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Preface

This book represents a rather unusual collaboration between a neurobiolo-
gist and a psychologist that grew out of the similarities emerging between
physiological and psychophysical research in olfaction. The major problem
in olfactory behavioral neuroscience is to determine how the brain discrimi-
nates one smell, or perceptual odor, from another. Olfactory and chemical
sensory systems were one of the first sensory systems to evolve, and some form
of chemosensory system is expressed in every living organism from bacteria
to primates. Critical aspects of olfactory system anatomy appear highly con-
vergent across both invertebrates and vertebrates, perhaps in evidence of the
unique requirements of a system for dealing with complex, often unpre-
dictable stimuli.

The traditional approach for understanding olfactory perception involves
identifying how particular features of a chemical stimulus are represented in
the olfactory system. This perspective is at odds, however, with a growing
body of evidence, from both neurobiology and psychology, which places pri-
mary emphasis on synthetic processing and experiential factors—perceptual
learning—rather than on the structural features of the stimulus as critical for
odor discrimination. Research from our laboratory and others increasingly ar-
gues that experience-based, synthetic olfactory processing leads to treatment
of multifeature odorants as individual “odor-objects.” This is a process simi-
lar to, and perhaps evolutionarily predating, visual object perception, a com-
parison we frequently make in this book. Furthermore, experience-based,



synthetic olfactory processing can be multidimensional, with odor represen-
tations coming to integrally include, for example, both multimodal compo-
nents (e.g., taste) and affective components.

In this volume, we present a new theoretical view of olfactory perception
that puts old psychological, ethological, and sensory physiological data in a
new light and is backed by new psychophysical and physiological data. In the
opening chapter we explore the function of olfactory systems in humans and
other animals and the unique difficulties presented by highly complex and
often unpredictable chemical stimuli. In the second chapter, we discuss the
conceptual and historical roots of the stimulus feature extraction/feature de-
tection approach and its detrimental consequences in shaping thinking
about olfaction. We then compare this with contemporary thinking about vi-
sual and haptic object recognition and how synthetic and experience-based
processing incorporated into those fields offers a better model for under-
standing olfaction. In chapter 3, we review the anatomy of the olfactory sys-
tem from a novel theoretical view emphasizing function and how known 
circuitry may allow the type of synthetic information processing we have pro-
posed. Specific comparisons are made with the circuitry underlying visual
object perception. Chapter 4 deals with detection and intensity and demon-
strates that, even here, experience plays a role in what would typically be con-
sidered low-level processes. Chapters 5 and 6 address the nature of odor per-
ceptual quality in animals and humans and present the argument that odor
quality is not dictated solely by the physicochemical stimulus; rather, it is a
synthetic construct of physicochemical stimulus properties, memory, and bi-
ological constraints. This theoretical view not only encompasses a large range
of physiological and behavioral findings but also explains some apparent
anomalies, such as difficulty in identifying individual odors in mixtures.
Chapter 7 explores the large literature on explicit, associative memory for
odors in humans and animals and suggests how these findings may be ac-
counted for by the perceptual memory system dealt with in earlier chapters.
Finally, in chapter 8 we summarize the evidence favoring an experiential ap-
proach to olfactory perception. We then compare the neural and psycholog-
ical processing that underpins object perception in olfaction and vision and
consider the strengths and weaknesses of drawing such an analogy. In addi-
tion, we identify existing data that need to be reinterpreted in light of this new
view of olfaction, as well as new questions raised by the mnemonic view of
odor perception.

In summary, we propose that experience and cortical plasticity play a crit-
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ical, defining role in odor perception and that current views of a highly ana-
lytical, “receptor-centric” process are insufficient to account for current data.

don wilson thanks his family for their love and support over the years,
his students for their hard work, and the National Institutes of Health and the
National Science Foundation for their generous financial support. Dick
Stevenson thanks Caroline, Lucy, Harry, Gemma, and Chris and Mike
Thomas for their patience and support. Many colleagues played an impor-
tant role in developing the ideas described here, notably Trevor Case and
Bob Boakes. Much of the work reported here (Stevenson) was supported by
funding from the Australian Research Council. Both authors thank Vincent
Burke and Nancy Wachter at the Johns Hopkins University Press for helping
make this project a success.
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1

