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PREFACE

The hippocampus, greek name for seahorse, is one of the most fascinating and intriguing
region of the mammalian brain. It is a bilateral incurved seahorse-shaped structure of the
cerebral cortex. The hippocampus has a highly distinctive morphology. It is composed of two
regions, the dentate gyrus (DG) and the Cornu Ammonis (CA). The nerve cells of the main
layer of the DG and CA regions, the granule cells and pyramidal cells respectively, are
organized in a tri-synaptic lamellaire circuit. The granule and pyramidal cells are
glutamatergic excitatory. The granule cells elicit unique histological, biochemical,
developmental, physio- and pathological features. The hippocampus is also an area of the
brain that elicits a high degree of plasticity, like synaptic and phenotypic plasticity. It is also
one of the few regions of the brain where neurogenesis, the generation of new nerve cells,
occurs throughout adulthood. The hippocampus is involved in physio- and pathological
processes, like learning and memory, Alzheimer’s disease and epilepsy. For these reasons,
the hippocampus is one of the most studied and characterized regions of the mammalian
brain.

This book covers all the aspects of the hippocampus; its anatomy, histology,
biochemistry, development, plasticity, physio- and pathology. It exposes the latest research
and discoveries, particularly in adult neurogenesis and neural stem cell research. These
discoveries considerably contribute to enhance our knowledge and understanding of the
nervous system, and will shape future therapies for the treatment and cure of a broad array of
neurological diseases, disorders and injuries, including Alzheimer’ and Parkinson diseases,
depression, cerebral strokes, spinal cord and traumatic brain injuries.






INTRODUCTION

The hippocampus (greek hippocampus: seahorse), is a bilateral incurved seahorse-shaped
structure of the cerebral cortex [1]. The cerebral cortex also named “grey matter”, as it is
composed of neurons with unmyelinated fibers, is involved in a number of higher functions,
like consciousness, information processing, language, memory and sensation.

The hippocampus is phylogenetically amongst the oldest structures of the brain. It lies
beneath the neocortex, on the basal medial surface of the temporal lobes. The neocortex is the
outer region of the cerebral cortex. It is composed of several lobes and has developed
considerably during evolution in higher mammals. In rat and other lower mammals, it is a
smooth structure, whereas in primates and other higher mammals, it has deep grooves and
wrinkles. The neocortex is phylogenetically the most recent structure of the brain.

The hippocampus belongs to the limbic (latin limbus: border) system. An ensemble of
brain regions, forming a limbus in the cerebral cortex, involved in emotion and memory, that
also includes the amygdala, hypothalamus, olfactory cortex and other nearby areas.

The hippocampus has a highly distinctive morphology. It is composed of two regions, the
dentate gyrus (DG) and the Cornu Ammonis (CA). The CA region is itself divided in 3
subfields, CA1, CA2 and CA3 [2]. Each of these regions is composed of a main cell layer,
the principal cell layer. The nerve cells of the principal cell layer of the DG are the granule
cells and the nerve cells of the principal cell layer of the CA regions are the pyramidal cells.
The granule and pyramidal cells are excitatory glutamatergic.

The hippocampus is anatomically simpler than most other regions of the brain. The
granule and pyramidal cells are organized in unique pathway, a tri-synaptic circuit. The tri-
synaptic circuit is organized in lamella along the hippocampus. The hippocampus is also an
area of the brain that elicits a high degree of plasticity, like synaptic and phenotypic
plasticity.

The axons of the granule cells, the mossy fibers (MFs), establish synaptic contacts with
the pyramidal cells of the CA3 region. The granule cells and MFs elicit unique histological,
biochemical, developmental, and physio- and pathological features. Particularly, in 1992,
Sandler and Smith reported the presence of y-aminobutyric acid (GABA)-immunoreactivity
in the MF ending nerves [3]. GABA is the main inhibitory neurotransmitter and the
neurotransmitter of interneurons in the nervous system. The presence of an inhibitory
neurotransmitter, in an excitatory nerve cell population, raises the question of the role of
GABA in granule cells and MFs.
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In the nervous system, a principle, known as the Dale’s principle, enounces the principle
of chemical identity of nerve cells [4]. The presence of GABA in granule cells raises the
question of whether all MF synapses contain the same distribution of neurotransmitters and
challenges basic concept of neuronal network functioning.

The hippocampus is also a site of a novel form of plasticity, the generation of new
neuronal cells in the adult brain or adult neurogenesis [5]. The confirmation that neurogenesis
occurs in the adult brain and neural stem cells reside in the adult central nervous system is as
important for cellular therapy, as for our understanding of brain functioning and
physiopathology [6].

The hippocampus is involved in physio- and pathological processes, like learning and
memory, Alzheimer’s disease and epilepsy.

In all, the hippocampus is one of the most fascinating and intriguing regions of the
mammalian brain. Research and discoveries conducted in this brain region contribute
considerably to enhance our knowledge and understanding of the nervous system. They will
shape future therapies for the treatment and cure of a vast array of neurological diseases,
disorders and injuries, including Alzheimer’ and Parkinson diseases, depression, cerebral
strokes, spinal cord and traumatic brain injuries.
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Chapter |

THE HIPPOCAMPUS

ABSTRACT

The hippocampus (Greek. hippos, horse, and kampe, curve) is a highly distinctive
and structured region of the brain. It is a compact, elongated and incurved structure, with
a seahorse shape after which it is named. There are two hippocampi, located on each side
of the brain. They lie beneath the neocortex, on the basal medial surface of the temporal
lobes. The hippocampi are anatomically simpler than most other areas of the central
nervous system (CNS). They are composed of two regions: the dentate gyrus (DG) and
Cornu Ammonis (CA). The CA region is divided into four subfields, CA1, CA2, CA3
and CA4. The DG and CA contain a principal cell layer, the granule and pyramidal cell
layers respectively. The hippocampi have a unique pattern of connectivity; a tri-synaptic
circuit organized in lamella along their septotemporal axis. The entorhinal cortex
represents the main afference of the hippocampus. The entorhinal cortex and
hippocampus are an important memory center of the brain.

INTRODUCTION

The cerebral cortex is a highly developed structure of the human brain that plays a role in
higher brain functions, like consciousness, information processing, language, memory and
sensation [1]. It is part of the grey matter, composed of unmyelinated nerve cells. The
neocortex is the outer region of the cerebral cortex. It is folded in lobes or cortical structures;
the frontal, parietal, occipital and temporal lobes [2]. The hippocampus is a bilateral
structure, located beneath the neocortex, on the basal medial surface of the temporal lobes
(figure 1). It extends from the amygdala to the septum, along the temporal lobes [2-6]. The
axis from the amygdala to the septum, along the temporal lobe, defines the septotemporal
axis of the hippocampus. The hippocampus and subiculum, in the inferior part of the
hippocampus, are often referred to as the hippocampal formation. The hippocampus is
phylogenetically one of the most ancient structures of the brain. It receives its main
afferences from the entorhinal cortex and sends efferences to other areas of the limbic and
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extra-limbic systems, like the fimbria/fornix and temporal neocortex. The hippocampus and
entorhinal cortex represent an important memory center of the brain [1].

Figure 1. Schematic of the human cerebral cortex. The cerebral cortex is a highly developed structure of
the human brain that plays a role in higher brain functions, like consciousness, information processing,
language, memory and sensation. It is part of the grey matter, composed of unmyelinated nerve cells.
The neocortex is the outer region of the cerebral cortex, it is folded in lobes or cortical structures; the
frontal, parietal, occipital and temporal lobes. The hippocampus is a bilateral structure, located beneath
the neocotex, on the basal medial surface of the temporal lobes. The hippocampus is phylogenetically is
one of the most ancient structures of the brain.

THE HIPPOCAMPUS

The hippocampus is divided in two regions, the dentate gyrus (DG) and Cornu Ammonis
(CA) or Ammon’s horn [7]. The DG has a “V” or “U” shape. The CA is a curved structure
forming a “U” enchased in the DG. The inside portion of the DG is known as the hilus or
hilar region. Nissl and Golgi staining reveal that the DG and CA are each composed of a
main cellular layer: the granule and pyramidal cell layers, respectively [8]. The granule and
pyramidal cell layers extend all along the septotemporal axis of the hippocampus. Nissl stain
is a histological stain that labels the rough reticulum endoplasmic of the cells (due to the
staining of the ribosomal RNA). It stains all the cells, particularly the neurons and glial cells
in brain sections. On nerve cells, Nissl stain is found in the cell bodies and dendrites, but
absent from axons [9]. Cresyl violet is a Nissl stain that is widely used; it colors cell bodies in
a brilliant violet. Golgi stain is a histological stain that labels only a few cell bodies in the
tissue, but in their entirety. As such, it allows a detailed visualization of individual cells. This
property makes this latter procedure particularly useful for characterizing neuronal cells and
their extensions, neurites and axons [10].

The DG and CA are structured in layers or strata. From inside-out, the strata of the DG
are: the polymorphic layer, the stratum granulosum and stratum moleculare. The
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polymorphic layer of the DG is located within the hilus. From inside-out, the strata of the CA
are: the stratum moleculare, stratum lacunosum (or lacunosum-moleculare), stratum
radiatum, stratum lucidum, stratum pyramidale, stratum oriens and the alveus. The principal
layers of the DG and CA are the stratum granulosum and pyramidale, or granule and
pyramidal cell layers, respectively. These dense layers contain the cell bodies of the granule
and pyramidal cells. The polymorphic layer of the DG, the stratum oriens and radiatum of
the CA regions contain various types of interneurons, mossy cells, basket cells, bipolar cells
[11].

HIPPOCAMPAL SUBFIELDS

The hippocampus is composed of anatomically distinct subfields, with different
morphology, cell shape and size, connectivity, electrophysiological properties and
susceptibility to insults [12-15].

The Dentate Gyrus

The granule cell layer or stratum granulosum is the principal layer of the DG; it contains
the cell bodies of the granule cells. The somas of the granule cells have a diameter of
approximately 7 um. The stratum moleculare contains the proximal dendrites of the granule
cells. The axons of the granule cells, the mossy fibers (MFs) project to the pyramidal cells of
the CA region, known as the CA3 region [16]. The proximal sections of the MFs run through
the polymorphic layer to the CA3 region. In the rat, the number of granule cells of the DG is
estimated at approximately 1 million [17,18].

The Cornu Ammonis

The pyramidal cell layer or stratum pyramidale is the principal layer of the CA region; it
contains the cell bodies of the pyramidal cells. Based on Golgi impregnation, Lorente de No
(1934) divided the CA region into four subfields: CA1, CA2, CA3 and CA4 (figure 2). The
CAL region is adjacent to the subiculum. The CA3 region is adjacent to the fimbria/fornix
and choroid plexus. The CA2 region is a small boundary between CA1 and CA3, and CA4 is
located in the hilus of the DG [19]. Standard histological stains, like cresyl violet, delineate
the cytoarchitectural boundaries of the hippocampal subfields, with the exception of the
CAZ2/CA3 boundary. The hippocampal fissure is a cell-free natural division that separates the
DG from the CA1 region.

The somas of the pyramidal cells have a triangular shape. Those in CA2 and CA3 are
larger than those in CALl. They measure 40 to 60 um at their base versus 20 to 40 um for
CA1 pyramidal cells. The stratum oriens contains the basal dendrites of the pyramidal cells.
The stratum moleculare contains the apical dendrites of the pyramidal cells. The dendrites of
CA3 pyramidal neurons are also thicker and shorter than those of CA1 pyramidal cells. The
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MFs, the axons of the granule cells, project to the CA3 region and establish synaptic contacts
with CA3 pyramidal cells in the stratum lucidum. The stratum lucidum is characterized by
the so-called “thorny excrescences”. The thorny excrescences correspond to the postsynaptic
components of synapses between the MF terminals and the apical dendrites of CA3
pyramidal cells [16]. According to Lorente de No’s (1934), the CA2 region corresponds to
the region of the CA subfield that does not elicit the pattern of the stratum lucidum of CA3
with the so-called thorny excrescences and, thus, does not receive MF input [19]. The
existence of CA2 has been questioned by other investigators. Many considered CA2 region
as a small transitional zone between CA1 and CA3 without real identity, where the two
classes of pyramidal neurons of CAl and CA3 mingle [20-25]. According to these
investigators, the CA region is primarily composed of two regions CAl and CA3.
Quantitative studies in rats estimate that the CA3 region is composed of 330.000 pyramidal
cells and the region CA1 of 420,000 pyramidal cells. The number of interneurons is not
known, but seems less important than the number of pyramidal cells [17,18].

HipPPOCAMPAL PATHWAYS

One of the main characteristics of the anatomy of the hippocampus is the connection of
the main afference of the hippocampus with the cells of the principal layers, the granule and
pyramidal cells, of the hippocampus in a lamellar tri-synaptic circuit. The hippocampus
receives its afferences from various neighboring brain areas, like the entorhinal cortex,
hypothalamus, septal nucleus median and nucleus of the diagonal band of Broca. Among
them, the entorhinal cortex, an important area for memory in the brain, represents the main
afference of the hippocampus.

The Tri-Synaptic Circuit

The hippocampus has a unique pattern of connectivity. The main pathways of the
hippocampus are organized in a tri-synaptic circuit, in lamella along the septotemporal axis
of the hippocampus (figure 2) [26-28]. The first link of the tri-synaptic circuit corresponds to
the main afference of the hippocampus, the pyramidal cells of the layer Il of the entorhinal
cortex. Their axons, the perforant fibers, run through the stratum moleculare of the DG and
project to the granule cells. Their axons are named perforant fibers, as they project to the
granule cells through the hippocampal fissure, perforing it. The granule cells project their
axons, the MFs, to the dendrites of the pyramidal cells of CA3, forming the second link of the
circuit. The pyramidal cells of CA3 send collaterals, the collaterals of Schaeffer, to the
pyramidal cells of CA1 forming the third link of the hippocampal tri-synaptic circuit. The
collaterals of Schaeffer run through the stratum radiatum. The tri-synaptic organization of the
main cell layers of the hippocampus implies that the information, from the entorhinal coxtex,
flows through the hippocampus primarily unidirectionally. The tri-synaptic circuit is
organized is near-transverse band or lamella, corresponding to a functional unit of the
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hippocampus. Lateral projections connect each lamella with each other along the
septotemporal axis [26-28].

Subiculum

Figure 2. Schematic of a sagittal plan of the hippocampus. The hippocampus is a highly distinctive and
structured region of the brain. It is a bilateral, compact, elongated and incurved structure. It is composed
of two regions: the dentate gyrus (DG) and the Cornu Ammonis (CA). The DG has a “V” or “U” shape.
The CA is a curved structure forming a “U” enchased in the DG. The hilus corresponds to the inside
portion of the DG. The CA region is divided into four subfields: CAl, CA2, CA3 and CA4. The CAl
region is adjacent to the subiculum. The CA3 region is adjacent to the fimbria/fornix region. The CA2
region is a small boundary between CA1 and CA3. CA4 is located in the hilus of the DG. In the
hippocampus, the identity of CA2 as a subfield of the CA region is the source of debates. The
hippocampus has a unique pattern of connectivity. The cells of the principal layers of the DG and CA
regions have distinctive morphologies, cell shapes, sizes and connections. The granule cell layer is the
principal layer of the DG (1). The pyramidal cell layer is the principal layer of the CA (2). The main
pathways of the hippocampus are organized in a tri-synaptic circuit, in lamella along the septotemporal
axis of the hippocampus. The first link of the tri-synaptic circuit corresponds to the main afferences of
the hippocampus, the pyramidal cells of the layer Il of the entorhinal cortex. Their axons, the perforant
fibers (3), project to the dentate granule cells through the hippocampal fissure. The hippocampal fissure
is a cell-free natural division that separates the DG from the CA1 region (4). The granule cells project
their axons, the mossy fibers (5), to the dendrites of the pyramidal cells of CA3, forming the second
link of the circuit. The pyramidal cells of CA3 send collaterals, the collaterals of Schaeffer (6), to the
pyramidal cells of CA1 forming the third link of the hippocampal tri-synaptic circuit. The tri-synaptic
organization of the main cell layers of the hippocampus implies that the information, from the
entorhinal cortex, flows through the hippocampus primarily unidirectionally. The tri-synaptic circuit is
organized is near-transverse band or lamella corresponding to a functional unit of the hippocampus.
Lateral projections connect each lamella with each other along the septotemporal axis. The
fimbria/fornix is the main output of the hippocampus.

Besides the tri-synaptic network, where each region of the entorhinal cortex and
hippocampus is linked to the next, a network of projections links one region to one or two
regions upstream [29]. The axons of the pyramidal cells of the layer Ill of the entorhinal
cortex, perforant fibers and temporo-ammonic projections, innerve the pyramidal neurons of
the CA1 and CA3 regions. The CA3 pyramidal cells project not only to CA1, but also to the
subiculum and entorhinal cortex, and sends axons, collateral fibers or recurrent fibers, to
other neurons of CA3. The CAl pyramidal cells also send fibers to the subiculum and
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entorhinal cortex. The only exception to this last rule concerns the granule cells of the DG
that innervate only pyramidal cells of the CA3 region [30,31].

The axons of the pyramidal cells run through the alveus to the fimbria/fornix, the main
output of the hippocampus.

Hippocampal Afferences

Besides the afferences from the entorhinal cortex, layers Il and 111, that project to the DG
where they establish synaptic contacts with granule cells and to CA1 and CA3 pyramidal
neurons, respectively, other afferences of the hippocampus originate from:

o the hypothalamus. These afferences project to the DG and CAZ2 regions [32,33].
These fibers enter the hippocampal formation by the fimbria/fornix,

e the septal nucleus median and nucleus of the diagonal band of Broca. These
afferences project to all hippocampal regions, and mainly to the DG and CA3
regions [34,35]. These afferences, cholinergic and GABAergic, project to
GABAergic interneurons, representing an example of double GABAergic inhibition
in the septo-hippocampal network [36],

e the contralateral hippocampus. A network of afferent GABAergic fibers, the
commissural fibers, originating from the contra-lateral hippocampus enters the other
hemisphere via the corpus callosum and to the hippocampus via the fimbria/fornix.
These fibers project mainly to the DG and run through the stratum moleculare of the
DG [37,38]. There are other afferences of the hippocampus, like serotonergic,
noradrenergic and possibly dopaminergic [29].

Hippocampal Interneurons

In the DG, the interneurons, mossy cells, basket cells, establish, via their axons, mostly
symmetrical synaptic contacts with granule cells [39,40]. Symmetrical contacts are
histological criteria indicative of inhibitory synapses. Afferences from the entorhinal cortex,
the perforant path, that project to the DG where they establish synaptic contacts with granule
cells, also establish synaptic contacts with interneurons in the DG molecular layer. These
interneurons, in particular, send axonal projections throughout the subgranular zone, the layer
beneath the DG [41,42].

In the CA regions, basket cells innervate the pyramidal cells with which they establish
symmetrical synapses [43]. Lorente de No (1934) defined the CA4 region as located in the
hilar region of the DG [19]. O’Keefe and Nadel (1978) reported that CA4 consists of CA3-
like pyramidal neurons that do not receive inhibitory input from basket cells [12].
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Feed-Back Inhibition and Feed-Forward Inhibition

In the CA regions, the basket cells that innervate the pyramidal cells with which they
establish symmetrical synapses are innervated by commissural fibers and collateral fibers of
pyramidal cells [44]. The commissural fibers and collateral fibers of pyramidal cells establish
asymmetrical synapses with these interneurons [45]. Asymmetrical synapses are histological
criteria indicative of excitatory synapses. The activation of the inhibitory interneurons is then
controlled by pyramidal cells. The resulting inhibition is qualified recurrent “feed-back
inhibition”.

If the MFs innervate the pyramidal cells of CA3, most of these fibers and their collaterals
innervate inhibitory interneurons [46,47]. The MFs establish synaptic contacts with inhibitory
interneurons of the CA3 region and polymorphic layer of the hippocampus, characterized by
the presence at regular interval (140 um) of synapses, known as synapses “en passant”
[46,47]. These MF endings establish asymmetrical synaptic contact at the level of the
dendritic tree of interneurons (not at the level of the cell body) [46]. The activation of the
inhibitory interneurons in CA3 region, by the MFs, induces an inhibition of the pyramidal
cells. This control is qualified of “feed-forward inhibition” [48,49].

CONCLUSION

The hippocampus is composed of anatomically distinct subfields, with different
morphology, cell shape and size, connectivity, electrophysiological properties and
susceptibility to insults. Particularly, cytoarchitecturally discrete sub regions of the
hippocampus can be distinguished from one another on the basis of morphology and neuronal
network. In the hippocampus, the identity of CA2 as a subfield of the CA region is the source
of debates.

The neuronal cells of the main cellular layers are primarily organized in a tri-synaptic
mono-directional pathway. The tri-synaptic circuit has a lamellar organization, where the
fibers are oriented parallel to each others and course nearly transversally to the long axis of
the hippocampus, forming functional units of the hippocampus.
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Chapter 11

NEUROTRANSMITTERS
IN THE NERVOUS SYSTEM

ABSTRACT

Chemical transmission is the main mode of transmission of nerve activity in the
nervous system. It occurs at specialized structures, the synapses, and is mediated by
neurotransmitters. Neurotransmitters are chemical substances or molecules that relay
nerve activity between nerve cells or nerve cells and other cells, like muscle cells and
glands. They are defined by a set of specific criteria that must be demonstrated for a
substance to qualify as neurotransmitter. In the nervous system, different populations of
nerve cells are believed to contain either an excitatory or inhibitory neurotransmitter,
defining excitatory and inhibitory neurons, respectively. Glutamate (L-glutamic acid,
Glu) is the main excitatory neurotransmitter and y-aminobutyric acid (GABA) the main
inhibitory neurotransmitter in the nervous system. Co-localization of Glu and GABA has
been reported in various populations of nerve cells, underlying the existence of different
pools of amino acids, neurotransmitter and metabolic.

INTRODUCTION

In the nervous system, nerve cells are connected to each other and non-neuronal cells
through specialized structures which relay nerve activity, the synapses [1]. In 1921, Otto
Loewi reported the first evidences that chemical substances underlie the transmission of
nerve activity, leading to the identification of acetyl choline as the first neurotransmitter [2-
3]. Since then chemical transmission has been shown to be the main mode of transmission of
nerve activity, and various neurotransmitters and their mechanisms of action have been
identified and characterized in the nervous system [4,5].

Neurotransmitters are chemical substances that relay the transmission of nerve activity.
They are defined by a set of criteria. Neurotransmitters are synthesized and stored in nerve
cells; they are stored in synaptic vesicles in the presynaptic terminals (or boutons) of the
nerve endings. Neurotransmitters are released during nerve activity in the synaptic cleft; they
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are released in a calcium-dependent manner. They interact with specific receptors in the
postsynaptic membrane to relay the transmission of nerve activity. Neurotransmitters are
cleared from the synaptic cleft, once released, by uptake and/or degradation, inhibiting the
activity of the neurotransmitter [6].

The transmission of nerve activity or synaptic transmission is mediated by the release of
neurotransmitters from the presynaptic terminals and their interactions with postsynaptic
receptors. According to the vesicular hypothesis of transmitter release, neurotransmitters are
released from the presynaptic terminals by exocytosis of synaptic vesicles [7]. Other models
of transmitter release have been proposed, like the plasmalemmal proteolipid mediatophore
that also supports the quantal release of neurotransmitters at the synapse [8]. The uptake of
neurotransmitters in the presynaptic terminals and synaptic vesicles is mediated by carriers in
the plasma membrane and vesicular transporters, respectively. Uptake carriers in the plasma
membrane and vesicular transporters have different properties; particularly, vesicular
transporters are driven by an electrochemical proton gradient across the vesicle membrane
[9].

