas-
ticity and a decreased protection of neurons and glial cells against environ-
mental and genetic factors that promote neurodegeneration. Apparently, one 
of the mechanisms that the brain uses to cope with the hormonal changes is 
to regulate the local synthesis of the same molecules, although we still do not 
know to what extent local synthesis in the aged brain is able to compensate for 
the modifi cations in peripheral hormone levels.

Hormone therapies for elderly people may in part help the brain to adapt 
to the endocrine changes associated with aging. In general, however, there is 
limited information regarding the risks and benefi ts associated with some of 
these therapies in humans. Th ere is also limited and fragmentary information 
about whether the responsiveness of the human brain to hormones is or is not 
aff ected by aging. Th erefore, we do not have enough information yet to design 
rational protocols for hormonal therapies to protect the aging brain. Some 
alternatives to hormonal therapies for the aging brain are currently being 
experimentally tested, including gene therapies or the use of pharmacologi-
cal agents that activate hormone receptors or regulate hormone synthesis and 
metabolism.
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Concluding Summary

As mentioned in the preface, the main aims of this book were to show that 
brain plasticity plays an essential role in the regulation of hormonal levels and 
that hormones orchestrate the multiple endogenous plastic events of the brain 
for the generation of adequate physiological and behavioral responses in adap-
tation to and prediction of changing life conditions. I hope to have been able 
to cover these aims by depicting in detail the continuous cross-talk between 
the endocrine glands and the nervous system to modulate brain plasticity and 
hormonal levels along lifespan.

Looking back now to the previous pages I feel that the book also illustrates 
how our view of the brain, which was still considered a static structure in the 
middle of the twentieth century, has dramatically changed in a few decades. In 
parallel, our view on the role of hormones in the modulation of brain function 
has also experienced a drastic modifi cation during this time. Th e book also 
shows that numerous hormones have a much broader range of actions on the 
brain than originally conceived.

At the end of my quest, and aft er reviewing an extensive amount of liter-
ature, I would like to propose several principles that may help to elaborate a 
unitary view on how hormones act on brain plasticity:

 a. Hormones are regulators of brain plasticity. In my view, one of the 
most important principles is that hormones act as regulators and not 
as causative agents of a specifi c form of brain plasticity. Brain plastic-
ity may be elicited in vitro in absence of hormones, and we have seen 
in the book numerous examples indicating that the same  hormone, 
depending on the context, may have diff erent eff ects on the same 
mechanism of plasticity.

 b. One single hormone regulates diff erent forms of brain plasticity. 
Another principle is that the neuroplastic response to a given hor-
mone integrates multiple mechanisms of action. Th us, a given hor-
mone may regulate diff erent mechanisms of plasticity, including 
cellular plasticity, cellular replacement, and functional synaptic 
plasticity.

 c. Divergent actions on brain plasticity. Hormones exert divergent 
actions and the same hormone may regulate plasticity in diff erent 
brain regions. In some cases, the hormone may enhance a specifi c 
form of brain plasticity in a given brain region and have the opposite 
eff ect in another brain region.
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 d. Convergent actions on brain plasticity. Conversely, we have also 
seen that the action of multiple hormones converge and interact to 
 regulate the same form of plasticity in a given brain region.