The Function of the Olfactory System 

in Animals and Humans

Smell this book. Seriously, close your eyes, bring the pages of the
book to your nose and inhale.* Volatile molecules from the pages,

the binding glue, the cover, and, depending on the age of the book at this
reading, the accumulated dust and debris of storage enter your nose (via the
external nares) and pass over your olfactory receptor sheet on their way to your
trachea and lungs (via the internal nares). What happens at the olfactory re-
ceptor sheet is nothing short of a remarkable bit of analytical chemistry. Cur-
rent views of peripheral odorant transduction suggest that individual molec-
ular and submolecular features of the myriad different molecular species you
just inhaled are each recognized by a small subset out of hundreds of differ-
ent olfactory receptors. Thus, no single olfactory receptor for book odor ex-
ists; rather, the olfactory receptor sheet performs an analysis to identify the
scores or hundreds of individual volatile components over the book. At a con-
scious, perceptual level, however, we have no direct access to the results of

* Did you inhale with a single deep fill of the lungs or did you use a series of short, fast sniffs? Ei-
ther process draws odorant molecules over the olfactory receptor sheet, although short, fast sniffs
may allow greater, or at least differential, access of odorants to the recesses within the olfactory epi-
thelium. How you inhale could thus impact the nature of odor perception—a topic we will not
address here, but that is receiving increasing attention both in terms of receptor sheet stimulation
and central olfactory pathway processing.



this phenomenal peripheral analysis. Instead, we perceive a wholistic, uni-
tary percept of book odor—largely a single perceptual odor object. The per-
ception may have, at most, two to three identifiable major components, but
the vast majority of the exquisite analysis occurring at the periphery is beyond
our conscious reach.

The focus of this book is the nature and consequences of odor object per-
ception. How odor objects are formed, how they are shaped by experience,
and how the process of synthetic object perception results in both unique ca-
pabilities and distinct limitations for olfactory perception are some of the
questions to be addressed. Exciting new findings in the psychophysics, neu-
rophysiology, and functional anatomy of the olfactory system are brought to-
gether to support our thesis (Wilson and Stevenson 2003). Along the way, we
will attempt to highlight new avenues of research to which this view of ol-
faction draws attention.

A fundamental premise here is that odor objects are learned through 
experience. Odorants and odorant features that co-occur are synthesized
through plasticity within central circuits to form single perceptual outcomes
that are resistant to background interference, intensity fluctuations, or partial
degradation. Learned odor objects may include multimodal components,
and recognition of familiar odor objects can be shaped by context, attention,
and expectation.

Experience-dependent odor object perception and synthetic odor coding
are certainly not new ideas. In 1890, William James, a founding father of 
modern psychology noted that “every perception is an acquired perception”
(James 1890, 78). Specifically addressing olfaction, he made the following ob-
servation: “We know that a weak smell or taste may be very diversely inter-
preted by us, and that the same sensation will now be named as one thing
and the next moment as another . . . In this wise one may make a person taste
or smell what one will, if one only makes sure that he shall conceive of be-
forehand as we wish by saying to him ‘Doesn’t it smell just like, etc.?’ ( James
1890, 97–98).*

Together, these two quotes from 1890 suggest that simply knowing what
molecular features are present at the olfactory receptor sheet is not sufficient
to allow accurate prediction of the resulting olfactory percept. Rather, how
the activity within the sensory afferent is read and formed into a percept de-
pends on past experience and current expectations, among other things.

Learning to Smell2

* James’s use of the term taste here actually implies “flavor,” which is intimately dependent on ol-
faction.



More recently, in 1973 Ernest Polak outlined a model of olfaction wherein
he hypothesized a large set of diversely tuned receptor neurons signaling the
unique pattern of odor features present in a stimulus. Once the unique pat-
tern of features is extracted, “the brain attempts to recognize this odor image
by scanning and resolving it into previously stored patterns” (Polak 1973, 469).
Again, the notion of synthesizing odorant features into perceptual wholes
based on their similarity to previously learned patterns is suggested. Other im-
portant contributors to this line of thought include Robin Hudson and Gor-
don Shepherd, who have independently outlined the importance of learning
in odor discrimination (Hudson 1999) and noted the similarity of odor per-
ception to object perception in vision (Shepherd 2004).