Neurotransmitters belong to various classes of molecules, like amino acids, peptides and
monoamines. Amino acids are the main neurotransmitters of the nervous system. Among
them, there are four amino acids that act as neurotransmitters, Glu, aspartate (L-aspartic acid,
Asp), GABA and glycine (Gly) [10,11].

NEUROTRANSMITTERS IN THE NERVOUS SYSTEM
Characterizing Neurotransmitters

A substance candidate neurotransmitter must fulfill the following criteria. It must be
present in nerve cells from which it is released, it must be present in the nerve terminals and
within synaptic vesicles. The nerve cells must express the biosynthesis enzymes for the
substance, as well as the precursors and intermediaries of its biosynthetic pathway. The
substance must be released from the nerve terminals during stimulation, in a calcium-
dependent manner. The substance must act through receptors on the postsynaptic membrane.
The mechanisms of inactivation, enzymes of degradation or membranous uptake carrier, of
the transmitter must be characterized. When applied postsynaptically, the substance, its
agonists or antagonists must mimic or inhibit the activity of the endogenous neurotransmitter
[11].

lonotropic and Metabotropic Receptors

There are two types of receptors of neurotransmitters, ionotropic and metabotropic.
lonotropic receptors are coupled to ion channels or ligand gated ion channels. The interaction
of neurotransmitters with ionotropic receptors opens rapidly ion channels. The rapid opening
of ion channels generates fast and large changes in the conductance of the membrane, leading
to the depolarization or hyperpolarization of the membrane. Neurotransmitters acting on
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ionotropic receptors are qualified of fast-acting neurotransmitters. Metabotropic receptors are
coupled to secondary messenger systems, like adenylate cyclase or protein G. The interaction
of neurotransmitters with metabotropic receptors affects the metabolic state of the cells.
Metabotropic receptors induce a slower response than ionotropic receptors, without
significant changes in conductance and potential of the membrane [12].

The interaction of fast-acting neurotransmitters with ionotropic receptors is responsible
for the transmission of the nerve activity, whereas the interaction of neurotransmitters with
metabotropic receptors may mediate metabolic changes in the cells, as well as trophic
activities. A neurotransmitter can act simultaneously on ionotropic and metabotropic
receptors. Activities of neurotransmitters are therefore not limited to neurotransmission.

Excitatory and Inhibitory Neurotransmitters

In the nervous system, there are two types of fast-acting neurotransmitters, excitatory and
inhibitory. Different populations of nerve cells are believed to contain either an excitatory or
inhibitory fast-acting neurotransmitter, defining excitatory and inhibitory neurons,
respectively [13]. Excitatory neurotransmitters depolarize the membrane potential of the
target cells, decrease the conductance of the postsynaptic membrane and increase their
excitability. This leads to the propagation the nerve activity. Inhibitory neurotransmitters
hyperpolarize the membrane potential, increase the conductance of the postsynaptic
membrane and decrease the excitability of the target cells. Inhibitory neurotransmitters inhibit
the propagation of nerve activity by making nerve cells less responsive to excitatory inputs.

The organization of the network in excitatory and inhibitory neurons establishes the basis
of the functioning of the nervous system: excitatory nerve cells produce short-latency
excitation of postsynaptic target cells and inhibitory neurons control their excitability, and
therefore nerve activity [13].

Glutamate and GABA the Main Neurotransmitters of the Nervous System

The first evidence that an amino acid, Glu, acts as a neurotransmitter in the nervous
system was reported by Curtis et al. (1959). The authors showed that microiontophoretically-
applied glutamate induces nerve activity on spinal neurons in brain slices [14]. The
introduction and use of selective antibodies to study the immunohistochemical distribution of
amino acids revealed that Glu is selectively enriched in excitatory neurons of the nervous
system and their terminals [15]. The characterization and identification of the release of Glu
from nerve terminals, of the localization of Glu within synaptic vesicles, of glutamate
receptors (GluRs), of membranous and vesicular Glu transporters, and the introduction of
pharmacological tools to study GluRs further contributed to characterize the role of Glu, as a
neurotransmitter of the nervous system [16,17].

In mammals, Glu is the main excitatory neurotransmitter of the nervous system, as
virtually all excitatory synapses are glutamatergic [18]. Other studies revealed that GABA is
the main inhibitory neurotransmitters, particularly of interneurons [19,20].
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In the hippocampus, the cells of the principal layers of the hippocampus, the granule and
pyramidal cells, are excitatory glutamatergic, whereas the interneurons are inhibitory
GABAergic [19-25]. The pyramidal cells of the layer Il of the entorhinal cortex, the main
afferences of the hippocampus, are also excitatory glutamatergic. Hence, the main pathway of
the hippocampus, organized in a trisynaptic circuit, is glutamatergic and the information,
from the entorhinal coxtex that flows primarily unidirectionally through the hippocampus, is
excitatory [26-28].

THE EXCITATORY NEUROTRANSMITTER GLUTAMATE
Metabolism

The brain is enriched in Glu. This reflects its metabolic role, particularly in the glutamine
(GIn) cycle. In the GIn cycle, Gln is synthesized from Glu in glial cells by the glial-specific
enzyme, GlIn synthetase. Gln diffuses from glial cells to nerve cells. In nerve cells, Glu is
synthesized from GlIn by glutaminase. Glu released during synaptic release is transported
inside glial cells where it is metabolized in GIn [29]. Glu is also synthesized in nerve cells
either by transamination of Asp by aspartate amino-transferase, and from 2-oxoglutarate by
Glu dehydrogenase. Glucose, via the Krebs cycle, is the main source of 2-oxoglutarate. Glu is
also an amino acid substrate for protein synthesis.

Glutamate Receptors

The introduction of agonists and antagonists of GIluRs led to the identification and
characterization of three classes of ionotropic GluRs and one class of metabotropic Glu-R
[30]. lonotropic GluRs are multimeric receptors composed of a combination of 4 to 5
subunits, GIuR1 to 5. They are coupled to sodium and calcium channels. lonotropic GIuRs
are classified in function of their main agonist. The N-methyl-D-aspartate (NMDA) receptor
has for agonist NMDA. The a-amino-3-methyl-4-isoxazolepropionate (AMPA) receptor has
for agonists, quisqualate and AMPA. The kainate receptor has for agonist kainic acid [31,32].
The NMDA receptor is blocked by a voltage-dependent blockage of the channel ion by
magnesium. The activation of ionotropic GIuRs mediates the opening of sodium and calcium
ion channels. The influx of sodium and calcium inside the cells induces the depolarization of
the membrane potential of the postsynaptic membrane, leading to the transmission of nerve
activity [33]. The metabotropic receptors belong to the family of G-protein coupled receptors;
they are activated by quisqualate and induce the formation of inositol triphosphate via a G-
protein sensitive to pertussis toxin [33].
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Glutamate Transporters

L-Glu, D- and L-Asp are transported inside nerve and glial cells, by high-affinity
transporters in the plasma membrane that are coupled to the entry of sodium and potassium
ions [34-36]. L-Glu is transported in synaptic vesicles by a low affinity vesicular transporter
that is independent of the sodium gradient and depends of a proton pump coupled with an
ATPase. The vesicular transporter for L-Glu does not transport Asp [37-39].

THE INHIBITORY NEUROTRANSMITTER GABA
Metabolism

GABA is a non-protein amino acids synthesized in the cytoplasm of neurons from Glu by
Glu decarboxylase (GAD) and from GIn by glutaminase [40-42]. GAD catalyzes the
decarboxylation of Glu to GABA and CO,. GAD uses pyridoxal phosphate (PLP) as a
cofactor [40,41]. The brain contains two forms of GAD, GAD65 and GADG67. They derived
from two different genes [43,44]. They have different molecular weight, different interaction
with PLP and different cellular distribution. GAD65 is mainly localized in the ending nerves,
whereas GADG67 in mainly localized in the cell bodies and dendrites [43,45]. The GAD
associated to PLP, named apo-GAD, is enzymatically inactive, while when GAD is
associated to PLP, named holo-GAD, it is enzymatically active [46,47]. The interaction of
GAD with PLP is the main factor of short-term regulation of GAD activity. In the brain,
approximately 50% of GAD is apo-GAD and serves as a reservoir when additional GAD
activity is required. The high proportion of inactive enzyme suggests its involvement in
short-term adaptive response for GABA synthesis [48]. The expression of the two forms of
GADSG65 and 67 is regulated independently. GADG5 is mainly associated with synthesis of the
neurotransmitter pool of GABA whereas GAD67 is mainly associated with synthesis of the
metabolic pool of GABA [49].

GABA Receptors

An ionotropic receptor, the GABA-(A) receptor (GABA-(A)R), and a metabotropic
receptor, the GABA-B receptor (GABA-(B)R), have been reported for GABA [50,51]. The
GABA(A)-R is activated by isoguvacine and muscimol and is blocked competitively by
bicuculline and picrotoxine [52]. The interaction between GABA and GABA-(A)R mediates
the opening of chloride ion channels and the entrance of chloride ions inside the cells. The
influx of chloride ions inside the cells induces hyperpolarization of the membrane potential of
the postsynaptic membrane, leading to the inhibition of the transmission of nerve activity
[53]. The GABA(B)-R are G-protein coupled receptors, activated by baclofen [54].
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GABA Transporters

GABA and Gly are transported inside nerve and glial cells by a plasma membrane
transporter coupled to the entry of ion sodium and potassium [55,56]. The presence of plasma
membrane GABA transporter (GAT) is restricted to nerve cells that synthesize and release
GABA and to glial cells [57-59]. Use of the blocker of GAT, tiagabine, during depolarization
of neocortical neurons (GABAergic) with high concentration of potassium, like 55 mM K,
in the presence of Ca2" allowed the study of GABA release selectively from the vesicular
pool, prolonged K*-evoked depolarization produces a reversal of the GABA plasma
membrane transporters [55,56,60,61]. GABA and Gly are transported in synaptic vesicles by
a vesicular transporter that depends on a proton pump coupled to an ATPase, the vesicular
GABA transporter (VGAT) [62-64]. As such, VGAT is expressed in both GABAergic and
glycinergic neurons.

DEFINING GLU AND GABA AS NEUROTRANSMITTERS

GABA is thought to Occur in high Concentrations Exclusively in Nerve Cells
that use it as Neurotransmitters

GABA, but also Gly are thought to be present in high concentrations exclusively in nerve
cells that use them as neurotransmitters. GABA is produced by the 65- and 67-kDa forms of
GAD [43,44]. The distribution of GAD65 and GADG67 underlies the regulation of metabolic
versus neurotransmitter pools of GABA in those cells [48,49,65]. The detection of high
concentration of GABA in nerve endings or the GABA synthesizing enzyme, GADG5, are
therefore well accepted criteria to identify a population of nerve cells using GABA as
neurotransmitter [44,66]. In support of this contention, GABA antibodies label selectively
neuronal populations that are thought to be GABAergic [67]. In all, GABA is concentrated
exclusively in neurons that use GABA as a transmitter. By inference, there are good reasons
to assume that cells eliciting a strong GABA-immunoreactivity or GAD65-immunoreactivity
are GABAergic neurons.

Glu is not Restricted to Neurons that use it as a Neurotransmitter

Glu is the main excitatory neurotransmitter of the nervous system [16-18]. In contrast to
GABA, Glu is involved in protein synthesis. Glu is also involved in a series of metabolic
reactions. Indeed, because Glu serves a variety of functions in the nervous system and is
present in most or all cells compartment, it is one of most difficult substances to interpret as
neurotransmitter [17]. Hence, Glu is not restricted to neurons that are thought to use it as a
neurotransmitter, but occurs in varying amount in all cellular compartments in the brain.
Particularly, numerous reports reveal that Glu-immunoreactivity is detected in various types
of nerve cells assumed to use GABA, dopamine or serotonin as transmitters [67].



Neurotransmitters in the Nervous System 19

Numerous reports reveal the colocalization of Glu and GABA in cells known to use
GABA as neurotransmitter. Colocalization of Glu and GABA immunoreactivities was
reported in 25% of terminals of the locus coeruleus, a region involved in the sleep-wake
cycle and regulation of attention and orientation behavior [68-70]. Colocalization of Glu and
GABA was reported in some afferences of spinal motoneurones [71]. High levels of Glu-
immunoreactivity were found within terminals of the rat rostral ventrolateral medulla that
were strongly immunoreactive for GABA [70]. In the rat hindlimb motoneurons, 40% of
GABAJ/Gly boutons contain Glu [72]. There are indeed numerous examples of colocalization
of Glu- and GABA-imunoreactivities in nerve cells and their terminals in various other brain
regions and species. For example, in the cortex [73], striatum [74], pulvinar-lateralis posterior
complex [75], retina [75-79], cerebellum/cerebellar cortex [80,81], area postrema [82], in a
population of neurons in the periglomerular region of the olfactory bulb [81], and in
horizontal and amacrine cells in the retina of chicken, goldfish, lizard, tiger salamender and
human [77,78,83-86]. Also, in neurons of the frog vestibular nuclear complex, the
termination field of afferent fibers from the vestibular and auditory sense organs, [87], in a
small population of neurons of the rat accessory olfactory bulb [88] and in a population of
calbindin-immunoreactive terminals of the intermediolateral cell column of the spinal cord
[89]. In all, there are numerous reports of the colocalization of Glu and GABA, particularly
in GABAergic nerve cells and terminals.

Glu is a substrate for GABA synthesis; GABA is synthesized in the cytoplasm of neurons
from Glu by GAD [40,41]. The detection of high concentration of GABA in nerve endings or
the GABA synthesizing enzyme, GAD, are well accepted criterion to identify a population of
nerve cells as using GABA as neurotransmitter. Colocalization of Glu and GABA in the same
nerve cells or terminals does not necessarily imply that both amino acids are employed as
neurotransmitters. Indeed, in GABAergic cells, the presence of Glu may reflect the use of Glu
as a substrate for GABA synthesis. It may represent a metabolic rather than a transmitter pool
of Glu [67,68,83-85]. The transmitter pool of Glu is assumed to be localized in synaptic
vesicles. In GABAergic nerve cells, the colocalization of Glu and GABA may reflect, in most
cases, the existence of a metabolic pool of Glu.

In some reports, like in the retina of tiger salamender and human, a population of
amacrine cells elicits intense Glu-immunoreactivity compared to other species and similar in
intensity to bipolar cells, in which Glu is likely transmitter [86]. In those cells, it is proposed
that Glu may be in excess than that required for GABA synthesis and could be co-released
with GABA. Glu may act as a neurotransmitter in amacrine cells of the retina of tiger
salamender and human. This raises the possibility that Glu and GABA could co-released and
both act as neurotransmitters in those cells [80,90-92]. The co-release of excitatory and
inhibitory neurotransmitters would provide excitatory inputs to ganglion cells in addition to
that provided by bipolar cells in the retina. Alternatively, the presence of high concentration
of Glu in those cells could signify that they elicit a strong metabolism for GABA, requiring
high level of Glu. Glu would serve a metabolic function [93]. The role of Glu in GABAergic
nerve cells, eliciting unusually high levels of Glu-immunoreactivity, remains to be further
clarified.

In all, Glu serves a variety of functions in the nervous system and is present in most or all
cells compartment [17,18]. Nerve cells contain two pools of Glu: a metabolic and transmitter
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pool [45,84]. The existence of two pools of Glu interferes with the identification of Glu as a
neurotransmitter in nerve cells. It is proposed that to qualify as transmitter, amino acids, and
in particular Glu, should be found in high concentrations in areas of high vesicular density,
i.e. within axon terminals. Whereas free amino acids with no transmitter role should be found
more evenly distributed throughout the cytoplasm; they should not be specifically enriched in
nerve terminals. This distinctive feature of transmitter versus metabolic pools of amino acids
should be useful in distinguishing between amino acids transmitter and non-transmitter,
particularly for Glu [81]. This shows that colocalization of Glu and GABA does not
necessarily imply that both amino acids are employed as transmitters, particularly for Glu.
Neurotransmitter pools of Glu must therefore be convincingly distinguished from metabolic
pools of Glu. The detection of Glu in synaptic vesicles and physiological evidences of the
involvement of Glu in synaptic transmission may define the transmitter identity of a cell
population as using Glu as neurotransmitter, rather than a high concentration of transmitter
substances or the presence of its biosynthetic enzymes [67].

CONCLUSION

Neurotransmitters are substances that relay nerve activity in the nervous system. The
interaction of neurotransmitters with ionotropic receptors defines the nerve cells’ phenotype.
The organization of the network in excitatory and inhibitory neurons establishes the basis of
the functioning of the nervous system. In the nervous system, Glu is the main excitatory
neurotransmitters and GABA is the main inhibitory neurotransmitter. GABA is thought to be
present in high concentrations exclusively in nerve cells that use them as neurotransmitters.
By inference, there are good reasons to assume that cells eliciting a strong GABA-
immunoreactivity or GAD65-immunoreactivity are GABAergic neurons. In contrast to
GABA, Glu is present in most or all cells compartment, and is involved in protein synthesis
and in a series of metabolic reactions. Glu is one of most difficult substances to interpret as
neurotransmitter and physiological evidences of the involvement of Glu in synaptic
transmission are required, to define the role of Glu, as a neurotransmitter. Numerous reports
reveal the colocalization of Glu and GABA in nerve cells, particularly in GABAergic nerve
cells. In those cells, the presence of Glu may reflect the existence of a metabolic pool rather
than a neurotransmitter pool of Glu.
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Chapter 111

GENE EXPRESSION IN THE HIPPOCAMPUS

ABSTRACT

New high throughput screening technologies, gene and protein arrays, allow the
detection of thousands of genes and proteins in one experimental run. They hold the
promise to unravel the relation between structure and function of a particular tissue,
particularly the central nervous system (CNS). These techniques coupled with traditional
histological procedures, like immunohistology and in situ hybridization, allow to further
refine the investigations at the cellular level. Gene profiling and in situ hybridization
have been applied to map gene expression in regions of the adult CNS, like the
hippocampus. Results from these studies reveal a unique pattern of gene expression in
the hippocampus, with genes specifically expressed in various hippocampal subfields.
Gene profiling of the hippocampus supports the anatomical division of the hippocampus
and gives insights into the understanding of the physiopathology of the hippocampus.

INTRODUCTION

Conventional screening strategies, like immunohistology, in situ hybridization, reverse
transcriptase-polymerase chain reaction (RT-PCR), northern and western blot, are the main
protocols used to study gene expression of a particular tissue [1]. These techniques are
mainly limited by the few numbers of genes that can be studied in one experimental run. This
renders their applications for the understanding of gene-function relationship a labor
intensive and random process, involving high throughput screening and trial by chance
experimental work. Despite these limitations, these techniques have proven to be successful
in identifying genes expressed in various tissues, like the CNS.

The genomes of mouse, human and rat are nearly completely sequenced and available in
databases [2-7]. New tools have been developed and optimized to take advantage of this vast
amount of information, to study the relationship gene-function. To this aim, DNA array or
gene chip technology has been devised to screen thousands of genes in one single
experimental run and softwares have been developed to analyze the generated data [8-13]. A
DNA array is composed of thousands of genes synthesized or thousands of probes designed
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to recognize the gene sequences of a particular genome. The probes are attached to a solid
surface or chip, allowing the screening of thousands of genes of a particular genome at once.
There are two types of DNA array technologies, spotted microarrays, in which the probes are
small oligonucleotides or PCR fragments, and oligonucleotides microarrays, corresponding to
large sequences of the genes. DNA array allows large scale study of gene expression or gene
profiling of various tissues, particularly the CNS, for various species, including mouse,
human and rat [14-15].

MOLECULAR MARKERS OF THE HIPPOCAMPUS

Using conventional screening strategies, like immunohistochemistry, in situ
hybridization, RT-PCR, northern and western blot, several molecular markers of the
hippocampus and its subfields have been identified. Some markers, like microtubule-
associated protein-2 (Map-2), are expressed in all the hippocampal regions, dentate gyrus
(DG) and Cornu Ammonis (CA). Map-2 is a marker for mature neurons of the CNS; it is
expressed in the nerve cells’ dendrites and perikaryon [16]. In the hippocampus, Map-2 is
expressed in granule and pyramidal cells [16].

Other markers are expressed in specific hippocampal subfields. In rodents, the subunit 1
of the kainate receptor (KAL), a glutamate receptor, is expressed in dentate granule cells and
CA3-CA4 pyramidal cells [17]. Protein kinase C-Bll, the transcription factor SCIP, a
transcription factor of the POU family involved in glial differentiation [18], and Tyro3, a
tyrosine kinase receptor [19], are expressed in CA1 pyramidal cells [20-23]. The transcription
factor Py is expressed in CA3-CA4 pyramidal cells [24]. In these studies, the expression of
the markers in CA1 and CA3 regions is overlapping in the region known as CA2 [25]. In
contrast, some genes are specifically expressed in CA2 region. Neurotrophin 3 (NT-3), a
trophic factor of the nerve growth factor family [26], is expressed in dentate granule cells and
CA2 pyramidal cells, but not in CALl and CA3 pyramidal cells [27,28]. Basic fibroblast
growth factor (FGF-2) [29-31], adenosine Al receptor [32], epidermal growth factor-receptor
(EGFR) [33], insulin-like growth factor binding protein-4 (IGFBP4) [34] and trek-2 [35] are
also specifically expressed in CA2 pyramidal cells. Acetyl cholinesterase is expressed highest
in CA2 pyramidal cells [36,37].

These data show that conventional screening strategies have been successfully applied to
identify molecular markers of the hippocampus and its sub-regions. Among these markers,
some label cells other than granule and pyramidal cells. Py is detected in interneurons
throughout the hippocampus, and Py, KA1, SCIP and Tyro3 label cell types outside the
hippocampus [20,22-24,38,39].

The region CA2 and CA4 have been originally defined by Lorente de No (1934), based
on histological studies [25]. The CA2 region corresponds to the region of the CA subfield
between CA1 and CA3. CA2 region has “giant” pyramidal cells, as in CA3, and does not
elicit giant thorny excrescence, corresponding to the region of termination of the mossy fibers
(MFs) in CA3 region. The MFs are the axons of the dentate granule cells. The CA4 region
corresponds to the CA subfield within the hilus of the DG [25]. The existence of CA2 region
has been the source of debates, as many investigators consider CA2 region as a small
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transitional zone between CA1 and CA3 regions without real identity; a region where the two
classes of pyramidal neurons of CA1 and CA3 mingle [40-46]. On the one hand, molecular
studies show that the expression of markers, like KA1, Protein kinase C-Bll, SCIP, Tyro3 and
Py, is overlapping in CA2 region. This supports the CA subfield as composed primarily of
two regions CAl and CA3. On the other hand, many genes, like NT-3, FGF-2, adenosine Al
receptor, EGFR, IGFBP4 and trek-2, define remarkably a distinct CA2 region. This indicates
that in the hippocampus, a discrete CA2 region exists and can be revealed also molecularly.
Whether the CA2 region, defined molecularly and by Lorente de No (1934), corresponds to
the same boundaries remains to be determined.