 e. Coordinated hormonal actions over space and time. Hormones 
 regulate metaplasticity. Multiple coordinated hormonal actions on 
plasticity in diff erent brain regions are integrated to generate the 
fi nal functional response. In addition, all hormonal actions on brain 
plasticity in diff erent brain regions and all the neuroplastic events 
regulating hormonal release are integrated over time, under the form 
of metaplasticity, to produce the adequate behavioral and physio-
logical homeodynamic responses within the context of diff erent life 
stages and diff erent life conditions.
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Figure 1.3. Incorporation of new neurons in the granule cell layer of the dentate 
gyrus of the hippocampus. Th e fi gure corresponds to a young adult (4 months old) 
female mouse. Newly incorporated neurons are immunolabeled in red for doublecor-
tin (DCX), a cytoskeletal maker of immature diff erentiating neurons. Granule cells 
are immunolabeled in green for the prospero-related homeobox 1 gene (Prox 1), a 
granule cell–specifi c transcription factor. Th e colocalization of green and red label-
ing indicates that the newly incorporated neurons are granule cells. Scale bar, 10 μm. 
(Courtesy of María Llorens-Martín and José Luis Trejo. Based on Llorens-Martín 
et al., 2007.)
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Figure 2.2. Glial and neuronal plastic remodeling in magnocellular neurons associ-
ated with the release of oxytocin in the adult supraoptic nucleus (SON). A: Under basal 
unstimulated conditions, neuronal somas are separated by multiple astrocytic pro-
cesses. B: Under conditions of high hormonal release, glial processes retract, and the 
proportion of magnocellular somas in juxtaposition with other somas (black arrows) 
is increased. Th ese plastic modifi cations are interpreted as a mechanism to facilitate 
synchronization of hormonal release by magnocellular neurons. When activity is back 
to basal conditions (red arrows), astrocytic processes again separate neuronal profi les. 
(Courtesy of Dr. Dionysia T. Th eodosis. Based on Th eodosis and Poulain, 1987.)
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Figure 2.3. Modifi cations in glial processes (highlighted in yellow) and axosomatic 
synaptic terminals (arrow) in the rat arcuate nucleus during the estrus cycle. Th e elec-
tron micrographs show two arcuate neuronal somas. (A) In the morning of proestrus, 
before the peak of estrogen in plasma. (B) In the morning of estrus. Th e number of 
axosomatic synaptic inputs decreases from proestrus to estrus. In parallel, there is 
an increased warping of arcuate neuronal somas by glial processes. Scale bar, 0.5 μm. 
(Microphotographs from the author.)
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Figure 2.5. Neuroglial plasticity associated with the release of gonadotropin releas-
ing hormone (GnRH) into the blood fl ow in the median eminence. Th e cellular pro-
cesses of tanycytes (T), specialized bipolar glial cells, are closely associated with 
gonadotropin-releasing hormone fi bers in the median eminence. Tanycytic processes 
extend and retract following hormonal changes during the estrus cycle in rodents. (A) 
Growth of tanycytic processes results in the ensheathment of gonadotropin-releasing 
hormone synaptic terminals (ST), preventing gonadotropin-releasing hormone release 
in the blood fl ow to the adenohypohysis. (B) Retraction of tanycytic processes during 
the preovulatory stage of the estrus cycle, allows the contact of gonadotropin-releasing 
hormone terminals with portal capillaries and the release of gonadotropin-releasing 
hormone to the blood fl ow.
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Figure 2.6. Transforming growth factor α (TGFα) regulates the extension and retrac-
tion of tanycytic processes in the median eminence in association with the release of 
gonadotropin-releasing hormone. TGFα fi rst induces the cellular extension of tanycytes 
and the release of prostaglandin E2 (PGE2). Th en, PGE2 induces the release of trans-
forming growth factor β1 (TGFβ1); this factor fi nally induces the cellular retraction of 
tanycytes. (A) TGFα released by astrocytes acts on tanycytes (1) and induces the growth 
of tanycytic processes. (B) Tanycytes also respond to TGFα (2) by releasing PGE2. In 
turn, PGE2 induces the release of TGFβ1 by tanycytes (3). Th en, TGFβ1 induces the 
retraction of tanycytic processes (4). (Based on Prevot, 2002; Prevot et al., 2003, 2007).
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Figure 2.7. Endothelial cells (E) may also play a critical role in regulating the exten-
sion and retraction of tanycytic processes in the median eminence in association with 
the release of gonadotropin-releasing hormone (GnRH). Endothelial cells of the median 
eminence use nitric oxide (NO) to promote cytoarchitectural changes in tanycytes (T). 
Th e stimulatory eff ect of NO on tanycyte plasticity involves the participation of soluble 
guanylyl cyclase (sGC) and cyclooxigenase (COX) activities. NO released by endothe-
lial cells (1) acts on tanycytes (2), causes retraction of tanycytic processes (3), which 
enables GnRH nerve terminals to directly contact the pericapillary space (4). (Courtesy 
of Dr. Vincent Prevot. Based on De Seranno et al., 2004; Prevot et al., 2007).
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Figure 2.8. Activation of endogenous NO secretion in the media eminence induces 
structural changes, allowing gonadotropin-releasing hormone (GnRH) nerve terminals 
to form direct neurovascular junctions. Representative electron micrograph of GnRH-
immunoreactive terminals (large arrowhead, green) in the external zone of the median 
eminence in close proximity of the fenestrated capillaries (Cap, red) of the portal vascu-
lature in absence (A) or presence (B) of L-arginine, the precursor of NO. (A) Under basal 
unstimulated conditions, GnRH nerve terminals (labeled with 15 nm gold particles) 
are entirely embedded in tanycytic end feet (Tan, yellow), which prevent them from 
contacting the pericapillary space (p.s., pink) delineated by the parenchymatous basal 
lamina (white arrow). (B) GnRH nerve terminals forming neurovascular junctions (i.e., 
directly contacting the pericapillary space; white arrow) in median eminence explants 
aft er incubation for 30 minutes with L-arginine. Very few tanycytic processes (yellow) 
remain around GnRH nerve endings that have direct access to the pericapillary space 
(black arrows), suggesting that tanycytic end feet underwent retraction. Scale bar: 0.5 
μm. (Courtesy of Dr. Vincent Prevot. Based on De Seranno et al., 2004)



Figure 4.7. Methylene blue–stained section of an olfactory bulb showing BrdU-
immunoreactive nuclei (arrows) in the granule cell layer of the main olfactory bulb of 
an ovariectomized rat. Scale bar = 50 μm. (Microphotograph courtesy of Dr. Arpad 
Parducz.)

Figure 5.1. Localization of estrogen receptor α and IGF-I receptor immunoreactivi-
ties in the arcuate nucleus of the rat hypothalamus. Estrogen receptor α immunoreac-
tivity is observed in neuronal cell nuclei (green) and IGF-I receptor immunoreactivity 
in the soma and cell processes (red) in the same neurons (arrow). Scale bar, 20 μm. 
(Microphotograph courtesy of Dr. Gloria Patricia Cardona-Gomez).
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Figure 5.2. Metabolic hormones regulate glutamatergic (Glut) and GABAergic 
(GABA) synaptic plasticity in diff erent brain regions. In the arcuate nucleus (A), both 
leptin and ghrelin alter the synaptology of proopiomelanocortin (POMC) neurons in 
support of either satiety (leptin) or hunger (ghrelin). In the lateral hypothalamus (B), 
leptin-dependent reorganization of excitatory inputs and miniature excitatory post-
synaptic currents were observed on hypocretin (Hcrt) neurons in response to fasting 
in a manner that promotes increased arousal. In the ventral tegmentum (C), dopa-
mine neurons showed rapid changes in the GABAergic and glutamatergic inputs in 
response to ghrelin in association with increased dopamine neuronal activity and 
feeding. Ghrelin also altered synaptic spine density in granular/pyramidal cells of the 
hippocampus (D) in parallel with increased propagation of long-term synaptic poten-
tiation and enhanced performance of animals in various behavioral tasks. (Courtesy 
of Dr. Tamas Horvath).
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