This line of thought on odor perception as an experience-based, synthetic
object process, however, threads through a much larger fabric of work em-
phasizing the analytical events occurring at the early stages of the olfactory
pathway. In many ways this emphasis on odorant analysis has been acceler-
ated by the discovery of the large gene family encoding odorant recep-
tors—one of the most important discoveries in the history of the study of ol-
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Fig. 1.1. Detection is degree of presence, recognition involves matching input with a
stored engram, and identification is the assignment of meaning and naming (in humans).
These functions do not necessarily correlate with specific anatomical locations.



faction (Buck and Axel 1991). The exciting finding of this gene family and the
resulting powerful tools for analysis of receptor neuron structure and func-
tion has led some to conclude (or imply) that smell happens at the receptor
sheet and that knowing the pattern of receptor afferent activity will predict
the percept (e.g., Mombaerts 2001). However, to quote William James yet
again: “Whilst part of what we perceive comes through our senses from the
object before us, another part (and it may be the larger part) always comes
out of our own head” (James 1890, 103). Thus, to completely understand ol-
faction, we must not only follow our nose but also use our head!

What Is Olfaction?

In many ways, olfaction is probably the first sense. Chemosensory systems are
expressed in every living animal known, and chemosensitivity emerges very
early in ontogeny. Even the vertebrate cranial nerve mediating olfaction is
number 1! The importance of chemical stimuli for everything including de-
tection and discrimination of conspecifics, mates, mothers, home, predators,
prey, and food places olfaction as a core information-processing system criti-
cal for survival and reproductive success in wide-ranging, if not all, animal
species. Although humans appear less directly driven by olfactory input than
many other animals, odors play an important modulatory role in human at-
traction, mood, dietary preferences, and detection of danger.

In nature, odorant sources are both environmental (e.g., water, soil, sul-
furous minerals) and biological. Biologically derived odors can either be in-
tentional (e.g., intraspecific pheromones or interspecific allelochemicals) or
incidental (the odor of bacterial waste in your shoes or floral scents perceived
by non-nectar-seeking animals like humans). Given the diversity of situations
in which odor cues are used to provide relatively specific information, a ba-
sic task of the olfactory system is to allow an animal to answer the question
“what is that smell?”

At first glance, this is a relatively straightforward task for the olfactory sys-
tem. Olfaction mediates sensitivity and perception of volatile chemicals.
Chemical stimuli can convey information to the receiver through variation
in the precise structure or other properties of the individual odorant mole-
cules, through the concentration of those molecules, and/or through the spe-
cific combination and relative concentrations of components in mixtures of
odorant molecules. “What is that smell?” could thus simply represent an 
analytical chemistry problem. Identifying membrane receptors for specific
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odorant molecular ligands and determining which of those receptors were
activated by a particular stimulus should allow us to determine what we are
smelling.

In fact, in some specialized cases, simple analytical chemistry may be suf-
ficient to account for olfactory information processing. Infinitesimally small
quantities of the pheromone molecule bombykol (E-10, Z-12-hexadecandien-
1-ol) signals to the male silkworm moth that a receptive female is nearby and
may present an opportunity for mating. Thus, this single molecular species
provides significant information to the male moth. By having selective re-
ceptors for bombykol and a hardwired central neural circuit, the moth can
identify what the smell is and act accordingly.

Using single molecules to signal specific information content can be
somewhat limiting, however. To maximize distinctiveness (and thus infor-
mation content) between different odors used as pheromones or allelo-
chemicals, the underlying volatile molecules must become more complex,
with more distinct combinations of specific features. If this process were to
rely solely on single molecules as the carriers of information, limits would be
reached rapidly. Biological synthesis of complex and larger molecules be-
comes energetically expensive, and large molecules have reduced volatility
and thus reduced transmission speed and distance.

In contrast, use of simple mixtures of small molecules can significantly in-
crease the flexibility of odorant synthesis and signal diversity and thus expands
the information content of odors. Small molecules are relatively easy to
biosynthesize and tend to be more volatile than larger molecules, enhancing
transmission distance. Furthermore, just as combining the simple, 26 units
of the alphabet in different mixtures (words) vastly increases information
transfer over that possible with the 26 original units, combining a few simple
molecules into different mixtures can enhance information transfer through
olfaction.

However, as olfactory information processing moves from a situation of
hardwired one molecule-one receptor-one meaning toward information pro-
cessing based on mixtures, new issues arise. First, having a single receptor
that selectively binds a specific mixture of molecules rather than a single mol-
ecule becomes problematic. Mixtures of molecules can interact in agonistic
and antagonistic ways to influence binding at a receptor, but this is not an
ideal method for precisely identifying the content of a mixture. Second, even
if the system has different receptors to identify the different components of a
mixture there must be at least one additional level of processing. For exam-
ple, discriminating the word lab from ball not only requires three feature de-
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tectors for a, b, and l but also a way of monitoring ratios of features, i.e., there
are two l’s in one stimulus and only one in the other. We know from work on
insect pheromones that mixture ratios are incredibly precisely monitored. In
oriental fruit moths, even if the pheromonal mixture is composed of 90% of
one compound and only 10% of another, the dominant component is not suf-
ficient alone to evoke attraction behavior, rather the complete mixture must
be present (Linn et al. 1987). This suggests a form of synthetic processing,
wherein the whole is different than the sum of the parts.