GENE PROFILING OF HIPPOCAMPAL SUB-REGIONS

With the advent of genome-scale molecular techniques, it has become possible to profile
global gene expression patterns of isolated tissues [13-15]. These techniques, microarrays,
serial analysis of gene expression (SAGE), hold great promise for understanding the structure
and function-relationship of a particular tissue. They have been applied to profile gene
expression of embryonic and adult brains, as well as particular brain areas, like the amygdale
and hippocampus [41,47-53]. These studies reveal specific gene expression profiles in
embryonic and adult brain tissues.

To further understand the relationship structure-function between neuronal populations
of the adult hippocampus, Zhao et al. (2001) and Lein et al. (2004, 2005) performed
comparative gene chip analysis on micro-dissected regions of the adult mouse hippocampus
[54-56]. The authors dissected, under the microscope, the DG, CAl and CA3 regions from
10-week-old mice. CAl was isolated of the hippocampus using the natural division of the
hippocampal fissure that separates CA1 from the DG [57]. The top portion of CA region,
dissected out from the hippocampus corresponds to approximately CAL. The remainder of
CA region, corresponding to approximately CA3, was dissected from the DG, along clearly
visible boundaries [54,55]. The authors isolated RNAs from these three dissected areas using
standard procedures and processed them for gene expression profiling on gene chips.

This dissection has several limitations for profiling gene expression of hippocampal sub-
regions. First, the hippocampal subfields were not dissected according to Lorente de No
description of the hippocampus [25]. Particularly, the hippocampal sub-regions CA2 and
CAA4 were not discriminated from other regions during the dissection. Adjacent regions to the
hippocampus, like the subiculum and fimbria/fornix, were also not completely dissected out.
Hence, gene chip analysis of the DG, CA1 and CA3 subfields will be contaminated by RNA
expressed in CA2 or CA4 regions, but also from areas adjacent to the hippocampus, the
subiculum and fimbria/fornix. Particularly, samples from CA1 and CA3 will be contaminated
by RNAs from CA2. Samples from the DG will be contaminated by RNAs from CA4, most
likely the proximal portion of CA3 and the hilus. Samples from CAl will also be
contaminated by RNAs from a residual section of the adjacent subiculum and samples from
CA3 by RNA from the adjacent fimbria/fornix region. To overcome this issue, Zhao et al.
(2001) and Lein et al. (2004, 2005) performed in parallel to gene chip analysis, studies at the
cellular level using techniques, like in situ hybridization. For in situ hybridization, the
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investigators used probes generated against candidate genes identified from the gene chip
analysis. This strategy allows not only to determine at the cellular level which particular gene
is expressed in a given cell types of the hippocampus, but also to validate the data generated
from the gene chip analysis [54-56].

Zhao et al. (2001) reported that when comparing any two regions, a substantial number
of genes are differentially expressed in the hippocampal sub-regions [54]. Defining strict
criteria for gene selection, like a detection sensitivity of 1.5 fold cut-off changes between
groups, Zhao et al. (2001) identified a small set of genes, 34 genes, that are expressed highest
either in the DG, CA1 or CA3 region. Using in situ hybridization, the authors further defined
the hippocampal sub-regions and cell types in which the identified genes are expressed.
Among them, the gene Purkinje cell protein 4 (Pcp4) is highly expressed in dentate granule
cells and CA2 pyramidal cells. The gene Pcp4 is highly expressed in the brain, primarily in
cerebellar Purkinje cells. Its product, PEP19, was originally isolated in rat as a cerebellar
peptide which expression is increased postnatal period [58]. Nephroblastoma overexpressed
(nov) gene is highly expressed in CA1 pyramidal cells. Nov gene is a member of a family of
genes which encodes secreted matrix-associated proteins [59]. Protein kinase C delta (Prkcd)
gene is highly expressed in CA3 pyramidal cells. Prkcd is a serine/threonine kinase that plays
a key role in growth regulation and tissue remodeling [60]. IGFBPL1 is uniquely expressed in
dentate granule cells. IGFBPs modulate the effects of insulin-like growth factors (IGFs),
major stimulators of vertebrate growth and development. In mammals, IGFBP-1 inhibits the
actions of IGF-1 [61].

The pattern of gene expression observed with the genes Pcp4, nov and prkcd matches the
cytoarchitectural boundaries of the hippocampal subfields, as observed by cresyl violet or
fluorescent dye bisbenzimide staining. Cresyl violet is a Nissl stain that is widely used in
histology; it colors cell bodies in a brilliant violet. Fluorescent dye bisbenzimide stains
nuclei. Standard histological stains, like cresyl violet and fluorescent dye bisbenzimide,
delineate the cytoarchitectural boundaries of the hippocampal subfields, with the exception of
CAZ2/CA3 boundary [54]. These results highlight the existence of a pattern of expression of
region-specific genes in the adult hippocampus. From these results a genetic map of the
hippocampus can be drawn. The dentate granule cells and pyramidal cells of CA2 are defined
by expression of Pcp4. CAL pyramidal cells express high levels of nov and CA3 pyramidal
cells are uniquely defined by expression of prkcd [54].

Lein et al. (2005) aimed at further expanding the gene profiling analysis conducted by
Zhao et al. (2001), to develop a molecular “atlas” of the hippocampus [55]. Using less
stringent analytical criteria and a larger set of data, the authors extended the list of candidate
genes predicted to be enriched in each of the dissected hippocampal sub-regions. A
methodology for high throughput in situ hybridization was devised to examine the expression
pattern of over 100 genes predicted to have the highest or lowest expression in one of the
sub-regions.

From this analysis, other genes were identified to be enriched in hippocampal sub-
regions. Among them, desmoplakin is uniquely expressed in dentate granule cells.
Desmoplakin is a component of desmosomal tight junctions in peripheral tissues [62].
Mannosidase 1 alpha (Manla) is highly enriched in CA1 pyramidal cells. Manla contributes
to proteasomal degradation of misfolded glycoproteins. It belongs to the class | alpha 1,2-
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mannosidases, conserved through eukaryotic evolution [63]. Bcl-2-related ovarian killer
(bok) is highly enriched in CA3 pyramidal cells. Bok is a proapoptotic protein; it belongs to
the bcl-2 family of proteins that play a key role during apoptosis [64]. Mini chromosome
maintenance deficient 6, a gene involved in initiation of DNA replication in C. elegans, is
also uniquely expressed in dentate granule cells relative to pyramidal cells of CA regions. It
is also highly expressed in interneurons of the hilus and stratum oriens of CA regions, and
throughout most of the brain. Calretinin, a marker for subpopulations of inhibitory neuronal
cells in the brain [65,66], is enriched in the DG. Lipoprotein lipase (LPL), a key enzyme of
lipid metabolism that hydrolyses triglycerides, is expressed throughout the pyramidal cell
layer with no expression in dentate granule cells. In contrast to calretinin, it is nearly
restricted to the hippocampus relative to the rest of the brain. Calcium-binding protein or
calbindin D28k (CaBP) is a marker for mature neuronal cells. In the hippocampus,
immunohistochemistry reveals that it is expressed in all dentate granule cells and in some, but
not all, CAl and CA2 pyramidal cells [68]. Gene profiling study confirms that CaBP is
expressed in dentate granule cells and CA1 pyramidal cells. Neuronal guanine nucleotide
exchange factor is also restricted to the DG and CAL.

This study confirms that there are in the adult hippocampus an expression pattern of
genes that are region-specific and that this expression pattern concerns a broad range of
genes. All combinations of gene patterns have been observed. Some genes are expressed in
one region, others in several regions, with all combinations of regions observed, except genes
with low expression in CA3 and high levels in all other hippocampal regions. This latter
combination was not observed [55]. This study reveals that the adult hippocampus is a
mosaic of gene expression. It also reveals differences in gene expression pattern in mice
versus other species. Particularly, in mice, CaBP is expressed in the dentate granule cells and
in CAl pyramidal cells, whereas in human, it is expressed in the DG, CAl and CA2 [67].
The gene expression pattern in the hippocampus may underlie functional differences between
neuronal populations and species.

In a subsequent study, Lein et al. (2005) aimed at developing a three dimensional map of
the hippocampus [56]. The authors focused on genes previously identified as enriched in
hippocampal sub-regions, Pcp4, manla and bok, to map the overall structure of the
hippocampus. Results show that the expression of each of these genes is robust throughout
the hippocampus within their respective sub-regions. Pcp4 is expressed in the DG and CA2,
Manla in CAl and bok in CA3. It also shows that CA2 as defined by Pcp4 expression
consists of a thin zone between, but non-overlapping with CA1 as defined by Manla and
CA3 as defined by Bok. The CA2 region as defined with Pcp4, manla and bok expression
has a fairly uniform width along almost the entire septotemporal axis of the hippocampus.
This study confirms that there are consistent genetic boundaries that mirror cytoarchitectural
boundaries in the hippocampus [56].

Taken together, these data show that hippocampal sub-regions CA1, CA2, CA3 and the
DG can be differentiated on the basis of specific gene expression (table 1). Hence, the DG,
CALl, CA2, and CAS3 sub-regions of the hippocampus defined by Lorente de No (1934) have
a robust genetic counterpart. In all, hippocampal regions are not only histologically different,
but also have different gene expression patterns.
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Table 1. Summary of genes expressed in adult hippocampal subfields of rodents

Genes Hippocampal subfields Reference #
DG CAl CA2 CA3

Map-2 + + + + 16
KAl + + 17
PKC-gll + +/- 20
SCIP + +/- 21
Tyro3 + +/- 23

Py +/- + 24
NT-3 + + 27,28
FGF-2 + + 29-31
AALR + + 32
EGFR + + 33
IGFBP4 + + 34
Trek-2 + + 35
Pcp4d + + 54
Nov + 54
Prkcd + 54
IGFBP1 + 54
Desmoplakin + 55
Manla + 55
Bok + 55
Mcmd6é + 55
Calretinin + 55
LPL + + + 55
CaBP + + 55
Ngnef + + 55

DG, dentate gyrus; CA, Cornu Ammonis; Map-2, like microtubule-associated protein-2; KAL, kainate
receptor; PKC-BII, Protein kinase C-BII; SCIP, a transcription factor of the POU family; Tyro3, a
tyrosine kinase receptor; Py, transcription factor; NT-3, neurotrophin 3; FGF-2, basic fibroblast growth
factor; A A1 R, adenosine Al receptor, EGFR, epidermal growth factor-receptor, IGFBP4, insulin-like
growth factor binding protein-4; trek-2, a transcription factor; Pcp4, Purkinje cell protein 4; nov,
nephroblastoma overexpressed; prkcd, protein kinase C delta; IGFBP1, insulin-like growth factor
binding protein-1; Manla, mannosidase 1 alpha; bok, bcl-2-related ovarian killer; mcmdé, mini
chromosome maintenance deficient 6; LPL, lipoprotein lipase; CaBP, calcium-binding protein or
calbindin D28k; ngnef; neuronal guanine nucleotide exchange factor.

FURTHER CONSIDERATIONS DEFINING THE CA2 REGION

Molecular and gene profiling studies reveal that gene expression pattern delineate the CA
region into three subfields, CA1, CA2 and CAS3, as reported by Lorente de No (1934).
However, it remains to determine whether the molecularly defined CA2 region corresponds
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to Lorente de No’s CA2 region. Lorente de No defined CA2 as a small region between CAl
and CA3, composed of CA3-like pyramidal cells that do not receive MF input from dentate
granule cells and lack the specialized postsynaptic “thorny excrescences” characteristic of
MF synapses [25].

Lorente de No identified CA2 region by mean of histological staining, cresyl violet and
Golgi staining [25]. On the one hand, estimates based on Lorente de No’s criteria, reveal
discrepancies in the size of CA2 region, ranging from 100 to 200 um width in rats [69-71].
These data reveal the difficulty in defining CA2 histologically. On the other hand, estimates
based on gene or protein expression, reveal a CA2 region with a width ranging from 250 to
500 um in rodents [31-33,56]. This reveals the diversity of gene expression and cell types in
this area. In support to this latter contention, morphological and genetic observations of CA2
region reveal that there are multiple populations of neurons within CA2. Some neurons in
CA2 share morphological characteristics with either CA1 or CA3 pyramidal cells, and there
are multiple populations of neurons in CA2 region with different dendritic morphology and
axonal projections [70,71]. Timm’s staining of granule cell MFs does not end abruptly at the
CAZ3/CAZ2 boundary, but rather tapers off toward the border of CA2/CAL. This indicates that
there is some MF input to the CA2 region [72]. FGF-2 is only expressed in approximately
25% of the neurons of CA2 in rat [31] and very little overlap between the different sub-
regions have been reported for this gene [54-56]. In contrast, Adenosine Al receptor gene is
expressed in CA2 and the adjacent CA3 region, as defined by Lorente de No [32]. The
afferent projections from the hypothalamic projection from the supramamilary nucleus
terminate in a zone containing the CA2 region and the adjacent CA3 region [73-75]. The
pattern of expression of the Adenosine Al receptor would correspond to this latter region,
rather than CA2. This shows that morphological and molecular studies support the existence
of CA2 as an entity, but also reveals the diversity of gene expression and cell types in this
area.

The existence of CA2 has been the source of debates. Many investigators consider CA2
region as a small transitional zone between CA1 and CA3 without real identity, where the
two classes of pyramidal neurons of CAl and CA3 mingle [72,76-80]. The data presented
support the existence of the Lorente de No CA2 region with a real identity, but reveal that the
CAZ2 region is composed of heterogeneous cell types. On the one hand, the boundary between
CALl and CAZ2 are clearly delineated with cresyl violet staining, but not the boundary between
CA2 and CA3 regions [25,76,79,80]. On the other hand, though gene expression pattern
confirms the existence of CA2 region, due to cellular heterogeneity in CA2 region, some
gene expressed in CA2 are also expressed in adjacent regions and do not delineate CAZ2.
These data highlight the difficulty is defining CA2 region histologically, morphologically and
genetically.

In all, genetic analysis supports the existence of CA2 as an individual entity of the CA
region. Genetic analysis reveals that the extent of CA2 defined molecularly is broader than
that defined by Lorente de No’s. The afferent projections from the hypothalamic projection
from the supramamilary nucleus terminate in a zone containing the CA2 region and the
adjacent CA3 region [73-75]. This shows that genetic analysis may underlie physiological
differences between pyramidal cell types and regions in the hippocampus.
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CONCLUSION

The screening of thousands of genes in a single experimental run using DNA array
technology has revolutionized genetic studies. Gene profiling complemented with analysis at
the cellular level, like in situ hybridization and immunohistochemistry, allows the mapping of
gene expression in individual cell types. This provides invaluable information for our
understanding of the structure and relation structure-function of the tissues, particularly the
brain. The hippocampus consists of a series of cytoarchitecturally discrete sub-regions that
are discriminated from one another based on morphological, connectivity and
electrophysiological properties. Gene profiling combined with studies at the cellular level
reveals that hippocampal subfields can also be characterized based on gene expression.

Results from these studies indicate the existence of a pattern of expression of region-
specific genes in the adult hippocampus, like the genes Pcp4, nov and prkcd. From these
results, a genetic map of the hippocampus can be drawn. Particularly, these data confirm and
support the existence of CA2 region as an individual entity of the hippocampus. It further
reveals that the CA2 region is heterogeneous, with multiple neuronal subtypes and that the
extent of CA2 defined molecularly is broader than that defined by Lorente de No’s. These
particularities may reflect physiological differences between pyramidal cells within the CA
sub-regions, particularly CA2.

Further studies will aim at unraveling the relationship structure-function in the
hippocampus. The recent publication of a genome-wide atlas of gene expression of the adult
mouse brain will extend our knowledge of the understanding of the relation structure function
to other areas of the brain [81-83].
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Chapter IV

GRANULE CELLS AND MOSSY FIBERS

ABSTRACT

The granule cells are the nerve cells of the main layer of the hippocampal dentate
gyrus (DG), the granule cell layer or stratum granulosum. The granule cells are
glutamatergic excitatory, component of the hippocampal tri-synaptic circuit. Their axons,
the mossy fibers (MFs), project to the Cornu Ammonis (CA) region CA3 and establish
synaptic contacts with dendritic spines of the pyramidal cells, in a region referred to as
the stratum lucidum. On the histological level, the synapses MF-CA3 pyramidal cells are
characterized by their large size, up to 10 um diameter, high synaptic density and
complex morphology, with dendritic spines invaginated in the boutons. On the
biochemical level, the MF synapses are enriched in multiple chemical substances. The
MF synapses are enriched in dynorphin and zinc. They also contain other peptides and
proteins, including enkephalins and trophic factors. More recently, y-aminobutyric acid
(GABA)-immunoreactivity was identified in the synapses MF-CA3 pyramidal cells. The
existence of an inhibitory amino acid transmitter in an excitatory glutamatergic raises the
question of the role of GABA in MF terminals (MFTS). The synapse MF-CA3 pyramidal
cells can be isolated from other cellular structures, by subcellular fractionation. MF
synaptosomes provide a model of choice to study the MF-CA3 pyramidal cell synapses
ex vivo.

INTRODUCTION

The granule cells are the main cell type of the principal layer of the DG, the granule cell
layer or stratum granulosum. Their axons, the MFs, originate from the basal level of the soma
of the granule cells and cross the hilus to reach the pyramidal cells of the CA3 region. They
have a mean diameter of 0.5 um and are unmyelinated [1,2]. They receive their main
afferences from the pyramidal cells of the layer Il of the entorhinal cortex [3]. The MFs
establish synaptic contacts with CA3 pyramidal cells, primarily at the level of the dendritic
spines, in a region known as the stratum lucidum [4]. The MFs establish synaptic contacts
with inhibitory interneurons. These latter are the main targets of the MFs. The MFs establish
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synaptic contacts with inhibitory interneurons of the CA3 region and polymorphic layer of
the hippocampus, characterized by the presence at regular interval (140 um) of synapses,
known as synapses “en passant” [6]. Upon staining with Golgi stain, the axons of the granule
cells have a mossy appearance, at the origin of the name “mossy fibers” that have been given
to them [7]. The synapses MF-CA3 pyramidal cells elicit characteristic histological,
biochemical and physiopathological features.

THE MossY FIBER-CA3 PYRAMIDAL CELL SYNAPSES

Histology of Mossy Fiber Terminals

The synapses MF-CA3 pyramidal cells or MF terminals (MFTs) are characterized by
their large size, complex morphology and synaptic vesicles density. The mean diameter of
synapses in the nervous system is in the range of 1 um, including the synapses, known as
synapses “en passant” between MFs and interneurons [8]. In contrast, the synapses MF-CA3
pyramidal cells (MFTs) have an average diameter of 3 - 5 um and can reach up to 10 um
diameter [9,10]. MFTs have a complex morphology, with multiple invaginations. They
contact one or several dendritic spines of CA3 pyramidal cells that are invaginated within the
terminals. They establish both symmetrical and asymmetrical contacts with the post-synaptic
regions of the dendritic spines [11]. Asymmetrical synapses are histological criteria indicative
of excitatory synapses, whereas symmetrical contacts are indicative of inhibitory synapses.
The MFTs contain millions of synaptic vesicles, some of which are core electron dense. Core
electron dense synaptic vesicles mostly contain neuropeptides. The MFTs are also
characterized by rows of puncta adherens [12]. Puncta adherens are cell junctions, with
enriched levels of adhesion molecules, like cadherins. In all, the synapses MF-CA3
pyramidal cells elicit unique morphological features that differentiate them from most other
synapses of the nervous system. The MFTs are estimated in the mice, at less than 1% of the
total number of ending nerves of the hippocampus [13].

Isolation and Purification of Mossy Fiber Terminals: Mossy Fiber
Synaptosomes

Synaptosomes are “pinched-off” nerve terminals [14]. Upon homogenization of brain
tissues, the synapses are dissociated from the rest of the tissues and formed closed spherical-
like particles, named synaptosomes (figure 1). Synaptosomes were first reported by De
Robertis et al., in 1961, and Gray and Whittaker, in 1962 [15,16]. The authors studied, by
electron microscopy, fractions obtained from brain homogenates, after subcellular
fractionation on sucrose gradients. They reported structures of 0.5 um average diameter,
containing mitochondria, synaptic vesicles and postsynaptic densities. They identified these
structures as corresponding to the presynaptic ending nerves. Most of the isolated presynaptic
terminals present residual components of the postsynaptic membrane [15,16]. They named
these structures synaptoneurosomes or synaptosomes. Since then, synaptosomes have been
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isolated from various brain areas and species using various protocols. Synaptosomes can be
isolated and purified using buoyant density by subcellular fractionation, on sucrose, Ficoll
and Percoll gradients [17-19]. Among other advantages, the use of Percoll gradients allows a
faster purification of synaptosomes in isoosmotic condition, yielding to a more efficient
recovery of synaptosomes with a better survival [19]. Synaptosomes have also been
successfully isolated and purified by immunoaffinity and fluorescence activated cell sorting
[20-25]. Synaptosome preparations have proven their relevance for studying the
physiopathology and pharmacology of ending nerves ex vivo [26-29].

A | B
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Figure 1. Schematic of “pinched-off” nerve terminals. Synaptosomes are “pinched-off” nerve terminals.
Upon homogenization of brain tissues, the synapses are dissociated from the rest of the tissues (A) and
formed closed spherical-like particles, named synaptosomes (B). Synaptosomes contain mitochondria,
synaptic vesicles and post-synaptic densities.

The large size of the MF-CA3 pyramidal cell synapses allows their isolation from other
cellular structures including other nerve terminals, by subcellular fractionation. Several
studies have reported the successful isolation and purification of mossy fiber synaptosomes
(MFSs) on sucrose-Ficoll and Percoll gradients, from adult rat hippocampus [30-32]. MFSs
isolated on Percoll gradients elicit the same features as the MFTs with respect to their
morphology; they have a large size, which average 3 um, as opposed to an average size of
0.5-0.7 um for other hippocampal synaptosomes (also referred as “small” synaptosomes).
They have a complex morphology, with dendritic spines invaginated in the boutons. They
also have a high synaptic vesicles density, with some of the synaptic vesicles with core
electron dense. Symmetrical and asymmetrical synaptic densities can be observed, together
with residual portion of postsynaptic membranes (figure 2) [32]. Dendritic spines invaginated
in the MF synaptosomes contain mRNAs. MFS preparations have been successful in
identifying RNAs contained in spines [33,34]. In all, MFS preparations provide a model of
choice to study the MF-CA3 pyramidal cell synapses ex vivo.
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Figure 2. Electron micrograph of a mossy fiber synaptosome. Rat hippocampal mossy fiber
synaptosome (MFS) isolated and purified by subcellular fractionation, on Percoll gradients. The granule
cells are the nerve cells of the principal layer of the hippocampal dentate gyrus, the granule cell layer.
Their axons, the mossy fibers (MFs), project to the region Cornu Ammonis (CA) region CA3 of the
hippocampus and establish synaptic contact with the dendritic spines of pyramidal cells. The synapses
MF-CAZ3 pyramidal cells elicit unique histological features. The MF synapses have a large size, up to
10 um diameter, with complex morphology. They contain high synaptic vesicle densities, with core
dense synaptic vesicles. The dendritic spines of the pyramidal cells are invaginated in the MF pre-
synaptic terminals or boutons. The large size of MF terminals (MFTs) allows their isolation from other
cellular structures including other nerve terminals, by subcellular fractionation. Protocols have been
devised to isolate and purify MFSs, on Percoll gradients [32]. MFSs isolated on Percoll gradients elicit
the same features as the MFTs with respect to their morphology. They have a large size, a complex
morphology, with dendritic spines (sp) invaginated in the boutons. They contain a high synaptic
vesicles density, with small synaptic vesicles (ssv) and synaptic vesicles with core electron dense.
Mitochondria (m) and actin filaments (act) can be observed within the MFTs and dendritic spines,
respectively. Scale bar 1 um.

B1OCHEMISTRY OF GRANULE CELLS AND MoOssY FIBERS
Granule Cells are Glutamatergic Excitatory Nerve Cells

Glutamate (L-glutamic acid, Glu) is the main excitatory neurotransmitter of the nervous
system [35,36]. In the hippocampus, Glu is the main excitatory neurotransmitter of the
granule and pyramidal cells [37]. Glu was reported for the first time to be neurotransmitter of
the granule cells by Crawford and Connor (1973) [38]. Crawford and Connor (1973) made
the hypothesis that repetitive stimulations of the MFs produce the accumulation in the CA3
area of Glu, a depolarizing substance. They confirmed their hypothesis by showing that in
cat: 1) the concentration of endogenous Glu and glutamine is higher in the CA3 region that
contain the MF ending nerves than in the CAL area, whereas the 5 other amino acids
measured, aspartate (L-aspartic acid, Asp), threonine, serine, alanine and glycine show the
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same distribution, 2) the activity of the biosynthesis enzyme for Glu, the Glu dehydrogenase,
is twice more elevated in the region of the MFs than in CA1, and 3) entorhinal stimulation
increases significantly the level of Glu released in vivo [38]. These results support the role of
Glu as a neurotransmitter at the synapse MF-CA3 pyramidal cells.

The role of Glu as the principal neurotransmitter of the synapse MF-CA3 pyramidal cells
was subsequently confirmed by other studies. Among them, Storm-Mathisen et al. (1983)
reported the presence of Glu in the MF ending nerves by immunohistochemistry in rat [39].
The excitatory postsynaptic potential evoked at the synapse MF-CA3 pyramidal cells is
blocked by antagonists of Glu receptors (GluRs), like L-AP4, CNQX [40-42]. Depolarizing
concentration of potassium (30-50 mM) evoke the release of Glu, in calcium-dependent
manner, from fractions enriched in MFSs of rat hippocampus [31]. In these preparations, the
release of Glu is more substantial and significantly more dependent of calcium than the
release of aspartate. The low dependence of calcium for the release of Asp suggests that Glu,
but not Asp, is the neurotransmitter at the MF synapse. High affinity binding sites for the Glu
agonist kainic acid are primarily detected in the stratum lucidum and DG of the hippocampus
[43-46]. In the stratum lucidum, the region of termination of the MFs, excitatory amino acid
binding sites are localized in the MF ending nerves [47]. Subcellular fractionation studies
have confirmed the presynaptic localization of Glu binding sites and receptors [48]. The
metabotropic receptor of Glu is essentially synthesized by the granule cells of the DG and
pyramidal cells of the CA2-CA3 region, as shown by in situ hybridization [49]. In all, Glu is
the main excitatory amino acid at the synapse MF-CA3 pyramidal cells.

Endogenous Opioid Peptides are Enriched in Granule Cells and Mossy
Fibers

Opioid peptides, endorphins, enkephalins and dynorphins, are substances naturally
present in the organism, particularly the brain [50]. They act through specific receptors.
There are three major types of opioid receptors, classified based on their endogenous ligands
or agonists: p(mu)-opioid receptor (agonist: morphine), &(delta)-opioid receptor (agonist:
enkephalin) and «(kappa)-opioid receptor (agonists: ketocyclazocine, dynorphin) [51].
Opioid peptides, endorphins, enkephalins and dynorphins, derive by post-translational
maturation  from distinct precursor proteins, prepro-opiomelanocortin  (POMC),
preproenkephalin and preprodynorphin, respectively [52]. Post-translational maturation of
precursor of opioid peptides occurs primarily by proteolysis at basic amino acids [53]. These
precursors are encoded by three different genes that share common sequences. Enkephalins
have been first reported in the hippocampus by Sar et al. (1978) and Weber et al. (1982)
[54,55]. These peptides are localized in the nerve endings [56] and cell bodies [57]. The
hippocampus of rat contains higher concentration of dynorphins, particularly the maturation
product dynorphin A (1-17), than enkephalin [58].

In 1983, McGinty performed a comparative study of the distribution of dynorphins and
enkephalins in the adult rat hippocampus by immunohistochemistry [59]. McGinty (1983)
showed that, in the hippocampus, immunoreactivity to an anti-serum against dynorphin A (1-
17) is only detected in granule cells and MFs, whereas immunoreactivity to an antiserum
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against enkephalins is detected in the perforant path, granule cells and MFs. This shows that
granule cells and MFs are enriched in dynorphins and contain enkephalins [59]. Granule cells
contain other peptides derived from the prodynorphin precursor, like dynorphin B [60],
I’alpha neo-endorphin [57] and dynorphin A (1-8) [58]. Electron microscopy analysis reveals
that not all the MF ending nerves contain dynorphins [61]. Radio-immunoassays of
subcellular fractions confirm the immunohistological localization of opioid peptides in the
hippocampus. Dosage of dynorphin B and other products of maturation of the prodynorphin
gene, from subcellular fraction of adult rat hippocampus, reveal that dynorphin-
immunoreactivity is stronger in fractions enriched in MF synaptosomes than in fractions
enriched in other hippocampal synaptosomes or “small” synaptosomes [30,32]. In all,
dynorphins are specifically enriched in granule cells and MFs. They are considered markers
for granule cells and MFTs.

The presence of dynorphins in granule cells and MFTs raises the question of their
involvement in the synapse MF-CA3 pyramidal cells. Dynorphins are released from
hippocampal slices, following stimulation of afferent fibers of granule cells [62] and
depolarization evoked by potassium in a calcium-dependent manner [58]. Dynorphins are
also released from fraction enriched in hippocampal MFSs [30,31,63]. Opioid receptors have
been reported in the hippocampus [64]. Weisskopf et al. (1983) reported that auto-receptor
kappa are localized presynaptically in MFTs and may be at the origin of the release of
dynorphins by the nerve endings [65]. Opioid peptides have excitatory activity on neurons of
the hippocampus; these effects are due to a reduction of y-aminobutyric acid (GABA)
inhibition (desinhibition) between interneurons and pyramidal cells [66]. Synaptic release of
dynorphin inhibits the induction of long-term potentiation (LTP), at synapse MF-CA3
pyramidal cells [65]. Dynorphins also inhibit the induction of LTP of the synapse perforant
path-dentate granule cells. This suggests that dynorphin may act as an inhibitory retrograde
neurotransmitter [62]. LTP is a long lasting increase of synaptic efficacy of excitatory
synapses (between an hour to several weeks) [67,68]. It is believed to be a mechanism
through which memories are formed [69]. In all, dynorphins may act as neurotransmitter and
neuromodulator at the synapse MF-CA3 pyramidal cells.

Mossy Fibers Express Neurotrophins and Trophic Activities

In 1952, Rita Levi-Montalcini characterized a soluble factor originating from tumors that
induces neuritic growth of sensori neurons in culture. This factor termed “nerve growth
factor” (NGF) was later isolated and purified from salivary gland of mouse [70]. NGF was
the first member of a class of molecules essential for the development, maintenance and
survival of nerve cells, defined as trophic factors. Trophic factors are molecules critical for
the development and functioning of the nervous system. They regulate a wide range of
biological processes, including neuronal survival, proliferation and migration, axonal and
dendritic outgrowth and patterning, synapse strength and plasticity, injury protection, as well
as controlling the activity of ion channels and neurotransmitter receptors. Besides their
diverse roles in the nervous system, they are also involved in vascular and tumor biology
[71]. NGF was the first member of a family of trophic factors originating from a common
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ancestral gene, the neurotrophins. The neurotrophin family of trophic factors includes brain-
derived neurotrophic factor (BDNF), neurotrophin-3 (NT-3) and NT-4/5 [72]. Neurotrophins
act through a family of receptors composed of high affinity binding sites, the trk family of
tyrosine kinase receptors and a low affinity binding site, p75. Trk-A is NGF’s high affinity
binding site, trk-B BDNF’s high affinity binding site and trk-C NT3’s high affinity binding
site [73-75]. Other molecules with trophic activities have been isolated and characterized,
like the ciliary neurotrophic factor and fibroblast growth factor [76,77].

Neurotrophins are widely distributed in the central nervous system (CNS) and highly
expressed in the hippocampus [78-80]. The distribution of NGF, BDNF and NT3 in the
hippocampus is highly specific [78]. NGF is mainly express in neurons of the pyramidal
layer, stratum oriens and hilus of the DG [78,81,82]. The highest levels of messenger for
BDNF are found in the pyramidal cell layers of CA2 and CA3, and in the DG [83]. NT-3
mRNAs are confined in the medial area of CA1 and CA2 and in the granule cell layer of the
DG, whereas the regions CA3 and hilus do not express NT-3 [78,83-85]. In the hippocampus,
gene coding for the trk-B and trk-C are expressed mainly by pyramidal and granule cells
[86,87]. The low affinity site p75 is expressed at low level by the neurons of the
hippocampus [88]. Trophic factors and activities were reported in MFTs and MFSs
supporting the importance of trophic factors in the physiopathology of the MF synapse,
particularly BDNF [89,90].

Desmoplakin is Expressed by Granule Cells of the Hippocampus

Desmoplakin is a component of desmosomal tight junctions in peripheral tissues [91].
Desmoplakin mRNA is expressed solely in the DG [92]. Desmoplakin may link intermediate
filaments to membrane proteins at MF synapses.

Zinc is Enriched in Granule Cells and Mossy Fibers

Studies in the 1950s reported the presence of high concentrations of zinc in the DG and
region of projection of the MFs in the CA3 region, the stratum lucidum, after staining of
brain sections by dithizone (diphenylthiocarbamate) or Timm’s staining [92,93]. Timm’s
staining is a histological procedure for staining zinc in tissue section, including the brain.
During Timm’s staining, zinc ions are precipitated as black aggregates of zinc-sulfide, after
exposure of the tissue to a solution of sulfide ions [94]. These aggregates of zinc-sulfide are
visible in optical microscopy. In 1962, McLardy reported, using a modified Timm’s staining
protocol, black aggregates of zinc-sulfide at the apical level of the dendritic spines of CA3
pyramidal cells, on transversal sections of guinea pig hippocampus [95]. In 1967, Haug
observed sections of rat hippocampus after Timm’s staining by electron microscopy. The
author reported black aggregates of zinc-sulfide exclusively in the MF ending nerves, as in
CA3 region [96]. The presence of high concentration of zinc in MFTs was confirmed by
Clairborne et al. (1989) who reported high concentration of zinc in MFS preparations [97].
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These data show that the granule cells and MFs are labeled with Timm’s staining and
therefore are enriched in zinc (figure 3).

However, Timm’s staining and other histological procedures staining zinc do not stain
the total zinc contained in a given tissue, rather they stain a fraction of this zinc, referred to as
“histo-reactive” zinc. Further, dithizone and Timm’s staining are not specific of zinc labeling.
They label other metals, like heavy and transition metals. The presence of zinc, in the
hippocampus and particularly in the granule cells and MFTs, is confirmed by the following
experiments. Autoradiographic studies with a radioactive zinc isotope, zinc-65, show a
similar staining to the ones obtained from dithizone and Timm’s stainings [98]. Preliminary
labeling with dithizone or the use of zinc chelating agents prevent the staining of zinc on
brain sections by Timm’s staining [99,100]. Electrical stimulation and 30 mM potassium
depolarization in the MF region, in vivo, evoke the release of endogenous zinc in rat [101-
104]. Released zinc was assayed by atomic absorption spectroscopy (AAS). Electrical
stimulation and 30 mM potassium depolarization in the MF region is followed by a decrease
in Timm’s staining in the CA3 regions from these animals [94,101]. Assay of zinc by AAS
from fractions enriched in MFSs, confirms that the MFTs are enriched in zinc [32]. Further,
after hypo-osmotic choc of fractions enriched in MFSs, most of the zinc is recover in the
cytosolic fraction [105]. In all, the granule cells and MFTs are enriched in zinc. However,
these data do not exclude the colocalization of zinc with other metals in the granule cells and
MFTs.

Figure 3. Timm’s staining of adult hippocampal sections. Adult rat brains were fixed with
paraformaldehyde, processed for histology and Timm’s staining. Timm’s staining is a histological
procedure for staining zinc in tissue section, including the brain. In the hippocampus, the granule cells
are the nerve cells of the principal layer of the dentate gyrus (DG), the granule cell layer. Their axons,
the mossy fibers (MFs), project to the Cornu Ammonis (CA) region CA3 of the hippocampus and
establish synaptic contacts with the dendritic spines of pyramidal cells. The granule cells and MF
terminals are enriched in zinc. In hippocampal sections from adult rats, Timm’s staining labels the DG
and the region CAS3, revealing the presence of zinc in these regions. These data show that the granule
cells and MF terminals are labeled with Timm’s staining and therefore are enriched in Zinc.

Determination of zinc concentration by AAS reveals that zinc concentration in the
hippocampus is in the range of 240 ppm, 3 times higher than in the other brain regions. This
corresponds to approximately 15% of the total zinc in the brain [106]. This conclusion was
contradicted by other studies which show that the hippocampus has similar concentration of
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zinc than other brain regions, ranging from 60-120 ppm (130 uM) [107]. The concentration
of zinc seems thus not higher in the hippocampus than in other brain regions. In contrast,
studies from microdissected areas of the hippocampus reveal that the concentration of zinc in
the region of the MFTs is in the range of 220-300 uM, corresponding to 8% of zinc present in
the hippocampus, in rat [108]. Quantitative analysis of zinc by AAS from MFS preparations
reported that between 35-50% of the zinc from homogenate of hippocampus is recovered in
the P1 pellet, enriched in MFSs [105,107] and that fractions enriched in MFSs are several
fold more enriched in zinc than the homogenate and fractions enriched in *“small”
synaptosomes [30,32,109]. This shows that the region of the MFTs is enriched in zinc. Zinc
is considered a marker for granule cells and MFTs.

Zinc is present in almost all the compartments of the cells and organelles where it is
associated with metalloproteins and metalloenzymes [110]. In the CNS, Timm (1958) noted
the parallel between the distribution of histo-reactive zinc and glutamatergic pathways in the
brain [94]. An observation later confirmed in numerous glutamatergic pathways [111-113].
Glu dehydrogenase, the biosynthetic enzyme for Glu, is inhibited by low concentration in
zinc (1 nM) [114]. This suggests that zinc is mostly in a bound form in those nerve cells, and
particularly in granule cells and MFs. So that it does not inhibit synaptic transmission. In
support to this contention, no efflux of zinc-65 is detected from pre-labeled fractions enriched
in synaptosomes [115]. Ibata and Otsuka (1969) reported, by electron microscopy, Timm’s
staining in the synaptic vesicles [116]. Thus, zinc is most likely in a bound form in granule
cells and MFs, and histo-reactive zinc is localized within synaptic vesicles and may play a
role during nerve activity in granule cells. In granule cells, candidates binding zinc must
reach a stoechiometry proportional to the zinc concentration. This to insure that zinc is in a
bound form and does not inhibit the synthesis of Glu, necessary for synaptic transmission.
The nature of the zinc binding molecules and their distribution in MF synapses remain to be
determined.

In granule cells and MFs, Crawford and Connor (1973) proposed that zinc may be bound
to Glu [38]. There are also various zinc binding molecules and proteins, candidates for
binding zinc in granule cells and MFs; among them, adenosine triphosphate (ATP),
metalloproteins, metalloenzymes, like Glu dehydrogenase [117], NGF [118-120], pro-insulin
[120], opioid peptides [121] and also GABA [122]. Itch et al. (1983) reported binding of zinc
with proteins ranging between 15,000 and 210,000 Daltons [123]. Among these substances,
Glu dehydrogenase is not a likely candidate to bind zinc present in MFs, as it is present in
low quantities in glutamatergic terminals and particularly in MFTs [124] and it is localized
primarily in mitochondria. Trophic factors may represent likely candidates, as trophic
activities have been reported to be enriched in MFTs [89].

The presence of high quantities of zinc in granule cells and MFs raises the question of its
involvement in the synapse MF-CA3 pyramidal cells. The presence of zinc in MF synaptic
vesicles [116], where it is detected in core dense synaptic vesicles, suggests that it is involved
in synaptic transmission [98]. In support of this contention, Glu and zinc have been reported
to be colocalized in synaptic vesicles [125], zinc has been reported to be released from MFTs
in hippocampal slices [101-104,126,127], it is preferentially transported in granule cells and
MFTs [115,127] and zinc interacts with different types of glutamatergic and GABAergic
receptors [128-131]. These data suggest that zinc may be released by the MF synapses, where
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it may play a role as neuromediator, acting both pre- and post-synaptically. Zinc may be
mediating the activity of Glu and GABA receptors. Particularly, it is an antagonist non-
competitive of the N-methyl D-aspartate (NMDA) receptor [132-134].

In all, the region of the MFTs is enriched in zinc and zinc is considered a marker of
granule cells and MFTs. In granule cells and MFs, zinc is most likely in a bound form, and
histo-reactive zinc is localized within synaptic vesicles. The nature of the zinc binding
molecules and their distribution in MF synapses remain to be determined. Zinc may play a
role during nerve activity in MFTs.

CONCLUSION

The granule cells are the nerve cells of the main layer of the hippocampal DG, the
granule cell layer or stratum granulosum. Their axons, the MFs, project to the pyramidal cells
of the CA3 region and establish synaptic contact in a region referred as the stratum lucidum.
The synapses MF-CA3 pyramidal cells elicit unique histological and biochemical features.
They have a large size, up to 10 um diameter. The MF synapses are enriched in multiple
chemical substances, like opioid peptides, trophic factors and zinc. The large size of the
MFTs allows their isolation from other cellular structures, including other nerve terminals, by
subcellular fractionation. MFS preparations provide a model of choice to study the MFTs ex
vivo.

The granule cells are glutamatergic excitatory. Opioid peptides and zinc play a role in
synaptic transmission at the MF-CA3 synapse. Zinc is most likely in a bound form in granule
cells and MFs. The nature of the zinc binding molecules and their distribution in MF
synapses remain to be determined. More recently, GABA-immunoreactivity was identified in
MFTs [135]. GABA is the main inhibitory neurotransmitter of the nervous system and the
neurotransmitter of interneurons [136,137]. The existence of an inhibitory amino acid
transmitter in an excitatory glutamatergic nerve cell population raises the question of the role
of GABA in MF terminals. Future studies will aim at identifying and characterizing the
factors content in the MFTs, and their functions in synaptic transmission and
physiopathology of the hippocampus.
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Chapter V

THE DALE’S PRINCIPLE

ABSTRACT

Neurotransmitters are molecules, synthesized and stored in neurons, that are released
during nerve activity, interact with specific receptors in the postsynaptic membrane and
relay the transmission of nerve activity. The identification of chemical transmission has
the main mode of transmission of nerve activity and acetyl choline as the first
neurotransmitter has led to the principle of chemical identity of nerve cells, known as
Dale’s principle. According to the Dale’s principle, an individual neuron releases only
one neurotransmitter. Over the years, various neurotransmitters and their mechanisms of
action have been identified and characterized in the nervous system. Evidence that
multiple neurotransmitters co-exist within the same nerve terminals led to the re-
evaluation of the Dale’s principle. The existence of multiple neurotransmitters within the
same nerve cells has profound consequences for brain functioning and physiopathology
of the nervous system.

INTRODUCTION

In the nervous system, chemical transmission is the main mode of transmission of nerve
activity between nerve cells or nerves cells and other cells, like muscle cells and gland cells
[1]. Chemical transmission is mediated by the release of neurotransmitters at the synapses,
and their interaction with postsynaptic receptors. In the 1920s and 30s, Otto Loewi and Henri
Dale identified chemical transmission as the main mode of transmission of nerve activity and
acetyl choline, as the first neurotransmitter [2,3]. Based on this work, Dale proposed the
concept of chemical identity of nerve cells that nerve cells are characterized by their
neurotransmitter. Dale proposed that nerve cells be classified according to the
neurotransmitter they released, e.g., nerve cells using acetyl choline as a neurotransmitter are
cholinergic, those using glutamate (glutamic acid, Glu) are glutamatergic and those using y-
aminobutyric acid (GABA) are GABAergic [4]. This nomenclature is still in use nowadays.

The principle, known as the Dale’s principle, was enounced by John Eccles in reference
to Dale’s work [5]. It states that “the same chemical transmitter is released from all the
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synaptic terminals of a neuron” [6]. Eccles further stated that “the same mechanical
manufacturing goes on throughout the whole extent of a cell, and that a cell cannot make one
kind of transmitter substance for some of its terminals and another kind for others” [7].
According to the Dale’s principle, nerve cells release one neurotransmitter. Progress in
physiology and the identification of multiple substances characterized as neurotransmitters,
within the same nerve terminals, lead researchers to propose that nerve cells may release
more than one neurotransmitter [8]. In light of these data, Eccles re-examined the Dale’s
principle and proposed that “Dale’s principle be defined as stating that at all the axonal
branches of a neuron, there was liberation of the same transmitter substance or substances”
[9]. The Dale’s principle supports the chemical identity of nerve cells, rather than whether or
not it releases a single neurotransmitter.

NEUROTRANSMITTERS AND NEUROMEDIATORS

Neurotransmitters are molecules synthesized and stored in neurons that are released
during nerve activity, interact with specific receptors in the postsynaptic membrane and relay
the transmission of nerve activity [8]. Neuromediators or neuromodulators are substances
contained within synapses that are stored in synaptic vesicles. Upon their release,
neuromediators act through pre- and/or postsynaptic receptors to modulate the activity of
neurotransmitters.

Over the years, various substances have been identified and characterized as
neurotransmitters and neuromediators in the nervous system. There are three main types of
substances that are neurotransmitters and/or neuromediators in the nervous system: amino
acids, monoamines and peptides.

MULTIPLE NEUROTRANSMITTERS
WITHIN THE SAME NERVE CELLS

Over the years, there have been numerous studies reporting the co-localization and co-
release of substances characterized as neurotransmitters, from the same nerve terminals.

Upon depolarization, GABAergic synaptosomes isolated from the cerebral cortex release
Glu and aspartate (aspartic acid, Asp), in addition to GABA [10]. Combinations of two or
more neuroactive amino acids, like Glu, Asp, GABA and glycine (Gly), are observed within
the same nerve terminals of the vestibular nuclear complex in cat, particularly the following
combinations are observed: GABA and Gly, Gly, Asp and Glu, Gly and Asp, and Glu and
Asp. This raises the possibility of co-release of two or more amino acids from these synapses
[11]. Fast ionotropic amino acid neurotransmitters can also be co-released with neuropeptides
[12] and monoamines [13,14].

In the hippocampus, dentate granule cells are excitatory glutamatergic. [15]. In 1991,
Sandler and Smith reported the presence of GABA in the ending nerves of granule cells, the
mossy fiber terminals (MFTs). The co-localization of Glu and GABA within MFTs was
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reported from monkey and human tissues, by immunohistochemistry and electron microscopy
[16]. GABA is an inhibitory neurotransmitter and the main neurotransmitter of interneurons
[17,18]. The existence of GABA in the ending nerves of a population of excitatory
glutamatergic nerve cells raises the possibility that GABA may be co-released with Glu and
act as a neurotransmitter at the synapse of the MF-pyramidal cells of Cornu Ammonis (CA)
region CA3. In support to this contention, Glu and GABA are co-released, upon
depolarization evoked by high concentration of potassium (50 mM), from fractions enriched
in rat mossy fiber synaptosomes (MFSs) [19]. The evoked release of Glu and GABA from
MFSs is calcium-dependent, revealing that Glu and GABA could act as co-neurotransmitters
at the synapse MF-CA3 pyramidal cells.