Synthetic processing of biologically stable mixtures such as pheromones
could occur in a hardwired manner. However, the third problem faced by
the olfactory system in dealing with mixtures is that most of the odor mixtures
we smell and recognize (e.g., food, home, mate) are not stable over evolu-
tionary time but rather are initially sensed as novel. Thus, the human olfac-
tory system is not hardwired from birth to smell and recognize the odor of
coffee or seaweed or eucalyptus or camembert cheese. Each of these stimuli
are composed from scores to hundreds of molecular component features, and
yet, given some brief familiarity, they are each perceived synthetically as a 
single-odor object.

The ability to learn new odor objects from previously novel mixtures of
components is in some ways the conceptual equivalent of learning to read.
Combining a relatively small set of features (e.g., letters) in multiple, differ-
ent combinations can result in a huge vocabulary of different words. The re-
sult is a massive increase in access to information. In evidence of this infor-
mation expansion, humans, with roughly three hundred different olfactory
receptor genes, can discriminate somewhere near ten thousand different
odors. Furthermore, by comparing a given sensory input with previously re-
membered patterns (words), that information can be recognized even if the
stimulus changes in INTENSITY or is set against a background (as most
odors are). In other ways, we and others have argued that learning odor ob-
jects is distinctly different than learning to read for the basic reason that syn-
thetic odor objects are highly resistant to perceptual analysis. Thus, visual 
examination of the word coffee leads to the simple analysis that the word con-
tains the components c, e, f, and o. In contrast, we have virtually no access to
the approximately six hundred different volatile components that make up
the perceptual odor object coffee. Learned, synthetic odor objects, therefore,
allow rapid, robust perception of remarkably complex stimuli, though with
limited analysis of their individual component features.

To be useful information in most situations outside of a laboratory, “what
is that smell” also implies “and what does that smell mean to me?” If a rat

Learning to Smell6



identifies an odorant as trimethylthiazoline (TMT) but does not also rapidly
identify TMT as a natural component of fox odor, the rat may be in serious
trouble. Yet laboratory rats, inbred and out of contact with foxes for many gen-
erations, display selective fear responses to TMT, suggesting that the percep-
tion of TMT includes an innate, hardwired meaning to the rat. In fact, the
perception of TMT to the rat seems to be inseparable from the mean-
ing—TMT is a fear- and stress-inducing odor stimulus.

Thus, learned perceptual odor objects can also be multifaceted, includ-
ing meaning or even multimodal components. Odor perceptions can be sick-
ening or sweet or integrally tied to a variety of emotional memories. Just as
odor mixtures can be only minimally analyzed into components, multimodal
odor perceptual experiences appear inextricably entwined. Our experience
of flavor, a mixture of gustation and olfaction, serves as a good example of this
perceptual unity. After repeated exposures of a specific odor with a specific
taste (e.g., cherry odor with sucrose taste) the perceptual qualities of cherry
odor—a purely olfactory stimulus—come to include a sweet (gustatory) com-
ponent (Stevenson et al. 1995). In fact, the vocabulary of olfaction almost in-
variably ties the odor to its physical source, e.g., orange or coffee or cheese
odors. This is distinctly different than, for example, the vocabulary for color,
in which blue, yellow, and red can be distinct percepts in themselves, sepa-
rate from whatever object produces those reflected wavelengths. Odor mix-
ture components, along with co-occurring sensory inputs and ongoing be-
havioral states, can become locked into unique perceptual objects through
experience.

As noted above, the synthesis of multiple (potentially hundreds) volatile
molecules into a single perceptual object can enhance perceptual stability if
newly sampled odors are compared with previously stored odor object tem-
plates. Computational models of circuitry within the olfactory cortex, for ex-
ample, suggests a robust ability to complete degraded inputs or recognize 
familiar patterns of input despite slight disturbances, for example, due to
changes in intensity or background odors. This process of storing templates
of synthesized odor objects, however, also facilitates discrimination of one
odor from another. Given that most odors are complex mixtures of many
components, discrimination of one odor from another becomes an incredi-
bly difficult task if individual features, rather than the patterns as a whole,
must be compared. Are “ycopaiedenlc” and “ycopciedenlc” the same or dif-
ferent? What about “encyclopedia” and “encyclopedic?” Even though both
problems involve the same features, the latter should be easier to solve be-
cause of existing internal templates stored in your memory. The same holds
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for odor discrimination. Familiarity enhances odor discrimination in both
humans and animals. We argue that this olfactory perceptual learning occurs
because co-occurring odorant features become synthesized through experience-
induced cortical plasticity. Upon subsequent exposure to familiar odorants,
these learned patterns are evoked and the odor object is recognized.