GABA and Gly are co-localized and co-released from the same nerve terminals of spinal
cord interneurons. Further, in these nerve terminals, the transmitters are present within the
same synaptic vesicles and their release activates functionally distinct receptors of their
postsynaptic target cells [20]. Glu and GABA also coexist in a small population of neurons of
the rat accessory olfactory bulb [21].

This shows that multiple substances characterized as neurotransmitters are co-localized
and co-released from the same nerve terminals, and can act as neurotransmitters at the same
synapse.

The medium spiny neurons that project from the neostriatum to the globus pallidus and
the substantia nigra, pars reticularis, are inhibitory GABAergic neurons of the striatum [22-
24]. In rat and monkey, these neurons express the high-affinity uptake transporter for Glu and
Asp [25,26]. This shows that these neurons possess the high-affinity uptake system for
excitatory amino acids without these substances acting as neurotransmitters at this synapse.
GABA is synthesized in the cytoplasm of neurons from Glu by Glu decarboxylase (GAD)
[27]. The presence high-affinity Glu uptake system on GABAergic neurons could satisfy
metabolic demands of striatal medium spiny nerve cells, by providing alternative source of
Glu for GABA synthesis. It may also serve as a neuroprotective mechanism against local
glutamate toxicity [28]. Alternatively, since high-affinity Glu uptake transporter is considered
a marker for glutamatergic neurons, some striato-pallidal and striato-nigral projection
neurons may utilize Glu as neurotransmitter [29]. This raises the possibility that Glu and
GABA may serve as co-neurotransmitters within the same striatal projection neurons.

This shows that nerve cells possess the machinery to use of multiple substances as
neurotransmitters. This further supports the fact that individual nerve cells may have multiple
neurotransmitters.

SIGNIFICANCE OF THE CO-RELEASE OF MULTIPLE
TRANSMITTERS FROM THE SAME NERVE CELL POPULATION

The mechanism, function and physiological significance of the co-release of multiple
neurotransmitters by the same nerve cells remain to be determined. The co-release of multiple
transmitters from the same synapse could support different functions. Among them, the co-
release of neurotransmitters from the same presynaptic nerve terminals could i) regulate the
membrane conductance changes at the postsynaptic membrane and therefore transmission of
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nerve activity, ii) regulate metabolic activities of the postsynaptic cells, when one
neurotransmitter may act on both ionotropic and metabotropic receptors, iii) enable a
feedback control of the transmission; particularly when one neurotransmitter has both pre-
and postsynaptic receptors, like GABA [30], and iv) play a neuroprotective function during
pathological events, as the expression of one neurotransmitter may be stimulated in an
attempt to compensate for neuronal hyperactivity and toxicity.

In support of the latter contention, GAD activity is increased in granule cells and MFs,
after kainic acid treatment that triggers experimental seizures [31,32]. As GABA and GABA-
mediated inhibition are known to have anticonvulsant activity, an increase in GABA
synthesis and release from MFTs during epileptic seizures may represent an attempt by the
nervous system to reduce the Glu toxicity on pyramidal cells and return to a normal state
[33].

The co-release of multiple transmitters at the same synapse could also provide a
redundant mechanism of transmission, made in place during evolution [34]. It could
compensate for eventual mutation in one of the transmitters’ pathways; particularly when
identical types of neurotransmitters are co-released at the same synapses, like Glu and Asp or
GABA and Gly.

Alternatively, co-localization of substances known as neurotransmitters may not signify
that they all act as neurotransmitter, but may purely play a metabolic, a neuroprotective
function or act as neuromodulator [34,35]. Particularly, Glu localized in GABAergic
terminals has been shown to modulate GABAergic potentials [36].

On the mechanism level, the control of neural activity at these synapses remains to be
understood and involves complex regulatory processes. Particularly, the existence of multiple
transmitters within the same neuronal cell population raises the question of whether all
synapses from the same nerve cell population contain the same distribution of
neurotransmitters and whether different neurotransmitters can be differentially released at
different terminals [37]. The significance of the existence of multiple neurotransmitters at the
same synapse needs to be evaluated on a case by case basis.

CONCLUSION

The chemical identity of nerve cells proposed by Dale and enounced as a principle by
Eccles has been challenged by the discovery of multiple neurotransmitters at the same nerve
terminals. The existence of multiple neurotransmitters within individual nerve cells further
challenges our understanding of brain functioning, at the network and individual cell levels.
For example, in the nervous system, excitatory and inhibitory transmissions are believed to
be carried out by separate populations of nerve cells [38]. The presence of an excitatory
neurotransmitter, Glu, and inhibitory neurotransmitter, GABA, within the MF synapse not
only reveals the existence of “dual” excitatory and inhibitory synapses, but suggests that the
functioning of neural networks involves more complex regulatory processes. At the
individual cell level, the existence of multiple transmitters within the same neuronal cell
population raises the question of whether all the synapses contain the same distribution of
neurotransmitters.
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It also raises the questions of the mechanisms underlying the synthesis and release of
multiple neurotransmitters by individual nerve cells, and the physio- and pathological
functions of the co-release of multiple neurotransmitters. The elucidation of these questions
may not only have significant consequences for our understanding of the brain functioning
and physiopathology, but also for the design of new drugs for the treatment of neurological
diseases and disorders.
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Chapter VI

PLASTICITY OF THE GABA
PHENOTYPE IN THE NERVOUS SYSTEM

ABSTRACT

Two kinds of fast-acting neurotransmitters exist in the nervous system, excitatory
and inhibitory. Excitatory neurotransmitters depolarize the membrane potential of nerve
cells and increase their excitability, leading to the propagation of nerve activity.
Inhibitory neurotransmitters hyperpolarize the membrane potential and decrease the
excitability of target cells. In the vertebrate nervous system, glutamate (glutamic acid,
Glu) is the main excitatory neurotransmitter and y-aminobutyric acid (GABA) the main
inhibitory neurotransmitter. In the mature nervous system, GABA is the main
neurotransmitter of interneurons. Evidences reveal that, in certain situations, GABA
depolarizes the membrane potential of nerve cells, acting as an excitatory
neurotransmitter. Glutamatergic neurons may also elicit a GABA phenotype, suggesting
that excitatory nerve cells may also contain and use inhibitory neurotransmitters. Hence,
nerve cells elicit some forms of plasticity in the expression of their phenotype,
particularly the GABA phenotype. This phenotypic plasticity has tremendous
implications for our understanding of the development and physiopathology of the
nervous system.

INTRODUCTION

GABA is the main inhibitory neurotransmitter of the nervous system. It is the main fast-
acting neurotransmitter of inhibitory interneurons [1,2]. Its activity as fast-acting
neurotransmitter on nerve cells is mediated by GABA(A) receptor (GABA(A)-R). GABA(A)-
R is an ionotropic receptor coupled to chloride ion (CI") channels. The interaction of GABA
with GABA(A)-Rs leads to the opening of CI" channels and influx of CI in the cells. The
entrance of CI" inside the cells hyperpolarizes the nerve cells’ membrane potential and
increases the membrane conductance [3]. The cells become less excitable. Hence, GABA
inhibits the transmission of nerve activity. In nerve cells, glutamate decarboxylase (GAD) is
the GABA biosynthetic enzyme; GAD catalyzes the decarboxylation of glutamate to GABA
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[4,5]. The brain contains two forms of GAD, GAD65 and GAD67. GADG65 is involved in the
synthesis of the neurotransmitter pool of GABA, whereas GAD67 is primarily involved in the
synthesis of the metabolic pool of GABA [5,6]. High concentration of GABA in nerve
endings and GAD are considered landmarks of GABAergic nerve cells; cells that use GABA
as neurotransmitter [5,7].

Cerebral plasticity is the dynamic potential of the brain to reorganize itself, during events
like ontogeny, learning or following damages [8]. Evidences reveal that GABA is not only a
neurotransmitter of inhibitory interneurons. GABA produces excitatory activity on nerve
cells on certain situations, as during development. Some glutamatergic excitatory nerve cells
may also elicit a GABA phenotype and use GABA as a co-neurotransmitter. Hence, the
GABAEergic phenotype elicits some form of plasticity.

EXCITATORY ACTIVITY OF GABA

During Development and in the Adult Nervous System

In the developing nervous system, GABA has been reported to act as an excitatory
neurotransmitter in certain nerve cell populations. GABA depolarizes immature neurons in
the developing cerebral cortex [9,10]. In the hippocampus, the granule cells of the dentate
gyrus, that project to the pyramidal cells of the Cornu Ammonis (CA) region CA3, develop
mostly during the first two weeks postnatal [11,12]. During the first week postnatal, GABA
exerts a depolarizing activity on the membrane potential of hippocampal neurons of the CA3
region [13-18]. Upon completion of the postnatal maturation of the hippocampus, GABA
exerts an inhibitory activity on CA3 pyramidal cells [19]. While most of these observations
have been made in the developing brain, GABA has also been reported to depolarize striatal
neurons in vivo in the adult rat [20]. This shows that GABA acts transiently as an excitatory
neurotransmitter during development of the nervous system, and that GABA may also act as
an excitatory neurotransmitter in the adult brain.

Circadian Rhythms

The suprachiasmatic nucleus (SCN) is a center for the generation of circadian rhythms in
the mammalian nervous system. Cells in the SCN undergo spontaneous changes in their
electrical properties between day and night [21]. Particularly, SCN cells show a daily rhythm
in the GABA activity; the time of day determines whether GABA acts as an inhibitory or an
excitatory transmitter in the SCN. GABA exerts a hyperpolarizing activity on neurons of the
SCN during the night and a depolarizing activity during the day [22]. Hence, there is a
diurnal change in GABA-signaling in the SCN; GABAergic neurons switch from inhibitory
at night to excitatory during the day.
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Traumatic Injury

After traumatic brain injury, GABA both synaptically released and exogenously applied
exerts a depolarizing activity on neuronal cells surrounding the lesion [23]. The reversal of
the role of GABA occurs minutes after trauma and extends for 2-3 weeks after injury. This
shows that after trauma, GABA activity switches from inhibitory to excitatory in the lesion
area.

In all, in the nervous system GABA elicits a depolarizing activity and acts as an
excitatory neurotransmitter, in certain situations.

Reversal of CI” Distribution

The activity of the fast acting neurotransmitter GABA is mediated through its interaction
with the GABA(A)-R. The GABA(A)-R is coupled to the opening of CI" channels. The
intracellular concentration of CI" is not distributed passively in cells. Chloride ions are
transported across the membrane of nerve cells through potassium/chloride ions
cotransporters (KCC); CI is transported outward in the cells [24,25]. Upon interaction of
GABA with GABA(A)-Rs, the opening of CI" channels leads to an influx of CI inside the
cells and hyperpolarization of the nerve cells’ membrane potential. As consequence, the cells
become less excitable. GABA inhibits the transmission of nerve activity.

It is proposed that a reversal in the distribution of CI" in nerve cells underlies the switch
of GABA activity from hyperpolarizing to depolarizing. During development, circadian
rhythm in the SCN and traumatic brain injury, there is an inversion of the CI" driving force;
CI" is transported inward in nerve cells. Hence in these situations, upon interaction of GABA
with GABA(A)-Rs, the opening of CI" channels leads to an efflux of CI of the cells. This
efflux of CI leads to the depolarization of nerve cells’ membrane potential and decrease of
the membrane conductance. As a consequence, the cells become more excitable. In these
situations, GABA acts as an excitatory neurotransmitter and promotes the transmission of
nerve activity [9,10,13-18,20,22,23].

The mechanism for the reversal of CI™ distribution remains to be fully determined. In the
rat hippocampus, the expression of an isoform of KCC, KCC2, begins around the first week
after birth [26]. The expression of KCC2 correlates with the GABA activity switch from
depolarizing to hyperpolarizing and is enough to reverse the cell’s distribution of CI" inside
the cells from high to low. The expression of KCC would underlie the switch of activity of
the fast-inhibitory neurotransmitter GABA in the hippocampus from depolarizing to
hyperpolarizing [26].

In all, in the nervous system the reversal of the distribution of the CI" inside the cells
underlies the depolarizing activity of GABA during development, in the adult, during the
circadian rhythm and traumatic brain injury.

The function of the depolarizing activity of GABA remains to be fully understood. The
depolarizing activity of GABA may lead to an increase in nerve transmission activity. During
development, depolarizing activity of GABA onto CA3 pyramidal cells would contribute to
synaptic integration and survival of newly generated neuronal cells [27-33]. During traumatic
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brain injury, it may result in an influx of calcium ions inside the cells, a toxic event leading to
cell death [23,34].

GABA PHENOTYPE IN GLUTAMATERGIC NERVE CELLS

Several studies have reported that excitatory glutamatergic nerve cells express a GABA
phenotype, in vitro and in vivo. Among them, glutamatergic striatal neurons expressed GAD
immunoreactivity in culture [35]. GAD65 mRNA is expressed in both inhibitory and
excitatory hippocampal neurons in culture [36,37], while only a subset of the neuronal cells
in culture expresses GAD protein and GABA [38]. CA1 hippocampal pyramidal neurons, a
population of glutamatergic excitatory neurons, express GAD65 and GAD67 mRNAs in slice
preparations, but no GAD protein or GABA are detected in those cells in situ [36-38]. This
shows that GAD expression is upregulated in vitro in nerve cells that do not normally use
GABA as a neurotransmitter. Particularly, in those cells, the translation, but not the
transcription, of GAD is induced.

In situ, dentate granule cells, an excitatory glutamatergic population of nerve cells of the
hippocampus, express GABA and GAD65 immunoreactivities [39]. Those cells also express
low level of GAD65 immunoreactivity and its expression is upregulated in conditions of
hyperactivity and during seizures [40-42]. This reveals that some glutamatergic excitatory
neurons elicit a dual phenotype, glutamatergic and GABAergic, in the adult brain,
particularly hippocampal granule cells [43,44].

These data suggest that, on the one hand, GAD transcription can be upregulated in nerve
cells in culture, without these cells using GABA as a neurotransmitter. In the nervous system,
GAD expression in nerve cells in considered as marker of GABAergic neurons [5]. This
reveals that GAD mRNA expression is not a criterion sufficient to identify a population of
nerve cells as GABAergic, particularly in vitro.

On the other hand, these data also suggest that glutamatergic excitatory neurons may use
GABA as a neurotransmitter in vivo. Alternatively, beside its role as a neurotransmitter,
GABA may play a metabolic, trophic and neuroprotective role in those cells [45,46]. GABA
is synthesized in the cytoplasm of neurons by decarboxylation of Glu by GAD and is
metabolized by GABA-aminotransferase to succinic semialdehyde. Succinic semialdehyde is
then oxidized to succinate. The conversion of Glu to GABA and subsequently to succinate
semialdehyde is known as the GABA shunt. It represents a way for the cells to produce
energy from Glu without production of ammonia [45]. GAD may also be use by the cells to
produce GABA as trophic support [46] and to reduce the concentration of Glu that in certain
condition can be toxic for the cells [34].

In all, the expression of a GABA phenotype in nerve cells may not only signify the use of
GABA as a neurotransmitter in those cells, but also its involvement in metabolic, trophic and
neuroprotective processes [47]. Interestingly, GAD mRNA expression has been reported in
culture without transcription of the protein. A pool of mMRNA may provide the cells with the
capacity to rapidly synthesize GABA without requiring transcription of the synthetic enzyme.
It could be part of the neuron’s defense against injuries. The understanding of the mechanism
of regulation of GAD transcription and translation may hold cues on the developmental,
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metabolic, trophic and neuroprotective roles of GABA, versus its role as neurotransmitter,
particularly in glutamatergic nerve cells.

CONCLUSION

In the nervous system, different populations of nerve cells are believed to contain either
an excitatory or inhibitory fast-acting neurotransmitter, defining excitatory and inhibitory
neurons, respectively [48]. In the vertebrate nervous system, Glu is the main excitatory
neurotransmitters and GABA the main inhibitory neurotransmitter.

Reports show that GABA may also have transiently a depolarizing activity on nerve cells
and thereby act as an excitatory neurotransmitter in certain conditions, as during
development, circadian rhythms and traumatic brain injuries. Glutamatergic excitatory nerve
cells may also express a GABAergic phenotype. In these cells, GABA may be use as a
neurotransmitter. Alternatively, it may play a metabolic, trophic or neuroprotective role.
Further investigations are required to determine the functional and physiopathological roles
of the excitatory activity of GABA and of the GABA in excitatory nerve cells.

Hence, nerve cells elicit phenotypic plasticity; they may adapt their neurotransmitter
phenotype in response to environmental stimuli. The understanding of the mechanisms
underlying the phenotype plasticity of neurotransmitters, particularly of GABA, is as
important for our understanding of the development of the nervous system, as for our
understanding of the physiopathological role of neurotransmitters and the development of
new drugs, particularly for the treatment of traumatic brain injuries.
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MossY FIBERS AND GABA

ABSTRACT

The granule cells are the nerve cells of the principal layer of the dentate gyrus (DG)
of the hippocampus. They are glutamatergic excitatory. Their axons, the mossy fibers
(MFs), project to the Cornu Ammonis (CA) region CA3, where they establish synaptic
connections with dendritic spines of pyramidal cells, in the stratum lucidum. The
synapses MF-CA3 pyramidal cells elicit unique histological, biochemical and
physiopathological features. In 1994, y-aminobutyric acid (GABA), the main inhibitory
neurotransmitter of the nervous system, was detected in MF nerve endings of primates by
immunohistochemistry. Glutamate (glutamic acid, Glu) and GABA can be co-released
from MF terminals (MFTs) and monosynaptic GABAergic responses can be evoked at
the MF-CA3 pyramidal cell synapses by MF activation. The GABA biosynthetic
enzyme, glutamate decarboxylase (GAD), is expressed at low level in granule cells, and
its expression is upregulated in conditions of hyperactivity and during seizures. CA3
pyramidal cells express GABA receptors and MFTs GABA transporters. In, all GABA is
present in MFTs and acts as a neurotransmitter at the MF synapse. The co-existence of
two functional neurotransmitters, excitatory and inhibitory, reveals a dual mode of
transmission at the MF synapse. This dual mode may underlie unique developmental and
physiopathological features of the MF synapse.

INTRODUCTION

The nervous system uses primarily two modes of synaptic transmission, excitatory and
inhibitory. These two modes of transmission are believed to be mediated by distinct nerve
cell populations, containing excitatory or inhibitory neurotransmitters. In the nervous system,
Glu is the main excitatory neurotransmitter and GABA the main inhibitory neurotransmitter
[1-5]. In the hippocampus, neurons of the try-synaptic circuit, granule and pyramidal cells,
are glutamatergic excitatory, whereas inhibitory interneurons are GABAergic [6-8]. This
mode of separation of synaptic activity is at the basis of the functioning of the nervous



78 Philippe Taupin

system as a network; excitatory neuronal cells produce synaptic inputs that stimulate target
cells and, in turn, receive inhibitory inputs that govern their excitability [9].

The mossy fibers (MFs) are the axons of the dentate granule cells. The synapses of the
MFs are excitatory glutamatergic; they use Glu as their main neurotransmitter [10-12]. The
MFs establish synaptic contacts with the spines of CA3 pyramidal cells, in the stratum
lucidum [13,14]. The synapse MF-CA3 pyramidal cells of MF terminals (MFTs) have a
characteristic morphology: they have a large diameter, up to 10 um, high synaptic vesicles
density, mitochondria and a complex morphology, with multiple invaginations and dendritic
spines invaginated in the boutons [15,16]. MFTs also contain various other substances, like
opioid peptides, trophic factors and zinc [17,22].

In 1991, Sandler and Smith reported the presence of GABA in the synapse MF-CA3
pyramidal cells of monkeys and humans, by immunohistochemistry and electron microscopy
[23]. The presence of GABA in MFTs raises the possibility that it may act as a
neurotransmitter at the MFTs and that MFTs, that are glutamatergic excitatory, co-release an
excitatory neurotransmitter and an inhibitory neurotransmitter, GABA. Further studies have
aimed at identifying and characterizing the role of GABA at the MF-CA3 pyramidal cells
synapse. The presence of an inhibitory neurotransmitter in an excitatory nerve cell population
has profound implications not only for our understanding of the functioning and
physiopathology of the MF synapse, but also of the development of the nervous system.

GABA AND ITS SYNTHETIC ENZYME,
GAD, IN MossY FIBER TERMINALS

In 1984, Ottersen and Storm-Mathisen reported immunoreactivity for GABA in the
stratum lucidum of mouse and rat, in light microscopy [24]. The authors suggested that there
was GABA-immunoreactivity within the MF pathway. Others confirmed the presence of
GABA-immunoreactivity in the stratum lucidum [25] and reported GAD-immunoreactivity in
the CA3 region [26]. GAD is the biosynthetic enzyme for GABA [27,28]. Woodson et al.
(1989) confirmed the presence of GABA-immunoreactivity in the hilus and stratum lucidum.
Woodson et al. (1989) further reported that GABA-immunoreactivity was not within the
granule cells and MF pathway [29]. In 1989, Frotscher reported that MFTs making synaptic
contacts with dendrites of GAD immunoreactive cells in the stratum lucidum in rat do not
contain GAD-immunoreactivity. This study was performed at the ultrastructural level by
electron microscopy [30]. The presence of GAD immunoreactivity is a strong argument to
characterize a neuronal population as GABAergic [31,32]. It was concluded that MFTs do
not contain GABA, and granule cells do not synthesize GABA.

In 1991, Sandler and Smith reported GABA-immunoreactivity in MFTs in the CA3
region of the hippocampus of primates, at the ultrastructural level [23]. Immunoreactivity was
detected by immunogold staining, in monkey and human tissues. Large MF terminals in the
stratum lucidum, with high synaptic vesicles density, mitochondria and dendritic spines
invaginated in the boutons, characteristics of MF-CA3 synapses, elicit Glu- and GABA-
immunoreactivity. The authors reported weak GAD67- and no GAD65-immunoreactivity in
the presynaptic MF nerve endings [23]. This result is in conflict with previous reports
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showing that there is no GABA- and no GAD-immunoreactivity in the MFTs [29,30]. The
co-localization of Glu and GABA in synapse MF-CA3 pyramidal cells suggest that the two
amino acids could be co-release by MFTs and that GABA could act as a neurotransmitter at
the synapse MF-CA3 pyramidal cells.

In 1994, Taupin et al. reported that Glu and GABA are co-released from fractions
enriched in MF synaptosomes (MFSs) [33]. Synaptosomes are “pinched-off” nerve terminals
[34,35]. Synaptosome preparations have proven their relevance for studying the
physiopathology and pharmacology of ending nerves in vitro [36,37]. Taupin et al. (1994)
previously reported the isolation and characterization of fractions enriched MFSs. MFSs were
isolated by subcellular fractionation on Percoll gradients, from adult rats control and after
neonatal irradiation [38]. The authors characterized fractions enriched in MFSs obtained from
adult control rats, by their enrichment in synaptosomes eliciting histological biochemical
features of MFTs, i.e., a large diameter, with high synaptic vesicle densities, mitochondria
and dendritic spines invaginated in the boutons. The authors also estimated the enrichment in
MFSs, by assaying dynorphin and zinc, considered markers of MFTs [15-19]. Enrichment in
MFSs was confirmed by performing subcellular fractionation from adult rats after neonatal
irradiation [38]. Neonatal irradiation of the hippocampal region prevents the development of
dentate granule cells in the adult, as the granule cells develop mostly postnatally, during the
first two weeks postnatal (figure 1) [39,40]. Subcellular fractionation of the adult
hippocampus, after neonatal irradiation, yields fractions depleted in MFSs; fractions obtained
from adult rats after neonatal irradiation show a substantial drop in their contents in
dynorphin and zinc [38]. This MFS preparation is most useful for studying the MF synapse
ex vivo.

Previous studies have reported the co-release of Glu and GABA by exocytosis from
synaptosome preparations [41,42]. Data from these studies reveal that mechanisms
supporting the co-release of Glu and GABA co-exist within individual nerve terminals in the
nervous system. Hence, Taupin et al. (1994) investigated the presence and release of Glu,
Asp (aspartic acid, Asp) and GABA from MFS preparation [33].

Taupin et al. (1994) characterized fractions enriched in MFSs, from adult rats control and
after neonatal irradiation, for their content and ability to release the main amino acid
neurotransmitters, Glu, Asp, and GABA [33]. The authors further studied GAD activity in
these fractions. No difference in the content of Glu, Asp, and GABA were observed between
fractions obtained from adult rats, control and after neonatal irradiation. In contrast, a
significant drop in potassium (50 mM, K*)-evoked calcium (Ca2*)-dependant release of Glu
and GABA was observed in fraction enriched in MFSs, obtained from adult rats control
versus after neonatal irradiation. No difference in GAD activity was observed between
fractions obtained from the adult rats control and after neonatal irradiation [33]. The
mechanism of K* (50 mM)-evoked release of Glu, Asp, and GABA is not representative of
physiological conditions. On the one hand, prolonged K*-evoked depolarization produces a
reversal of the Glu, Asp, and GABA plasma membrane transporters. On the other hand, K*-
evoked depolarization activate voltage-dependent Ca®* channels, allowing Ca®* to reach the
interior surface of the cell membrane and trigger fusion and release of vesicularly stored
neurotransmitters [43,44]. Hence, K*-evoked Ca®*-independent release is consistent with
reversal of plasma membrane transporters, whereas K*-evoked Ca**-dependent release is
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consistent with exocytosis from vesicularly stored neurotransmitters. The significant drop in
K*-evoked Ca2*-dependant release of Glu and GABA observed in fraction enriched in MFSs,
obtained from the adult rats control versus after neonatal irradiation, suggests that Glu and
GABA may be co-released from MFTs by exocytosis and that GABA would be present in
synaptic vesicles in MFTs. Hence, mechanisms supporting the corelease of Glu and GABA
co-exist in MFTSs.

Figure 1. Timm’s staining of adult hippocampal section after neonatal irradiation. Rats were submitted
to neonatal irradiation of the hippocampal region. Neonatal irradiation of the hippocampal region
prevents the development of dentate granule cells in the adult, as the granule cells develop mostly
postnatally, during the first two weeks postnatal. Adult rat brains were fixed with paraformaldehyde,
processed for histology and Timm?’s staining. Timm’s staining is a histological procedure for staining
zinc in tissue section, including the brain. In the hippocampus, the granule cells are the nerve cells of
the principal layer of the dentate gyrus (DG), the granule cell layer. Their axons, the mossy fibers
(MFs), project to the Cornu Ammonis (CA) region CA3 of the hippocampus and establish synaptic
contact with the dendritic spines of pyramidal cells. The granule cells and MF terminals are enriched in
zinc. In hippocampal sections from adult rats after neonatal irradiation, the absence of Timm’s staining
in the DG and CA3 region reflects the absence of granule cells in the adult hippocampus. For positive
control, refer to chapter 4, figure 3.

Several hypotheses can be raised for the lack of difference observed in Glu, Asp and
GABA content, and GAD activity, between fractions enriched in MFSs obtained from adult
rats control and those obtained from adult rats after neonatal irradiation. Regarding the lack
of difference observed in Glu, Asp and GABA content between fractions enriched in MFSs
obtained from the adult rats control and those obtained from adult rats after neonatal
irradiation, Glu, Asp and GABA are amino acids present in numerous types of nerve cells
and/or glial cells in the brain, and particularly the hippocampus. The lack of differences
observed in their content may reflect the contamination from these other cell types in the
fractions enriched in MFSs. Regarding the lack of difference observed in GAD activity
between fractions enriched in MFSs obtained from the adult rats control and those obtained
from the adult rats after neonatal irradiation, several hypotheses can be raised. First, MFTs do
not contain GAD, as reported previously [30]. Second, MFTs contain low levels of GAD and
the assay used to measure GAD (enzymatic assay) in fractions enriched in MFSs, obtained
from adult rats control and those obtained from adult rats after neonatal irradiation, is not
sensitive enough to detect such difference. In support of this contention, Sandler and Smith
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(1991) reported weak GAD67- and no GAD65-immunoreactivity within the presynaptic MF
nerve endings [23]. Third, GAD is present but its enzymatic activity is inhibited and therefore
not detectable by the assay. In support of this contention, zinc inhibits GAD activity [37] and
is enriched in MFTs [45]. GAD activity may therefore be inhibited in MFTs. However, zinc
in MFTs is likely to be in a bound form. The nature of the zinc binding molecules and their
distribution in MF synapses remain to be determined. In all, this study does not allow to
determine whether MFTs contain GAD, the GABA biosynthetic enzyme. The origin of
GABA in MFTs remains to be determined.

The brain contains two forms of GAD, GAD65 and GAD67 [28]. GADG5 is mainly
localized in the ending nerves and associated with synthesis of the neurotransmitter pool of
GABA. GAD67 in mainly localized in the cell bodies and dendrites and is mainly associated
with synthesis of the metabolic pool of GABA [46,47]. Sandler and Smith (1991) reported
weak GADG67- and no GADG65-immunoreactivity within the presynaptic MF nerve endings
[23]. Therefore, the origin of GABA in MFTs remains to be determined and several
hypotheses can be drawn. GABA could be synthesized by GAD in MFTs. This remains to be
demonstrated, particularly as Frotscher (1989) did not detect GAD in MFTs and Sandler and
Smith (1991) reported no GADG65-immunoreactivity within MFTs [23,30]. Alternatively,
GABA could originate from other metabolic pathways, independent of GAD, from glutamine
for example [48,49]. GABA could originate by uptake from the extracellular medium [30].
With regard to this latter hypothesis, there is no evidence that non-GABAergic neurons have
the ability to uptake GABA. The presence of GABA transporters is restricted to neurons that
synthesize and release GABA, as neurotransmitter, and glial cells [50-52]. Antibodies to
neuronal GABA transporter, labels only GABAergic neurons [53]. This shows that GABA
membrane transporter is specific of GABAergic neurons. Hence, whether MFTs could uptake
GABA from the local environment, without synthesizing it, remains to be demonstrated. It
particularly requires identification of GABA membrane transporters in MFTs. In all, the
origin of GABA in MFTs remains to be determined.

GABA- and low level of GAD-immunoreactivity in granule cells and MFTs have been
reported in rats, mice and monkeys by other groups [54-56], confirming the work by Sandler
and Smith (1991) [23]. However, the origin of GABA in MFTs still remains to be resolved.
The co-release of Glu and GABA from MFSs suggests that Glu and GABA may be co-
released from MFTs and therefore GABA could act as a neurotransmitter at the MFTs [33], a
hypothesis that remains to be demonstrated.

GAD EXPRESSION 1S INCREASED IN GRANULE CELLS IN
CONDITIONS OF HYPERACTIVITY AND AFTER SEIZURES

In contrast to control animals, which elicit low levels of GAD, at both protein and
mMRNA levels, the expression of GAD proteins and mRNAs is increased in rodents in
conditions of hyperactivity, like during long-term potentiation and after experimental
seizures, after kindling and kainic acid treatment [54-58]. After kainic acid-induced seizures
in rats, the expression of GAD67 mRNAs increases transiently in the granule cell layer, 6-24
h after the administration of the drug [54]. The level of GABA is also increased in MFTs
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after experimental seizures, as reveled by an increase in GABA level in fractions enriched in
MFSs isolated from kindled rats [59]. This shows that hyperactivity, and particularly
seizures, stimulate the expression of GAD in granule cells and increase the level of GABA in
the MFTs. This suggests that GABA may play an important role at the MF synapse during
hyperactivity. It may play a role in neurotransmission during hyperactivity, though this
remains to be elucidated.

The presence of GABA in MFTs and the GABA synthesizing enzyme, GAD, in granule
cells supports a role of GABA in neurotransmission at the MF-CA3 synapse. It remains to
demonstrate the functional release, post-synaptic activity and existence of transporters of
GABA at the MF-CA3 synapse, order to confirm the role of GABA as a neurotransmitter at
the MF-CA3 synapse.

PHYSIOLOGY OF THE MOSSY FIBER SYNAPSE

Walker et al. (2001) reported that monosynaptic GABAergic responses can be evoked at
the MF-CA3 pyramidal cell synapse by MF activation, in slices of young guinea pig
hippocampus [60]. The synaptic transmission elicits GABAergic responses with
characteristics of MF origin; it is not inhibited by antagonists of excitatory amino acid
receptors and appears to be GABAergic since it is blocked by picrotoxin, an antagonist of the
ionotropic GABA-A receptor [61,62]. This suggests that the monosynaptic GABAergic
responses observed on CA3 pyramidal cells is mediated by the stimulation of the MFs
themselves. There are other alternatives for this observation, like the co-stimulation of MFs
with GABAergic fibers of a projecting inhibitory pathway that would run in parallel with the
MFs [29] or with sprouted interneurons [63]. However, the mediation by the stimulation of
the MFs themselves is the most likely explanation for the origin of the monosynaptic
GABAergic responses observed at the MF-CA3 pyramidal cell synapse in guinea pig.

This study provides the first evidence of a physiological role of GABA present in MFTs.
It suggests that the GABAergic responses evoked at the MF-CA3 pyramidal cell synapse is
mediated by the release of GABA from the MFTs. It further supports the hypothesis that
GABA present in MFTs acts as a neurotransmitter at the MF-CA3 pyramidal cell synapse.

In rat, in contrast to guinea pig, GABAergic transmission at MF-CA3 pyramidal cell
synapses is detected after seizures, but not in control conditions [64]. In rat, GABAergic
transmission at the MFTs would be activity- and protein synthesis-dependent [65-67]. This
would go inline with histological studies showing that the content of GABA and GAD
activity in granule cells and MFTs are increased in conditions of hyperactivity and after
seizures [54-59]. However, others have confirmed the observations reported by Walker et al.
(2001) that monosynaptic GABAergic responses at the MF-CA3 pyramidal cell synapse is
observed in naive animals, including rodents [68].

In all, these results show that the MFTs use GABA as a neurotransmitter and elicit
GABAergic inhibitory transmission at the MF-CA3 pyramidal cell synapse, an excitatory
glutamatergic synapse. It suggests the existence of GABA receptors on post-synaptic
membranes of CA3 pyramidal cells. The release of an inhibitory neurotransmitter in an
excitatory glutamatergic synapse also raises the question of the function of GABA at the
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MFTs. It remains to demonstrate i) that GABA acts on post-synaptic receptors at the MF-
CA3 pyramidal cells synapse and ii) that MFTs express GABA plasma membrane and
vesicular transporters, to inactivate GABA signaling and for synaptic release of GABA.

GABA RECEPTORS AND TRANSPORTERS
AT THE MoOssY FIBER SYNAPSE

In vitro, the application of GABA onto CA3 pyramidal cells produces a
hyperpolarization [69]. This suggests that CA3 pyramidal cells express GABA receptors.
Two types of receptors mediate the activity of GABA on nerve cells; GABA receptor type A
and B, GABA-(A)R and GABA-(B)R. GABA-(A)R is a ionotropic receptor. GABA-(A)R
mediates fast GABAergic transmission, whereas GABA-(B)R is a metabotropic receptor
[70,71]. GABA-(A)R is coupled to a chloride-permeable ion channel [62,71]. Synaptically
released GABA activates post-synaptic GABA-(A)Rs. This leads to the opening of chloride-
permeable ion channels, the entrance of chloride ions inside the cells and hyperpolarization
of the post-synaptic membrane. Hyperpolarization increases the membrane conductance. This
inhibits the transmission of nerve activity by making nerve cells less responsive to excitatory
input.

The GABA-(A)R subunit (g3) is expressed in the stratum lucidum, region where the MF
projections establish synaptic contacts with the dendritic spines of CA3 pyramidal cells [72].
Electron microscopy studies reveal co-expression of GABA-(A)Rs and Glu receptors (GIuRs)
at the MF synapses [68]. In all, GABA-(A)Rs may co-exist with GIuRs in post-synaptic CA3
pyramidal cells and mediate the GABA synaptic activity originating from the granule cells
and MFTs.

GABA is transported inside the cells by a transporter, the plasma membrane GABA
transporter (GAT). GAT uses energy provided by the transmembrane sodium gradient to
transport GABA inside the cells. Two types of plasma membrane GABA transporters have
been identified, GAT-1 and GAT-2 [73-75]. In the central nervous system (CNS), GAT is
expressed in neurons that synthesize and release GABA, and in glial cells [74-76]. GABA is
transported inside synaptic vesicles by transporters, the vesicular GABA transporters
(VGAT) [76,77].

In the hippocampus, GAT-1 is primarily expressed by interneurons and glial cells [78].
Granule cells also express GAT-1 mRNAs and the level of expression of GAT-1 mRNAs is
enhanced in the DG following kindled seizures in rat [79]. MFSs uptake GABA, an activity
inhibited by the selective GABA uptake blocker, nipecotic acid [59]. Finally, VGAT mRNAs
are expressed in the DG and in MFTs in control rats, and their expression is enhanced in
MFTs after seizures [80]. In all, these data show that both GAT and VGAT are presents on
granule cells and MFs, and may account for the transport of GABA inside MFTs and synaptic
vesicles. This further supports that the role of GABA presents in MFTs as a neurotransmitter
at the MF-CA3 pyramidal cell synapse.
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SIGNIFICANCE OF THE PRESENCE OF
GABA IN M0OSSY FIBER TERMINALS

MFTs contain GABA, an inhibitory neurotransmitter [23]. GAD, GAT and VGAT are
expressed in granule cells and MFTs. GABA-(A)Rs are expressed in the stratum lucidum,
region of projection of the MFs in the CA3 hippocampal subfield [54-58]. This shows that all
the components necessary for GABA synaptic transmission at the MF synapse are presents.
Evidences further suggest that GABA is co-released with Glu from the MFTs [33] and show
the synapse MF-CA3 pyramidal cells elicits electrophysiological characteristic of inhibitory
monosynaptic GABA transmission, with characteristics of MF origin [60].

These data support the role of GABA as a neurotransmitter at the MF-CA3 pyramidal
cell synapse and that Glu and GABA are co-released from MFTs. In support to this
contention, Bergersen et al. (2003) using electron microscopy and high resolution
immunogold cytochemistry showed that Glu and GABA are co-localized within most MFTs,
and that Glu and GABA are associated with synaptic vesicles in MFTs, in rat [68]. Therefore,
the MF synapse represents a model of “dual” synapse, with two “fast-acting”
neurotransmitters, Glu and GABA, respectively excitatory and inhibitory neurotransmitters
[81,82]. This raises the question of the mechanism of co-release of the neurotransmitters and
the function of GABA at the MF-CA3 pyramidal cell synapse.

In the nervous system, excitatory and inhibitory transmissions are believed to be carried
out by separate populations of nerve cells [9]. In the nervous system, and particularly the
hippocampus, Glu is the main excitatory neurotransmitters and GABA the main inhibitory
neurotransmitter. In the hippocampus, granule and pyramidal cells use Glu as
neurotransmitter, whereas inhibitory interneurons use GABA as neurotransmitter [1-7]. The
co-localization of an excitatory, Glu, and inhibitory, GABA, neurotransmitter in the MF
synapse suggests that the functioning of the MF synapse involve complex regulatory
processes and the mechanisms underlying the co- release of Glu and GABA at the MF
synapse is likely to be tightly regulated. Future studies will aim at investigating the
mechanism of co-release of Glu and GABA at the MFTs. Particularly, future studies will aim
at identifying the ratio and Kinetic of release of Glu versus GABA at the MFTs, in different
experimental conditions, and at characterizing the cellular and molecular mechanisms
underlying the co-release of Glu and GABA at the MFTs.

The hippocampal formation is a critical area in the pathology of epilepsy [83]. It is
proposed that the DG may function as a gate, controlling the propagation of seizures [84,85].
Granule cells would regulate the throughput of epileptiform activity transiting through the
hippocampal formation [86]. GABA and GABA-mediated inhibition are known to regulate
neuronal excitability, and to have an anticonvulsant activity [87].

It is proposed that GABA released from MFTs could contribute to a protective role
against generation of spontaneous seizures in the hippocampus. This by reducing granule
cells hyperactivity during seizures [88]. In support to this contention, increase in GABA
synthesis and release from MFTs, during epileptic seizures, may represent an attempt by the
nervous system to reduce the Glu over-excitation and toxicity on CA3 pyramidal cells, and
return to a normal state [54-59]. GABA may modulate granule cells hyperactivity during
seizures either directly by acting through GABA-A(R)s on CA3 pyramidal cells or by acting
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on presynaptic GABA(B)-Rs. In that latter model, GABA-mediated autoreceptors at MF
terminals could represent a further level of modulation of transmission, to prevent over-
excitation of the post-synaptic neurons. The protective role of GABA released by MFTs
against the generation of spontaneous seizures in the hippocampus remains to be validated.
The mechanism of action and role of GABA as a neurotransmitter at the MF synapse, in the
physiopathology of the MF synapse, remain to be determined as well.

CONCLUSION

In the nervous system, excitatory and inhibitory transmissions are believed to be carried
out by separate populations of nerve cells. In the hippocampus, neurons of the tri-synaptic
circuit, granule and pyramidal cells, are glutamatergic excitatory, whereas inhibitory
interneurons are GABAergic. Evidences reveal that dentate granule cells and MFs elicit a
dual phenotype; they contain and use GABA as a neurotransmitter. The presence of
excitatory and inhibitory neurotransmitters in the MF synapse not only raises the question of
the mechanism of action of these neurotransmitters and its functional significance, but it also
raises the issue of identifying and defining nerve cell phenotypes, and particularly
GABAergic phenotypes.

In the nervous system, nerve cells are defined according to their main “fast-acting”
neurotransmitter. Since GABA is synthesized in the cytoplasm of neurons that are
GABAergic, the detection of GAD, the GABA synthesizing enzyme, is a criterion well
accepted to identify a population of nerve cells as using GABA as neurotransmitter. The
granule cells express low levels of GAD that are barely detectable by immunochistochemistry
and in situ hybridization, in control animals. The lack of detection of GAD mRNAs in
granule cells, particularly, mandates caution when using GAD mRNA detection for
identifying GABAergic nerve cells. Low levels of GAD mRNAs may prevent its detection,
though nerve cells may use GABA as a neurotransmitter -like granule cells-. Therefore,
multiple investigations may be needed to be carried out to identify a GABAergic phenotype.

It is proposed that the co-release of Glu and GABA at the MFTs may contribute to a
protective role against generation of spontaneous seizures in the hippocampus. Further
studies will aim at investigating the role of GABA in MFTs and the mechanism underlying
its physiopathological activity.
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Chapter VIII

DEVELOPMENT OF THE HIPPOCAMPUS

ABSTRACT

The development of the mammalian nervous system initiates prenatally, with most
nerve cells born before birth, whereas the process of maturation of the nervous system,
gliogenesis and myelination, continue long -decades- after birth. In the hippocampus, the
development of granule and pyramidal cells follows different patterns. The development
of the Cornu Ammonis (CA) initiates in the prenatal period, with most pyramidal cells
born prenatally. The maturation process of the CA extends until 2-3 weeks after birth.
Contrary to other brain areas, most of the granule cells of the dentate gyrus (DG) are
born postnatally, during the first two weeks of life. Their axons, the mossy fibers (MFs),
have mainly a postnatal development. The MF synapses establish connections with
dendritic spines of pyramidal cells of the CA3 region, in the stratum lucidum,
coincidently to the appearance of dendritic spines on the pyramidal cells of CA3 around
the second week postnatal. During the postnatal period, GABA originating from hilar
and CA3 interneurons of the hippocampus would exert a depolarizing activity onto CA3
pyramidal cells. During the postnatal period, granule cells also express transiently a
GABAergic excitatory phenotype. The GABA depolarizing activity onto CA3 pyramidal
cells and the expression of a GABAergic excitatory phenotype by granule cells, an
excitatory glutamatergic population of nerve cells, raise the question of their
physiological significances and roles during development.

DEVELOPMENT OF THE HIPPOCAMPAL
SUBFIELDS OF THE CORNU AMMONIS

The development of the CA initiates in the prenatal period. In mice, neural progenitor
cells at the origin of the hippocampal pyramidal cells are born at embryonic (E) day 10.5 [1].
The period of gestation is 19-20 days for housed mice, versus 21-24 days for rats. Neural
progenitor cells at the origin of the hippocampal pyramidal cells derive from neural stem cells
originating from the ventricular zone [1].
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By day E 14.5, most of these progenitor cells have migrated to their final presumptive
position to form a detectable cortical plate, where they will give rise to pyramidal cells at the
origin of the CA [2,3]. At day E 14.5, pyramidal cells in the first presumptive field of the CA
region, the region CA3, express the kainate receptor (KAL). A day later, at E 15.5, pyramidal
cells of the presumptive region CA1 express the transcription factor SCIP [4-7]. In rodents,
most of the pyramidal cells of the CA regions are generated between the embryonic days 15
and 19, from neural progenitor cells.

The development of the CA subfields into their final states will extend into the postnatal
period, until 2-3 weeks after birth [4-7]. Particularly, the dendritic spines of the pyramidal
cells of CA3 appear around the second week postnatal [4-7].

The early stages of development of the CA follow primarily a poles-inward pattern, in
which cells at the poles of the hippocampus are born first, followed by cells in the middle of
the hippocampal region.

The CA regions acquire their specifications early in development, as demonstrated by
removing the embryonic CA from its normal environment. Embryonic CA regions isolated,
from the developing brain and maintained in vitro, develop autonomously a range of mature
features specific of CA, without ongoing cues from outside the hippocampus or even from
other hippocampal fields [8]. It is proposed that extrinsic innervations and environment may
provide early patterning cues that initially subdivide the embryonic CA into its presumptive
fields.

In all, the development of the CA occurs during the embryonic development, with the
hippocampal CA regions individualized, as early as the migration of the precursor cells of
pyramidal cells is completed. The CA regions acquire then very early in development their
specification and the maturation of CA fields occurs primarily in a poles-inward pattern, a
process that is completed postnatally.

DENTATE GYRUS
Granule Cells

The development of granule and pyramidal cells of the hippocampus follows different
patterns. Whereas the pyramidal cells of the CA regions, as most other brain nerve cells, are
born in the prenatal period, the genesis of granule cells of the DG occurs mostly after birth,
during the first two weeks postnatal [9,10].