Learned odor objects of this sort also allow for two other characteristics of
odor perception. First, given the multimodal nature of odor objects discussed
above, context and expectancy can contribute to the input pattern during the
template-matching stage, and in some cases (e.g., James’ discussion of weak
stimuli above) shape the perceptual outcome in a manner inconsistent with
the actual sensory input.

A second consequence of learned odor object perception is an enhanced
ability to distinguish odors as separate from background. Odors most likely
are never sensed in the absence of background odors, except perhaps within
a well-controlled laboratory (even then, it is probably rare). Any given in-
halation, therefore, will include odorant features that belong to a target odor
and odorant features that belong to the background. The olfactory system
seems very capable of filtering out background odors while leaving respon-
siveness to novel odors intact. We believe this filtering and figure-ground sep-
aration is facilitated by a combination of central adaptation (more so than 
peripheral receptor adaptation) and synthetic odor object processing. Thus,
background, stable odorant features are adapted out of the scene, whereas dy-
namic features are matched to existing templates for object recognition.

Experience-dependent Odor Object Perception

The traditional approach for understanding olfactory perception involves
identifying how particular features of a chemical stimulus are represented in
the olfactory system. However, this perspective is at odds with a growing body
of evidence from both neurobiology and psychology, which places primary
emphasis on synthetic processing and experiential factors—perceptual learn-
ing—rather than on the structural features of the stimulus as critical for odor
discrimination. Experience-based, synthetic olfactory processing leads to
treatment of multifeature odorants as individual odor objects, similar to, and
perhaps evolutionarily predating, visual object perception such as face recog-
nition. Furthermore, experience-based, synthetic olfactory processing can be
multidimensional, with odor representations coming to integrally include,
for example, both multimodal components (e.g., taste) and affective compo-
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nents. This novel view accounts better for existing data than the traditional
view does and comes at a time when the traditional approach is becoming so
(prematurely) ingrained that it has reached the status of an accepted truth
rather than a tentative statement, as it should be.

In this volume, we present a new theoretical view of olfactory perception
that puts old psychological, ethological, and sensory physiological data in a
new light; this new view is backed by the latest psychophysical and physio-
logical data. We argue that initial odorant feature extraction/analytical pro-
cessing is not behaviorally or consciously accessible; rather, it is a first nec-
essary stage for subsequent synthetic processing which in turn drives olfactory
behavior. Thus, we propose that experience and cortical plasticity are not
only important for traditional associative olfactory memory but also play a
critical, defining role in odor perception and that current views of a highly
analytical, receptor-centric process are insufficient to account for current
data.

The following chapters will describe the historical basis of the analytic and
synthetic debate over olfactory processing. Next we will provide an overview
of the neurobiology of the olfactory system, highlighting recent findings that
emphasize a highly plastic, synthetic neural circuitry. We will then place ol-
faction in its ecological and ethological context to help understand the evo-
lutionary forces shaping olfactory processing and odor perception. With this
background into both the neurobiological tools available for odor processing
and the biological and behavioral demands placed on olfaction, the last half
of the book lays out our hypotheses of memory-based, synthetic odor object
perception. We describe both the advantages and limitations this form of pro-
cessing places on the olfactory system and odor perception, and highlight
new testable predictions stemming from this view.

Function of the Olfactory System in Animals and Humans 9



2

A Historical and Comparative Perspective on

Theoretical Approaches to Olfaction

The search for systematic relationships between the physical
characteristics of a chemical stimulus and the percept that results

from smelling it has been pursued with two quite different goals in mind. The
first is that of being able to identify ingredients for use in the flavor and fra-
grance industry. This approach focuses on understanding how natural odor-
ants come to smell as they do, identifying their components, and then syn-
thesizing chemical analogues to improve availability and consistency. A
major motivation has been to reduce cost—a real necessity given that some
odorants, such as jasmine, for example, require the collection of 5 million
blossoms to make one kilo of essential oil. Contrast this with the cost of syn-
thesizing jasmone or methyl jasmonate, both of which have a jasmine odor
and which retail for about six hundred U.S. dollars for 500 kilos (Rossiter
1996). In sum, this is the approach of the organic chemist, and there is a large
and well-developed literature detailing the chemical characteristics that cor-
relate with certain types of olfactory sensation and of methods of synthesiz-
ing chemicals based on this knowledge (e.g., Beets 1978; Ohloff et al. 1991;
Chastrette 1997). Undoubtedly, as this example of jasmine illustrates, the goal
of identifying important psychological correlates of an odorant’s structure has
been both successful and lucrative.

The second goal, and the one that is of principal concern here, is the be-



lief that identifying the relationship between chemical structure and olfac-
tory qualia (and/or behavior) will ultimately allow us to understand the basis
of olfactory perception. Not only does the brief historical review below illus-
trate what a dismal failure this approach has been, but the theory upon which
it is based can not deal with the accumulated mass of empirical evidence ei-
ther—much of which is presented in this book. Before detailing some of the
basis for this conclusion, in this case the historical background, it is crucial
to bear in mind that receptor-stimulus interactions must underpin olfactory
perception, just as light falling on the retina must underpin vision. The fail-
ure lies in assuming that this alone can explain how we smell or see. As we
argue below, confusion arises from misinterpreting the correlation between
the physicochemical or other such properties of stimuli and their apparent
behavioral or experiential consequences. As most statistically literate readers
will be aware, correlations cannot inform us about causality.

Historical View of Olfaction 

as a Physicochemical System

A stimulus-based theory of olfactory perception is premised upon finding sys-
tematic relationships between the stimulus and the resultant odor percept,
and we shall refer to this as the basic stimulus-response model of olfaction.
Note, however, that few authors historically have been explicit about their
stimulus-response models. Rather it was so “obvious” that this approach un-
derpinned olfaction, few then or since felt it necessary to lay out their argu-
ments in detail. In addition, the thinking has changed over time with the ad-
vent of new data, so it may seem in our discussion that we have a shifting
criterion for what constitutes a stimulus-response model. This is not strictly
true. Instead, all we have done is to look at the implications that flow from
the various stimulus-response models implied by different workers and to
contrast these both with current data and an ecological perspective of olfac-
tory functioning. We should also add that this historical perspective has, as its
primary perspective, a psychological orientation. Because advances in ex-
perimental psychology have tended in the past to set the pace for sensory
physiologists (e.g., Herring on color vision), this seems to be a reasonable ap-
proach. In fact one might argue that the current focus on receptor-centric
mechanisms owes much to the historical failure of experimental psychology
to advance our understanding of olfactory perception. This disconnect that
currently exists in olfaction between sensory physiology and experimental
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psychology is not new. The history of sensory physiological thought on ol-
faction has followed a course quite distinct from psychological thought and,
at times, the two have been polar opposites (see below). One of the goals of
this book is to bring these two views into line.

Historically, the search for stimulus-response relationships has been use-
ful because it offered a potential way to discover the number of receptor types
that might underpin olfactory perception. One place where one might start
to search for such relationships in experimental psychology is in classifying
people’s descriptions of odors. If relatively few receptors underpinned olfac-
tory perception, then it would be reasonable to assume that some sort of or-
der would emerge when olfactory sensations were described, just as it was 
possible with descriptions of color or pitch sensation. Once the number of re-
ceptor types has then been established, it should be possible to characterize
the molecular features needed to selectively stimulate them and to thus pro-
duce any olfactory sensation one might desire. This can be seen as analogous
to manipulating the frequency of light and sound, with its largely predictable
effects on color and pitch sensation, respectively.

Attempts to impose order on the apparently large range of olfactory sen-
sations has a long history in psychology, dating back from Zwaardemaker via
Linnaeus to Aristotle. These early schemes were based on individual intro-
spection and, at least in the case of Linnaeus, they were far more concerned
with his categorization of flora than with any attempt to understand olfaction.
The first attempt to produce an empirical system of classification was that of
Hans Henning (1916) and his odor prism (fig. 2.1). Using 415 different odor-
ants, Henning asked his six principal participants to introspect and then iden-
tify the “bare sensory quality” of each stimulus. Based on the similarities ob-
served between different odors, he assembled “salient odors” which appeared
to form points on an imaginary surface upon which all odors could be lo-
cated. After trying many arrangements, Henning hit upon the prism design.
Not only did he claim that all possible odor sensations could be located on
the surface of the prism, he was also quite explicit in stating the stimulus prop-
erties that he claimed underpinned his system of classification. Accordingly
he developed what appears to be the first physicochemical model, which has
features of the stimulus specifically related to the qualitative parameters of
the prism.