The first precursor cells of the dentate granule cells are generated at the same time as the
precursor cells of the CA3 pyramidal cells and their generation extends beyond birth [11].
About 15% of the granule cells are born before birth, but most of them (70%) are born during
the first two weeks of life and 15% after the 16 day postnatal (PN) in mice [1,13]. Newly
born granule cells that lie in the inner portion of the granule cells layer may express markers
of the GABAergic phenotype [10].
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Mossy Fibers

The mossy fibers (MFs), the axons of the granule cells, have mainly a postnatal
development [9-12]. The MF synapses establish connections with dendrites of pyramidal
cells of the CA3 region, in the stratum lucidum. The development of the MF synapses with
CA3 pyramidal cells operates in three steps.

During the first phase in rodent, between day PN 3 and PN 9, the growth cones of the
granule cells reach the stratum lucidum of the CA3 region. The MF ending nerves establish
the first synaptic contacts, both symmetrical and asymmetrical, with dendrites of CA3
pyramidal cells. During that time, the MF ending nerves increase in size. At day PN 9, the
MF synapses begin their process of invagination of the dendritic spines of the CA3 pyramidal
cells.

During the second phase, between day PN 10 and PN 14, the invaginations are becoming
more complex, with an increase in the density of synaptic vesicles in the MF endings.
Concomitantly appears dendritic spines on CA3 pyramidal cells [4-7].

During the third phase from day PN 14, the MF synapses complete their maturation.
Particularly, the process of invagination of CA3 dendritic spines by the MF terminals
progresses, with an increase in the number of symmetrical and asymmetrical contacts at the
synapse MF-CA3 pyramidal cells. By day PN 21, the MF endings reache their fully mature
aspect, with a large size diameter, up to 10 um, a complex morphology, with dendritic spines
invaginated in the boutons, and a high synaptic vesicles density [9-12].

Biochemistry of Granule Cells and Mossy Fibers During Development

The MF ending nerves are enriched in zinc [13,14]. Zinc is first detected in the granular
layer by day PN 18 and in the region of MF terminals, the stratum lucidum, between days PN
18 and 22, in rat [15]. The apparition of zinc in the MF ending nerves is concomitant to the
development of the MFs.

In the adult brain, y-aminobutyric acid (GABA) is the main inhibitory neurotransmitter
and the neurotransmitter of interneurons [16,17]. During the first week postnatal, granule
cells express a GABAergic phenotype; granule cells are immunoreactive for GABA and
glutamate decarboxylase (GAD) 67 [18,19]. GAD is the biosynthetic enzyme for GABA
[20,21]. The GABAergic phenotype of granule cells is downregulated, concomitantly to the
development of GABAergic inhibition in the CA3 region, mediated by interneurons, and the
development of the glutamatergic phenotype of granule cells and MFs [22].

The expression of a GABAergic phenotype by an excitatory glutamatergic population of
nerve cells raises the question of its significance and physiological role during development.
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GABA A TRANSIENT EXCITATORY
TRANSMITTER DURING DEVELOPMENT

In the developing nervous system, it is well established that GABA could function
transiently as an excitatory transmitter [23-28] and elicit trophic activities, particularly
promoting synaptogenesis [29-32].

During the first week postnatal, contrary to the adult, GABA exerts a depolarizing
activity on CA3 hippocampal neurons [22,25]. The depolarization of CA3 hippocampal
neurons induced by GABA during the first week of development enables N-methyl-D-
aspartate receptors to activate CA3 hippocampal neurons [33].

The excitatory effect of GABA during development becomes inhibitory as the neurons
mature. From the second week postnatal, GABA exerts an inhibitory hyperpolarizing activity
on CA3 pyramidal cells [34], at a time when pyramidal cells mature and acquire their adult
features [4,11]. GABA exerting a depolarizing activity onto CA3 pyramidal cells would
originate from hilar and CA3 interneurons of the hippocampus.

In addition, during the postnatal period, granule cells express a GABAergic phenotype;
granule cells are immunoreactive for GABA and glutamate decarboxylase (GAD) 67 [18,19].
The GABAergic phenotype of granule cells is downregulated, concomitantly to the
establishment of GABAergic inhibition in CA3, mediated by interneurons or disynaptic
inhibition, and the development of the MF glutamatergic phenotype [22]. This suggests that
MF-GABAergic transmission accompanies the morphological maturation of pyramidal cells,
possibly until the completion of the development of dendrites and spines, which happens at
approximately the same time [12].

In the mature nervous system, GABA is the main inhibitory neurotransmitter and the
neurotransmitter of interneurons system [16,17]. The activity of the fast acting
neurotransmitter GABA is mediated through its interaction with the GABA(A) receptors
(GABA(A)-Rs) [35]. The GABA(A)-R is coupled to the opening of chloride ion (CI")
channels. Upon interaction of GABA with GABA(A)-Rs, the opening of CI" channels leads to
an influx of CI" inside the cells and hyperpolarization of the nerve cells’ membrane potential
[35]. This underlies the inhibitory activity of GABA on nerve cells. It is proposed that a
transient reversal of the distribution of CI" in nerve cells underlies the switch of GABA
activity from hyperpolarizing to depolarizing, during development [36-38].

GABA originating from granule cells could contribute to the depolarization of the CA3
pyramidal cells by adding to the GABAergic input of the hilar and CA3 interneurons. After
completion of development, the expression of the GABAergic phenotype by the granule cells
is downregulated, establishing the adult interneuron-mediated disynaptic inhibition onto CA3
pyramidal cells.

The depolarizing activity of GABA onto CA3 pyramidal cells would exert a trophic
effect on these cells during development [39-41]. The transient expression of GABAergic
phenotype by granule cells may contribute to the trophic effect of GABA during development
and support the glutamate-GABA synergism on developing postsynaptic cells. In the adult
brain, GABA is colocalized with glutamate in MF terminals [35]. The expression of a
GABAergic phenotype in the adult MFs may be reminiscent of the development.
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AFFERENT FIBERS

Major afferent fibers to the hippocampus reach their targets after the presumptive fields
of CA3 and CA1l are in place. Afferent fibers from the septum arrive in the mouse
hippocampus at day E 17.5 and afferent fibers from the entorhinal cortex reach the DG at day
E 19.5[2].

CONCLUSION

Contrary to other neuronal cell populations, hippocampal dentate granule cells develop
mainly postnatally. Hence, granule cells originating at different stages coexist in the
hippocampus. The development of both the DG and CA shows a striking coordination and
gradual specification, with the CA region specified early during the embryonic development
and the DG mostly during the first two weeks postnatal.

The developing hippocampus during the prenatal period is divided into two presumptive
fields that prefigure the mature CAl and CA3 fields. These two regions were originally
termed presumptive CA1 and CA3 (Pcal and Pca3) and can be distinguished in the mouse
several days before birth by a complementary pattern of gene expression, for SCIP and
kainate receptor gene, a pattern conserved throughout adulthood [43,44]. This shows that
certain genes are expressed in specific hippocampal subfields during development and their
expression is preserved through adulthood [43,44].

During the maturation process, granule cells express transiently a GABAergic phenotype.
This GABAergic phenotype, eliciting a depolarizing activity onto CA3 pyramidal cells,
contributes to the trophic effect of GABA during development, particularly on the MF
synaptogenesis and maturation of CA3 pyramidal cells. Additional investigations are needed
to establish whether glutamate and GABA are released from the same MF terminals and how
the proportion of release of both amino acids varies during development. This phenotypic
plasticity of granule cells may not only contribute to developmental functions, but also in
protective effects during seizures in the young.

Contrary to a long-held belief that the development of the mammalian nervous system
occurs primarily prenatally, with most nerve cells born before birth, neurogenesis occurs
throughout adulthood in discrete regions of the brain, including in humans, and neural stem
cells reside in the adult central nervous system suggesting that the development of the brain
may never end [45-48].
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Chapter IX

ADULT NEUROGENESIS
AND NEURAL STEM CELLS

ABSTRACT

Contrary to a long-held dogma, neurogenesis, the generation of new neuronal cells,
occurs throughout adulthood in mammals. Neurogenesis occurs primarily in two discrete
regions of the adult brain, the subventricular zone (SVZ) lining the ventricles and dentate
gyrus (DG) of the hippocampus, in various species including humans. It is postulated that
newly generated neuronal cells originate from stem cells in the adult brain. Neural stem
cells (NSCs) are the self-renewing multipotent cells that generate the main phenotypes of
the nervous system. A glial origin for newly generated neuronal cells in the SVZ and DG
has been proposed. In the adult brain, neurogenesis may recapitulate a developmental
process. Neural progenitor and stem cells have also been isolated and characterized in
vitro, from various regions of the adult central nervous system (CNS) and species,
including human post mortem tissues. Adult neurogenesis is modulated by a broad range
of environmental, and physio- and pathological conditions, as well as trophic
factors/cytokines and drugs. Newly generated neuronal cells in the adult brain may be
involved in learning and memory, depression, regenerative attempts and plasticity. The
confirmation that neurogenesis occurs in the adult brain and NSCs reside in the adult
CNS suggests that the development of the brain may never end and the CNS may be
amenable to repair.

INTRODUCTION

Multipotent stem cells are self-renewing cells that generate the main cell types of the
tissue in which they reside. Multipotent stem cells are present in fetal and adult tissues. In the
fetus, they contribute to development of the tissues and in the adult to homeostasis of the
tissues and regeneration after injuries [1]. In the mammalian CNS, most nerve cells are born
during the prenatal phase of development, with the exception of the granule cells of the DG
of the hippocampus, which are mostly born during the first two weeks postnatal [2-4]. It was
believed that the adult brain lacks the capacity to generate new nerve cells, dogma known as
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“no new neuron dogma”. An underlying reason for this belief was that the adult brain was
devoid of stem cells, which took support from the limited capacity of the adult CNS to
recover from injuries [5].

In the early 60s, Altman and Altman and Das published several seminal studies reporting
the generation of new neuronal cells in discrete areas of the adult brain, the SVZ and DG, in
rodents [6-9]. These studies were substantiated in the 70s and early 80s [10,11]. Adult
neurogenesis was thought to be limited to lower mammals and songbirds [12,13], as it was
not reported in primates [14]. In the 80s and 90s, with the advent of new methods for labeling
dividing cells, like bromodeoxyurine (5-bromo-2'-deoxyuridine, BrdU) labeling, retroviral
labeling and confocal microscopy, investigators confirmed that neurogenesis occurs in
discrete areas of the mammalian brain throughout adulthood in various species, including
primates [15-18]. BrdU is a thymidine analog used for birthdating and monitoring cell
proliferation [19,20]. Retroviruses infect only dividing cells and allow the detection of newly
generated cells’ origin, lineage and fate, as well as tracking cell migration and physiological
studies [21]. It is postulated that newly generated neuronal cells originate from stem cells in
the adult brain. The existence of NSCs in the adult mammalian brain has tremendous
consequences for our understanding of development and functioning of the CNS, as well as
for therapy. The development of the CNS may never end and the CNS may be amenable to
repair.

NEUROGENESIS IN THE ADULT BRAIN

Neurogenesis occurs primarily in two regions of the forebrain in adult mammals, the
SVZ and DG, in various species, including humans [15-18]. The SVZ is a layer of cells along
the ventricle. It is reminiscent of the embryonic ventricular zone, site of origin of neural
progenitor and stem cells during development. In the anterior part of the SVZ, newly
generated neuronal cells migrate to the olfactory bulb (OB), through the rostro-migratory
stream (RMS), in rodents [22-25] and in primates, non-human and human [26-29]. In the OB,
they differentiate into functional interneurons, granule and periglomerular neurons. Newly
generated neuronal cells in the SVZ aggregate to form a network of chains of neuroblasts
[30]. These neuroblast chains migrate tangentially through the SVZ and coalesce anteriorly to
form the RMS (figure 1) [31]. In humans, the RMS is organized, differently than in other
species, around a lateral ventricular extension reaching the OB [29,32]. In rodents (mice), a
SVZ progenitor cell requires at least 15 days to be generated, migrate 3-5 mm and
differentiate into new olfactory interneurons. These cells migrate at an average rate of 30
um/hr [24]. In monkeys (macaque), a SVVZ progenitor cell requires at least 75 to 97 days to be
generated, migrate 20 mm and differentiate into new olfactory interneurons, a process slower
than in rodents [26].

In the DG, newly generated neuronal cells in the subgranular zone (SGZ) migrate to the
granule cell layer, where they differentiate into neuronal cells, extend axonal projections to
the Cornu Ammonis (CA) region CA3 and establish functional connections, in rodents [33-
36] and primates, non-human and human (figure 2) [37-39]. The SGZ is a layer beneath the
granular layer of the DG. In rodents (rat), immature granule cells extend axons into CA3 as
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rapidly as 4-10 days after mitosis [40], whereas the maturation of newborn cells, from the
proliferation of newly generated cells in the SGZ to the migration and differentiation into
neuronal cells of the granule cell layer, takes approximately 4 weeks [33].

DG svz 0B {f

N

Figure 1. Neurogenesis in the adult subventricular zone. Neurogenesis occurs primarily in two regions
of the adult mammalian brain, the subventricular zone (SVZ) and dentate gyrus (DG), in various
species, including humans. The SVZ is a layer of cells along the ventricle. In the anterior part of the
SVZ, newborn neuronal cells migrate to the olfactory bulb (OB), through the rostro-migratory stream
(RMS). In the OB, they differentiate into interneurons, granule and periglomerular neurons. In human,
the RMS is organized, differently than in other species, around a lateral ventricular extension reaching
the OB.
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Figure 2. Neurogenesis in the adult dentate gyrus. The hippocampus is divided in two regions, the
dentate gyrus and Cornu Ammonis. In the dentate gyrus (DG), newborn neuronal cells in the
subgranular zone (SGZ) migrate to the granule layer (GL), where they differentiate into neuronal cells
and astrocytes. The SGZ is a layer beneath the granular layer of the DG. The GL is the principal cell
layer of the DG. Newly generated neuronal cells in the GL extend axonal projections to the Cornu
Ammonis region CA3.

Of these two regions, the SVZ harbors the largest pool of dividing neural progenitor cells
[23,31,33]. Cell death is a normally occurring process in the adult brain and particularly for
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newly generated cells in the neurogenic zones [41,42]. As many as 9,000 new neuronal cells
are generated per day in the rodent DG, contributing to about 3.3% per month or about 0.1%
per day of the granule cell population [42,43], whereas in adult macaque monkey, it is
estimated that at least 0.004% of the neuronal population in the granule cell layer are new
neurons generated per day [38]. The rate of neurogenesis in the human DG was also reported
to be low [39]. The relative rate of neurogenesis is estimated to be approximately 10 times
lower in adult macaque monkeys than that reported in the adult rodent DG [38].

The reasons for the apparent decline of adult neurogenesis in primates are unclear. The
decline of adult neurogenesis during vertebrate evolution could be an adaptive strategy to
maintain stable neuronal populations throughout life [14]. This hypothesis is consistent with
the restriction of adult neurogenesis in the mammalian brain to phylogenetically older
structures, like the OB and hippocampus, and its absence in the more recently evolved
neocortex [44,45]. However, as most studies use BrdU to quantify neurogenesis, it remains
difficult to make comparisons between species, as nothing is known about the ability of BrdU
to cross the blood-brain barrier and be available for uptake by dividing cells between
different species [20]. These data must therefore be taken cautiously.

Neurogenesis may also occur in other areas of the adult brain -albeit at lower level- in
certain species, like the CAL area [46], the neocortex [47,48], the striatum [49], the amygdala
[50], the substantia nigra [51]. However some of these data have been the sources of debates
and controversies and remain to be further confirmed [20,45,52-54].

Altogether neurogenesis occurs in the adult mammalian brain. Newborn granule cells in
the DG survive for extended period of time, at least 2 years in humans [39]. This suggests
that neuronal cells born during adulthood that become integrated into circuits and survive to
maturity are very stable. They may permanently replace granule cells born during
development.

ORIGIN OF NEWLY GENERATED
NEURONAL CELLS IN THE ADULT BRAIN

Based on ultrastructure, cell cycle analysis, [3H]-thymidine autoradiography,
immunohistochemical studies, particularly BrdU-labeling, retroviral labeling and studies in
transgenic mice, investigators have aimed at identifying the origin of newly generated
neuronal cells in the adult mammalian brain. Two theories have been proposed. One theory
contends that newly generated neuronal cells originate from astrocyte-like cells, expressing
the intermediate filaments glial fibrillary acidic protein (GFAP) and nestin, in the SVZ and
hippocampus [55-61]. GFAP is an intermediate filament marker of mature glial cells [62].
Nestin is an intermediate filament considered as marker of neuroepithelial and CNS stem
cells [63,64]. The second theory contends that newly generated neuronal cells originate from
a population of ependymal cells in the SVZ that express nestin [65]. The ependyma and
subependyma originate from the embryonic forebrain germinal zones.

On the one hand, the finding that a population of astrocyte-like cells is at the origin of
newly generated neuronal cells in the adult brain is surprising, as astrocytes are differentiated
cells belonging to the glial lineage. On the other hand, the ependymal origin of newly
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generated neuronal cells in the SVZ is not supported by other studies [66,67]. Though more
recent reports further support a glial origin for newly generated neuronal cells in the adult
brain [68-70], their origin remains to be unequivocally determined [18].

A DEVELOPMENTAL PROCESS

In the mature nervous system, y-aminobutyric acid (GABA) is an inhibitory
neurotransmitter and the main neurotransmitter of interneurons [71,72]. In birds, GABAergic
neurons participate in the brain's response to auditory stimulation [73].

In mammals, during the development of the nervous system, GABAergic synapses are
formed prior to glutamatergic ones [74] and GABA acts as an excitatory neurotransmitter
[75]. Granule cells of the hippocampal DG develop mostly during the first two weeks
postnatal [2,3]. During the first postnatal week, contrary to the mature hippocampus, GABA
exerts a depolarizing effect on CA3 hippocampal neurons [76,77]. The depolarizing activity
of GABA onto CA3 pyramidal cells would regulate synaptic integration and survival of
newly generated neuronal cells, and exert a trophic activity on these cells during development
[78-81]. The depolarizing activity of GABA would originate from an increased chloride
levels in immature neuronal cells [82].

In the adult brain, newly generated neuronal cells in the DG receive GABAergic
innervations soon after their migration is completed [83]. The GABAergic synaptic input on
neural precursor cells of the SVZ and DG has a depolarizing activity on these cells, providing
an excitatory input on newborn neuronal cells of the adult brain [84- 86]. The origin and
mechanism of the GABA innervation on newly generated neuronal cells of the adult brain
remain to be determined. It would result from an increased chloride levels in immature
neuronal cells, as during development [82]. In the adult brain, GABAergic depolarization of
newly generated neural progenitor cells in the adult brain triggers the expression of NeuroD;
a transcription factor required for the maturation of hippocampal dentate granule cells [86].

The depolarizing activity of GABA in the adult brain would exert a trophic activity and
regulate synaptic integration of neural precursor cells, as during development [87,88]. In
support to this contention, in the SVZ and RMS, GABA released by astrocyte-like cells
controls the proliferation and migration of neuronal precursors [89,90]. Adult neurogenesis
may reproduce processes similar as during development, to integrate newborn neuronal cells
in the hippocampal network [91].

NEURAL PROGENITOR AND STEM
CELLS OF THE ADULT BRAIN

It is postulated that newly generated neuronal cells originate from residual stem cells in
the adult brain [15,18]. Stem cells are defined as cells with the capacity to proliferate, self-
renew over an extended period of time, generate of a large number of differentiated progeny
and regenerate the tissue following injury. Progenitor cells are, as most broadly defined, any
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cells that do not fulfill all of the criteria defining stem cells [1]. Neural stem cells (NSCs) are
the self-renewing multipotent cells that generate, through a transient amplifying population of
cells, i.e., neural progenitor cells, the main phenotypes of the nervous system, neurons,
astrocytes and oligodendrocytes (figure 3).

self-renewal
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Figure 3. Neural progenitor and stem cells. Neural stem cells (NSCs) are the self-renewing multipotent
cells that generate, through a transient amplifying population of cells, i.e., neural progenitor cells
(NPCs), the main phenotypes of the nervous system, neurons, astrocytes and oligodendrocytes. It is
postulated that newborn neuronal cells originate from residual stem cells in the adult brain.

In 1992, Reynolds and Weiss were the first to isolate and characterize in vitro, from the
adult brain tissue, neural progenitor and stem cells expressing the neuroepithelial and CNS
stem cell marker nestin. The neural progenitor and stem cells were isolated from the striatal
area, including the SVZ [92]. Since then self-renewing multipotent neural progenitor and
stem cells have been isolated and characterized in vitro, from various areas of the CNS, like
the hippocampus and spinal cord, and species, including from human post mortem tissues
[53,93-100]. These results show that neural progenitor and stem cells isolated and cultured in
vitro are heterogeneous populations of cells and that neural progenitor and stem cells reside
throughout the adult CNS [101,102].
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In fact, NSCs are still elusive cells in the adult CNS and remain to be unequivocally
identified and characterized. The isolation and characterization of neural progenitor and stem
cells from the adult human brain provide a source of tissue for cellular therapy.

MODULATION AND PHYSIOPATHOLOGY

Neurogenesis in the DG and SVZ is modulated by a broad range of environmental, and
physio- and pathological conditions, as well as trophic factors/cytokines and drugs [103].
Most of these investigations were performed using BrdU-labeling paradigm. Neurogenesis
decreases with age and stress [104,105]. Learning and memory tasks, environmental
enrichment and voluntary exercises enhance neurogenesis [43,106,107]. Neurogenesis is
stimulated in the DG and SVZ, in the diseased brain and after CNS injuries, like in
Alzheimer's and Huntington’s diseases, epilepsia, cerebral strokes and ischemia, and
traumatic brain injuries [108-112] (table 1). The confirmation and evidence, that
neurogenesis occurs and is modulated in the DG and SVZ, raise the question of the function
of newborn neuronal cells in the adult brain.

Reports show that newly generated neuronal cells in the hippocampus are involved in
learning and memory, and depression [113-115]. The function of newborn neuronal cells in
learning and memory has been challenged by other studies. On the one hand, enhanced
hippocampal neurogenesis has been observed without improvement of learning and memory
performances, and learning enhances the survival of new neurons beyond the time required
for memory performance [116,117]. On the other hand, nonspecific effects of treatments
aiming at inhibiting adult neurogenesis have yet to be ruled out [118]. There are also
controversies and debates over the involvement of adult neurogenesis in the etiology
depression. Among them, the hippocampus may not be primarily involved in depressive
episodes, as other areas of the brain may play a critical role in depression. There are also
questions over the validity of animal models of depression, as representative of the human
disorder [119-121].

New neuronal cells are generated at the sites of degeneration where they replace some of
the degenerated nerve cells, after experimental strokes [122,123]. New neuronal cells at the
sites of degeneration originate from the SVZ; they migrate to the sites of degeneration
partially through the RMS. An estimated 0.2% of the degenerated nerve cells are replaced in
the striatum after middle cerebral artery occlusion, a model of focal ischemia [122,123]. This
suggests that adult neurogenesis may be involved in attempts to regenerate the brain tissue in
the diseased and injured CNS.