Henning’s book Der Geruch (Smell) was especially important, not so
much because it foreshadowed decades of work along the same lines that it
did, but because it made testable claims. Two examples should suffice to il-
lustrate the problems that arose when the prism’s implications were tested.
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First, it was found that certain odors generated sensations that the geometry
of the prism could not accommodate, that is they fell within the prism, rather
than upon its surface (e.g., Hazzard 1930). Drawing even this conclusion was
difficult because of poor interrater reliability (e.g., Findley 1924). Second, at-
tempts to test Henning’s predicted relationships between the physicochemi-
cal characteristics of a stimulus and odor quality were not confirmed either.
Chemicals with a known structure that should, according to his scheme, have
generated sensations falling on a particular part of the prism, often did not
(MacDonald 1922). Although Henning’s scheme was largely disconfirmed, it
cast a long shadow.

Crocker and Henderson (1927) felt that there were too many primary qual-
ities in Henning’s (1916) classification system. They argued that all odor sen-
sations could be captured by the use of just four qualities, fragrant (e.g., ben-
zyl acetate), burnt (e.g., guaiacol), acid (e.g., acetic acid), and caprylic (e.g.,
butyric acid). Crocker and Henderson (1927) were also quite specific in
proposing that these four basic sensations could capture any particular odor
quality through each odor’s resemblance to these four basic sensations. An
interesting aspect to emerge from this work was that it involved, for the first
time, explicit similarity (or resemblance) judgments between the to-be-
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classified odor and their four standard odors, which could either be physically
present or represented by the four labels described above (for later applica-
tion of this idea, see, for example, Schutz 1964). More importantly, Crocker
and Henderson (1927) were explicit in forming a tripartite link between stim-
ulus, receptors, and sensation. First, they predicted the existence of “four
types of smell nerves which are stimulated to differing degrees by the various
chemical excitants” (325). Second, they related their classification scheme di-
rectly to the physicochemical structure of the odorant, in that, for example,
the caprylic quality fell off as carbon chain length increased for aldehydes, as
did the acid quality, whereas the burnt quality and the fragrant quality also
exhibited changes (see fig. 2.2). The eminent experimental psychologist Ed-
win Boring (1928) was quick to praise this scheme, especially for its reliabil-
ity—something notably lacking in Henning’s scheme—and for its heroism
in attempting to introduce order to the vast array of odorous stimuli. Although
Crocker and Henderson’s (1927) classification system survived until after the
Second World War (Crocker 1947), it did nothing to stop either the develop-
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fication scheme for aldehydes as carbon chain length increases (data adapted from
Crocker and Henderson 1927).



ment of other competing “primary” classification schemes nor, more impor-
tantly, the emergence of multiple-descriptor systems that essentially rely on
the similarity method they pioneered (more below). This shift to multiple-
descriptor systems reflects the practical failure of Crocker and Henderson’s
(1927) approach, in that it did not serve as a useful tool in communicating
what something smelled like to another person. Needless to say, their pre-
diction of four basic types of receptor does not gel with contemporary find-
ings either.

The classification scheme of Amoore (1952) has amassed the most detailed
body of evidence and is the last true descendant of Henning’s approach. Just
as Henning (1924) and Crocker and Henderson (1927) developed pioneering
tools and approaches that outlasted their specific theories, so did Amoore.
First, he derived seven primary olfactory sensations—ethereal, camphora-
ceous, musky, floral, minty, pungent, and putrid—based on analysis of terms
used in chemistry and perfumery to describe new compounds. Second, he
expended considerable effort exploring specific anosmias (Amoore 1975). In
this case a specific anosmia does not reflect a total inability to smell a partic-
ular substance, although this can occur; instead, it indicates a far higher
threshold for detecting the substance than demonstrated in nonanosmic par-
ticipants. At least initially it looked as if the specific anosmias and the seven
primary odor sensations would nicely tie together to suggest seven specific re-
ceptor types. Receptor types were presumed to be based on molecular topog-
raphy, unlike the earlier two models, which were based on specific structural
features. Amoore’s approach is most effectively illustrated by camphoraceous
odors. Most of the molecules that induce a camphorlike smell have a similar
topography, but as is so often the case with any sort of scheme that relies on
one particular characteristic, exceptions can be found (see Rossiter 1996).
Like the other schemes mentioned above, this one too has fallen out with the
available data. At last count there was something approaching 70 specific
anosmias (Amoore 1975). In addition, the same caveats applied to Crocker
and Henderson’s (1927) scheme apply with equal force to Amoore’s.