There are pitfalls and limitations over the use of BrdU labeling to study neurogenesis
[20]. Various physio- and pathological conditions are known to affect the permeability of the
blood-brain barrier [124,125]. Abortive cell cycle reentry, as a prelude to apoptosis, and gene
duplication without cell proliferation have been reported to occur in the brain in various
models of CNS diseases and injuries [126-130]. BrdU is also known to have toxic and
mutagenic effects [131-133]. All of which may affect the validity of BrdU-labeling for
studying neurogenesis [20]. Caution must be taken when using standard protocols, like BrdU-



108 Philippe Taupin

labeling, for studying neurogenesis. Further investigations are required to confirm the
involvement of adult neurogenesis in various physio- and pathological conditions.

Table 1. Modulation of neurogenesis in the adult brain

Stimuli | Area | Modulation | Reference #
Environment

Environmental enrichment DG increase 43, 144
Learning task DG increase 106
Physical activity DG increase 107, 145
Alcohol consumption DG decrease 146-148
Dietary supplement DG increase 149, 150
Maternal deprivation DG decrease 151
Social isolation DG decrease 152
Stress DG decrease 153
Physiological conditions

Age DG, SVZ, 0B decrease 154-156
Estrous cycle DG, SvVzZ increase during proestrus | 157, 158
Alzheimer’s disease

Autopsy DG increase 112
PSEN1 mutant (*) DG, SvVzZ decrease 159
APP mutant/Swedish (*) DG, SvVzZ increase 160
Huntington’s disease DG increase 111
Epilepsy

Pilocarpine-induced seizures | DG increase 108, 161
Kainic acid-induced seizures | DG increase 161-163
Kindling stimulation DG increase 163

Neurogenesis occurs throughout adulthood primarily in two regions of the brain, the dentate gyrus (DG)
and subventricular zone (SVZ). Newly generated neuronal cells in the SVZ migrate to the olfactory
bulb (OB), through the rostro-migratory stream. Neurogenesis in the DG and SVZ is modulated by
a broad range of environmental, and physio- and pathlogical conditions. (*) Adult neurogenesis has
been characterized in animal models of Alzheimer’s disease, like knock-out mice for the gene
presenilin 1 (PSEN1) and transgenic mice expressing the Swedish and Indiana amyloid precursor
protein (APP) mutations, a mutant form of human APP.

In all, neurogenesis may be involved in a broad range of physio- and pathological
conditions. However, the contribution of newborn neuronal cells to these events must be
confirmed and sorted out from potential artifacts. It is proposed that adult neurogenesis may
be involved in CNS plasticity. Neuroplasticity is the ability of the CNS to reorganize neural
pathways based on new experiences [134]. Neurogenesis in the adult brain would contribute
to CNS plasticity in reorganizing neural pathways as a result of new experiences [135]. The
contribution of adult neurogenesis to the other components of CNS plasticity, like axonal
sprouting, reorganization of the contra-lateral hemisphere, to the functioning and
physiopathology of the CNS remains to be determined.
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CELLULAR THERAPY

The confirmation that neurogenesis occurs in the adult brain and NSCs reside in the adult
CNS suggests that the adult mammalian CNS may be amenable to repair. Cell therapeutic
intervention may involve the stimulation and transplantation of neural progenitor and stem
cells of the adult CNS.

In vitro isolation and characterization of neural progenitor and stem cells reveals that
those cells may reside throughout the adult CNS. Hence, the stimulation of endogenous
neural progenitor and stem cells locally would represent a strategy to promote regeneration in
the diseased brain and after CNS injuries. Alternatively, new neuronal cells are generated at
sites of degeneration after CNS injuries, like strokes [122,123]. These cells originate from the
SVZ and migrate partially through the RMS to the sites of degeneration. Strategies to
promote regeneration and repair may focus on stimulating SVZ neurogenesis.

Neural progenitor and stem cells can be isolated from the adult brain, including from
human biopsies and post mortem tissues [95,96], providing valuable sources of tissue for
cellular therapy. In support of this contention, fetal-derived neural progenitor and stem cells
have been grafted in various animals model of CNS diseases and injuries, like Parkinson’s
disease and spinal cord injuries, and shown to improve functional recovery [136-141]. In
these studies, the release of trophic factors by the grafted neural progenitor and stem cells,
their interaction with the injured brain and the immune system are believed to play major
roles in the recovery process [136,138-140]. In a study where human fetal neural progenitor
and stem cells were injected after spinal cord injury in mice, the improvements in walking
disappeared following treatment with diphtheria toxin, which kills only human cells -not
mouse cells- [141]. This suggests that the grafted cells themselves are responsible for
recovery.

These studies provide the proof-of-principle of the potential of neural progenitor and
stem cells for therapy and reveal that administration of stem cells might contribute directly to
repair damage in the injured CNS [141]. Adult-derived neural progenitor and stem cells may
also provide the opportunity to perform autologous transplantation, in which neural
progenitor and stem cells isolated from an undamaged area would be cultured in vitro and
grafted to the patient himself. However, risk associated with invasive surgical procedure that
would probably involves the destruction of healthy brain tissue, limits the clinical application
of such strategy [142-143].

CONCLUSION

The confirmation that neurogenesis occurs in the adult brain and that NSCs reside in the
adult CNS has tremendous implications for our understanding of the development and
functioning of the nervous system, as well as for cellular therapy. Over the past decade,
significant progress has been made in this field of research. However, fundamental issues
remain to be resolved. Among them, why does neurogenesis occur primarily in discrete
regions of the adult brain? What is the origin of newly generated neuronal cells in the adult
brain? What are the mechanisms underlying adult neurogenesis in vitro and in vivo? What are
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the markers defining neural stem versus progenitor cells? Can homogenous populations of
neural progenitor or stem cells be maintained in culture? What is the function(s) of newly
generated neuronal cells in the adult brain? How to bring adult NSCs to therapy? Adult NSCs
offer new and promising opportunities to treat a broad range of diseases and injuries of the
nervous system, like Alzheimer’s and Parkinson’s diseases. The answer to these questions is
a prerequisite to bring adult NSCs to therapy.
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Chapter X

PHYSI10- AND PATHOLOGY

ABSTRACT

The hippocampus is involved in physio- and pathological processes, like learning
and memory, Alzheimer’s disease (AD) and epilepsy. The mechanisms underlying these
processes remain mostly unknown. With the recent confirmation that neurogenesis
occurs in the adult brain, and particularly in the hippocampus, researchers are aiming to
understand the involvement and contribution of newly generated neuronal cells in the
adult brain to the physio- and pathology of the central nervous system (CNS), and
particularly the hippocampus.

INTRODUCTION

The hippocampus lies beneath the neocortex, on the basal medial surface of the temporal
lobe [1]. It is a key region of the cerebral cortex involved in learning and memory [2,3].
Though the precise role of the hippocampus in learning and memory is yet to be fully
determined, it is widely accepted that the hippocampus plays an essential role in the
formation of new memories and spatial information processing [4,5]. In 1966, Terge Lomo
discovered long-term potentiation (LTP), a lasting increase in synaptic strength and
transmission [6]. This form of synaptic plasticity, specific to the hippocampus, is believed to
be a mechanism through which memories are formed [7]. The hippocampus is one of the first
regions of the brain to be affected in Alzheimer’s disease, a neurodegenerative disease. This
underlies the early memory impairments associated with the disease [8,9]. The hippocampus
is also one of the regions critical in the pathology of epilepsy [10]. Despite significant
progresses made in the understanding of these physio- and pathological processes, their
molecular and cellular mechanisms remain mostly unknown [11].

Over the past decade, the confirmation that the hippocampus along with the
subventricular zone (SVZ) are the two main regions of the adult brain where neurogenesis
occurs in mammals, including in humans, raises the question of the involvement of newly
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generated neuronal cells in the physio- and pathology of the CNS, and particularly the
hippocampus [12-16].

LEARNING AND MEMORY

The first reports that neurogenesis in the adult hippocampus may be involved in learning
and memory came from studies conducted by Gould et al. (1999) and van Praag et al. (1999).
Gould et al. (1999) reported that hippocampal neurogenesis is enhanced in response to
training on the Morris water maze task, an associative learning task that requires the
hippocampus [17]. Reciprocally, van Praag et al. (1999) reported that increased hippocampal
neurogenesis, in mice submitted to environmental enrichment -wheel running-, is correlated
with improved performance in the Morris water maze task [18].

Other studies reveal that alteration of hippocampal neurogenesis, using anti-mitotic
treatments or brain irradiation, reveals that neurogenesis is involved in the formation of
memory dependent of the hippocampus, like the formation of trace memories and short-term
memory, but not all forms of hippocampal-dependent memory [19-21]. Low-dose whole-
brain X-ray irradiation inhibits adult hippocampal neurogenesis [22]. More recently, a study
with Ames dwarf mice shows that these adult mice elicit a higher rate of hippocampal
neurogenesis compared to normal mice [23]. Ames dwarf mice are a strain of mice that lives
considerably longer than normal mice and maintain physiological functions at youthful levels
including cognitive functions. These mice also have a level of insulin growth factor-1 (IGF-1)
protein that is upregulated in the hippocampus [23]. These results suggest that
local/hippocampal IGF-1, known to regulate hippocampal neurogenesis [24-26], may induce
an increase in hippocampal neurogenesis. This increase in hippocampal neurogenesis may
contribute to the maintenance of youthful levels of cognitive functions during aging, in these
long-lived animals.

Altogether, these data provide strong arguments in favor of a role of adult neurogenesis
in learning and memory, and IGF-1 may be a key factor in learning and memory associated
with neurogenesis.

The involvement of adult neurogenesis in learning and memory has been challenged by
other studies. On the one hand, increased hippocampal neurogenesis occurs without
improvement of learning and memory performances, in the Morris water maze test, in mice
selectively bred for high levels of wheel running [27]. The contribution of adult neurogenesis
to the formation of trace memory remains for months and beyond the time required for the
retention of trace memories [28]. On the other hand, rodents submitted to hippocampus-
dependent learning in the Morris water maze, after the maximal period of newborn cell death
show a significant decrease in newly generated neuronal cells in the dentate gyrus (DG) [29].
This suggests that learning may reduce hippocampal neurogenesis, and the effect of learning
on neurogenesis may depend on the elapsing time between mitosis and learning.

Studies reveal that adult neurogenesis is involved in LTP, a model believed to be a
mechanism through which memories are formed [30]. Hippocampal neurogenesis is
stimulated following induction of LTP and a low dose of gamma radiation applied to the
brain, that reduces neurogenesis, selectively blocks the induction of LTP in hippocampal
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slices [31,32]. Other studies show that associative LTP can be induced more easily in young
neurons than in mature neurons under identical conditions [33]. These results suggest that
newborn neuronal cells in the hippocampus may play a significant role in synaptic plasticity
and that newly generated neurons express unique mechanisms to facilitate synaptic plasticity,
which may be important for the formation of new memories.

Altogether these data show that there is compelling evidences that hippocampal
neurogenesis is involved in some forms of learning and memory and synaptic plasticity.
However, the extent of the involvement of newly generated neuronal cells, its underlying
mechanisms and interaction with other forms of plasticity in the learning and memory remain
to be understood [34].

ALZHEIMER’S DISEASE

Alzheimer’s disease (AD) is a form of dementia. It is characterized by progressive
cognitive and behavioral impairments. The patient loses first his short-term memory. As the
disease progresses, the deficits extend to other forms of cognitive deficits and physical
impairments. AD is a neurodegenerative disease, associated initially with a loss of nerve cells
in areas of the brain that are vital to memory and other mental abilities, like the hippocampus.
As the disease expands, other regions of the brain, particularly of the limbic system, are
affected [35]. AD can strike younger people, under age 65. The early-onset form of the
disease (EOAD) is primarily genetic of origin and inherited. It is a very rare form of the
disease, referred as familial form of AD when inherited. The late-onset (LOAD), over age 65,
is not inherited and is the most common type of dementia among older people. It is also
referred to as sporadic form of AD. About 3 percent of men and women ages 65 to 74 have
AD, and nearly half of those age 85 and older may have the disease. On average, AD patients
live from 8 to 10 years after they are diagnosed, though the disease can last for as many as 20
years [35].

AD is characterized by amyloid plaque deposits and neurofibrillary tangles [36,37].
Mutations in three genes, presenilin 1 (PSEN 1), PSEN 2 and amyloid precursor protein
(APP), have been identified as causes of EOAD, i.e. familial form of AD [35]. The origin of
the non-inherited form of the disease remains unknown; risk factors include expression of
different forms of the gene apolipoprotein E (ApoE) and reduced expression of neuronal
sortilin-related receptor (SORL1) [38-40]. ApoE is a lipid transport protein localized in the
senile or amyloid plaques and neurofibrillary tangles that promotes the formation of amyloid
[41-44]. SORL1 belongs to a family of proteins termed retromer, involved in intracellular
sorting and trafficking [45]. SORL 1 is involved in the trafficking and recycling of APP [40].
There is currently no cure for AD. Actual treatments consist of drug therapy, and physical
support and assistance [35].

Studies from autopsies of AD brain patients reveal that expression of markers for
immature neuronal cells, like doublecortin and polysialylated nerve cell adhesion molecule, is
increased in the subgranular zone (SGZ) and granular layer of the DG, suggesting that
neurogenesis is enhanced in the hippocampus of patients suffering of AD [46]. Adult
neurogenesis has been characterized in animal models of AD, like gene altered mice, knock-
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out mice or mice expressing mutant forms of PSEN 1 or APP. Neurogenesis is negatively
regulated in the DG and SVZ of knock-out mice for PSEN 1 and APP [47,48], and positively
regulated in the DG of transgenic mice expressing the Swedish and Indiana APP mutations, a
mutant form of human APP [49] (table 1, chapter 9). The DG and SVZ are the two main
regions of the brain where neurogenesis occurs in the adult, including in human [12,15,16].
These animal studies were performed using bromodeoxyurine (5-bromo-2'-deoxyuridine,
BrdU) labeling.

BrdU is a thymidine analog that incorporates into the DNA of dividing cells during the
S-phase of the cell cycle, and is used for birthdating cells and monitoring cell proliferation
[50,51]. The discrepancies between the studies could be explained by the limitation of the
transgenic animal models as representative of complex diseases and to study adult
phenotypes, like adult neurogenesis [52,53]. Particularly, mutant or deficient mice for single
genes, like PSEN 1 and APP, may not fully reproduce the features of AD, associated with
loss of multiple cell types. Four to 10% of nerve cells in regions in which degeneration
occurs in AD, like the hippocampus, are tetraploids [54]. Nerve cells may have entered the
cell cycle and undergone DNA replication, and not completed the cell cycle. It is proposed
that cell cycle re-entry, as prelude to apoptosis, and DNA duplication without cell division
precedes neuronal death in degenerating regions of the CNS [55]. As BrdU incorporates
DNA of dividing cells during the S-phase of the cell cycle, BrdU labeling will not allow
discriminate cell proliferation versus abortive cell cycle re-entry and DNA duplication
without cell division [56-61]. The existence of aneuploid cells may account for some of the
newly generated neuronal cells observed, when using BrdU-labeling in experimental models
of AD [62].

In all, though reports suggest that neurogenesis is enhanced in AD. This remains to be
further confirmed in the light of recent data showing the occurrence of abortive cell cycle re-
entry and the existence of tetraploid cells in regions in which degeneration occurs in AD,
particularly the hippocampus.

EPILEPSY

Epilepsy is a brain disorder in which populations of nerve cells signal abnormally. In the
individual this translates into a variety of seizures, ranging from mild change in behavior to
more severe convulsions, muscles spasm and loss of consciousness [63]. Long-term deficits
and impairments in learning, memory and behavior have also been reported [64]. Most
seizures originate from illness to brain, like abnormal brain development or injuries, and do
not cause brain damage.

Epilepsy is one of the most prevalent neurological disorders, afflicting 0.5 to 1.0 % of the
world’s population. One of the most common forms of epilepsy is the temporal lobe epilepsy
(TLE). Temporal lobe epilepsy often has its onset during childhood or is associated with a
prolonged seizure episode early in life that is followed, after a variable latent period, by the
development of epilepsy. Treatments are available for epileptic patients. Seizures can be
controlled in most cases by modern medicine and surgical removal of seizure-producing areas
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of the brain [65,66]. Deep brain stimulation is currently investigated for the treatment of
certain forms of epilepsy [67].

The hippocampal formation is a critical area in the etiology of epilepsy [68]. It is
proposed that the DG may function as a gate, controlling the propagation of seizures [69,70].
Granule cells regulate the throughput of epileptiform activity transiting through the
hippocampal formation, by virtue of specific feed forward inhibitory pathways [71].
Autopsies from patients suffering from TLE reveal that the hippocampal formation is
preserved, with a dispersed granule cell layer [72,73]. Neuronal cell death in the granular and
pyramidal cell layers has been reported in patients suffering from TLE, with granule cell loss
occurring at a lesser rate than other hippocampal areas [73]. Ectopic granule-like cells, as
defined by the expression of calcium-binding protein or calbindin D28K, are found in the
hilus and inner molecular layer [72]. The dentate granule cells give rise to abnormal axonal
projections to the supragranular inner molecular layer of the DG and the basal dendrites of
CA3 pyramidal cells in stratum oriens, a process referred as mossy fiber (MF) sprouting [74-
76].

It is hypothesized that a reduction in inhibition by loss of interneurons [77] and/or the
development of recurrent excitatory circuitry by the sprouting of MFs into ectopic positions,
and subsequent hippocampal hyper excitability, are determining events in the pathogenesis of
limbic epilepsies [76,78,79]. Alternatively, it has been proposed that aberrant granule cell
axonal projections stabilize the network by preferentially innervating inhibitory interneurons,
and thereby restoring recurrent inhibition [80]. The implication of MF sprouting in seizures
has been challenge by recent data showing that spontaneous recurrent seizures are still
observed when MF sprouting is prevented, after pretreatment with the protein synthesis
inhibitor cycloheximide, in experimental animal models, like pilocarpine- or kainate-treated
animals [81,82]. This shows that the etiology of epilepsy, and particularly the implication of
MF sprouting in the pathogenesis of epilepsy, remains to be fully understood.

With the advent in adult neurogenesis and neural stem cells research, investigators have
aimed at characterizing the involvement of newborn neuronal cells in the etiology of
epilepsy. Using BrdU labeling in adult rodents, research reports show that neurogenesis is
enhanced bilaterally in the DG and ectopic granule-like cells BrdU-labeled are detected in the
hilus, as far as the Cornu Ammonis (CA) region CA3, following experimental limbic-induced
seizures, like after pilocarpine treatment, perforant path stimulation and kainic acid induced
seizures [83-87]. Time course studies reveal that ectopic granule-like cells in the hilus
originate from newly generated neuronal cells born in the SGZ. These studies also show that
increase of neurogenesis in the DG follows the same time course than MF remodeling, of
approximately 1 month [88,89]. This latter observation suggests that MF sprouting may
derive from newly born granule-like cells in the DG rather than from preexisting mature
dentate granule cells, as previously hypothesized [74-76,90-93].

Low-dose whole-brain X ray-irradiation inhibits adult hippocampal neurogenesis [22].
Low-dose radiation treatment in adult rats, after pilocarpine-induced seizures, does not
prevent the induction of seizures and MF sprouting [94,95]. This shows that, although the
ectopic granule-like cells are a prominent feature of the response to seizures and originate
from newly generated neuronal cells born in the SGZ, newly generated ectopic granule-like
are not critical to epileptogenesis. This also shows that MF reorganization arises primarily
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from mature granule cells and not from newly generated neuronal cells, as previously
suggested [83].

Although these data provide a strong argument against a critical role of adult
neurogenesis in epileptogenesis, it could be a contributing factor, when present. Altogether
these data show that the contribution of adult neurogenesis, ectopic granule-like cells and MF
sprouting to epileptogenesis remains to be fully understood.

CONCLUSION

The hippocampus is a brain region involved in various physio- and pathological
processes, like learning and memory, AD and epilepsy. The hippocampus is also a region
where neurogenesis occurs throughout adulthood. The mechanisms underlying learning and
memory, AD and epilepsy remain mostly unknown, and researchers have aimed to identify
the involvement of adult neurogenesis in these processes. Hippocampal neurogenesis is
modulated in response to learning and memory tasks involving the hippocampus, in patients
with AD and animal models of AD, and epilepsy. This suggests that neurogenesis is involved
in these physio- and pathological processes.

Further analysis confirmed this involvement, but the extent and contribution of
neurogenesis to these processes remain to be determined. However, limitations of protocols
used to study neurogenesis in animal models, like BrdU labeling and transgenic mice, and the
difficulty in assessing neurogenesis in human tissue samples, limit not only the
investigations, but may lead to false or mis-interpretations of the data observed.

Rigorous investigations complemented with other modes of investigations of adult
neurogenesis and newly generated neuronal cells, like the use of retroviruses and the
generation of conditional genetically altered mice, will provide invaluable information to
study the role of newborn neuronal cells in the physio- pathology of the adult brain, and
particularly the hippocampus, in experimental models. In humans, most of these strategies are
not applicable, or like BrdU labeling limited to the cases when patients treated with BrdU to
trace cancer development, donated tissue samples for research investigations [12,16].
Alternative strategies have recently been used to study neurogenesis in humans, like
retrospective birth dating using [14C] [96,97]. This latter strategy may provide an additional
means to study the role of neurogenesis in humans.

ADDENDUM

At the time of publication of this manuscript, a report by Reiman et al. (2004) reported
the identification of a new gene involved in AD, the gene GAB2. GAB2 normally prevents
the formation of Alzheimer's-related neurofibrillary tangles. But certain mutations in GAB2
gene have the opposite effect, making AD more likely [98].
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CONCLUSION AND PERSPECTIVES

Over the past decades, significant progresses have been made in our understanding of the
functioning, and physio- and pathology of the nervous system, particularly the hippocampus.
Some of these progresses have confirmed and precise previous concepts and studies. Gene
profiling of the subregions of the hippocampus has confirmed the existence of the Cornu
Ammonis (CA) region CA2 of the hippocampus, previously defined by Lorente de No (1934)
based on histological studies [1]. These studies further reveal the molecular identity of the
cell types of the hippocampal regions [2].

Others have challenged basic concepts and dogma that were governing the field of
neurosciences. The evidences that granule cells of the hippocampal dentate gyrus (DG) and
their ending nerves, the Mossy fiber (MF) terminals, contain and release y-aminobutyric acid
(GABA) leaded to the identification of GABA, as a neurotransmitter of the MF-CA3
pyramidal cell synapse. The MF synapse is a “dual” synapse, with two “fast-acting”
neurotransmitters, Glu and GABA, excitatory and inhibitory neurotransmitters, respectfively
[3,4]. The depolarizing activity of GABA during development highlights the functional
plasticity of the GABAergic phenotype [5].The confirmation that neurogenesis occurs in the
adult brain and neural stem cells reside in the adult central nervous system (CNS) suggests
that the development of the brain may never end and the CNS may be amenable to repair [6-
8].

These studies have tremendous consequences for our understanding of development,
functioning, physio- and pathology of the CNS, as well as for therapy. Particularly, adult
neural stem cells carry a lot of potential and hope for the treatment and cure of a broad range
of neurological diseases, disorders and injuries.

However, these progresses have come with more questions than answers. Recent
developments in biomedical research, like the generation of a 3-dimesional atlas of the genes
expressed in the brain [9] and the sequencing the macaque and chimpanzee genomes, that
share 93% and 98.7% of the genome sequences with human, respectively [10,11], bring to
the scientific community invaluable knowledge and tools to further unravel the mechanisms
underlying brain development, functioning, physio- and pathology, and to translate basic
research to therapy.
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