The general tendency since the 1970s has been to studiously avoid “pri-
mary odors” and, indeed, models in general that attempt to link sensation
with physicochemical (or other) stimulus characteristics. There are several
reasons for this. First, it is in part an acknowledgment that they have done lit-
tle to further our understanding of olfactory perception (note here the stress
on perception). Second, more recent and advanced statistical analysis of 
multiple-odor descriptor schemes reveal no underlying structure. That is, the
system is broad and flat, rather than clustered into a few discrete “primary”
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sets of qualities (Chastrette, Elmouaffek, and Sauvegrain, 1988). This type of
finding is in direct contradiction to any model proposing relatively few odor
descriptors or primary sensations (Chastrette 2002). Third, even among ex-
perts, there is considerable disagreement about the definition of widely used
sets of basic descriptors, for example, in Brud’s (1986) nine-category system,
although 25% of the perfumers surveyed identified 1-decanol or lauryl alco-
hol as the archetypal “fatty” smell, the remaining 75% identified 55 different
odorants as being the odor archetype. This level of disagreement, which ac-
companied the other descriptors too, points to a lack of consensus that is strik-
ing when compared with judgments of color quality, for example. This sug-
gests that any search for a “basic” set of descriptors is likely to be in vain.
Fourth, the creation of sets of “primary qualities” has been of little benefit to
the perfume, flavor, or sensory evaluation sectors, who have largely developed
their own schemes of classification. These include several different methods
of profiling odors. The most common approach is to present the participant
with a large number of verbal labels, mainly composed of “odor objects” or
descriptors (e.g., smells like . . .). Participants are then asked to evaluate the
similarity of the target odor to all the descriptors in the set. Perhaps the most
widely known of the several schemes available are those of Harper et al. (1968)
with 44 descriptors and Dravnieks et al. (1978) with 146 descriptors and spe-
cialist schemes such as Arctander’s for perfume (1969) with 88 classes and No-
ble et al.’s (1987) wine wheel with 90 or so descriptors.

Specific anosmias, selection of primary odors, and searches for systematic
relationships between structure and sensation, in general, have been unsuc-
cessful at explaining how we perceive odors. Another experimental psychol-
ogy approach, which we have not discussed so far but which has the same
goal in mind, is specific adaptation (Amoore 1975). The logic of this approach
is straightforward. If a particular odorant binds to a particular receptor, then
repeatedly exposing that receptor to this odor should selectively fatigue that
receptor (or set of receptors). This raises two key questions: are structurally
similar odors also adapted out (cross-adaptation) and are structurally differ-
ent but similar smelling odors affected too? This approach potentially offers
a further route to study the relationship between stimulus, receptor, and sen-
sation.

The evidence amassed from several such investigations has been confus-
ing to say the least. Although there are clearly examples in which structurally
similar odors cross-adapt (Cain and Polak 1992), there are also examples in
which they do not (Todrank, Wysocki, and Beauchamp 1991). Likewise, there
are examples of chemicals that have similar structural features and cross-
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adapt but do not smell alike (Pierce et al. 1995) and examples of odors that
do not smell alike but have dissimilar structures and do cross-adapt (Koster
1971). Finally, although self-adaptation will often eliminate, albeit briefly, the
ability to smell the target odorant, cross-adaptation has at best a relatively
small effect—surprising perhaps if the logic of this technique is pursued to
its conclusion—single-receptor fatigue. Not surprisingly, this method has
been unsuccessful at annunciating relationships between either physico-
chemical properties and receptors or between physicochemical properties
and sensation; however, more recent work detailed later in this book indi-
cates that adaptation actually provides fairly compelling evidence against
structure-quality models of olfactory perception.

Although it is of some importance to understand what characteristics of
the stimulus yield particular sensations, this is likely to tell us very little about
olfactory perception. At its most basic, the search for consistent relationships
between stimulus and sensation is predicated on the idea that the stimulus
produces a set response by activating a particular receptor(s), the response be-
ing a sensation that is, all other things being equal (e.g., anosmia, adaptation),
the same in all participants at all times. However, this simple and apparently
useful starting point is undermined when consideration is given to what the
olfactory system actually needs to accomplish to “smell.” The most difficult
problem is how it identifies a biologically significant odor from the array of
other odors present at any one particular time. A stimulus-response system is
of little value in this respect, because all the system registers is what is pre-
sented to it at the receptor level; no attempt can be made with such a system
to select a particular pattern of stimulation over that of any other. A related
problem also arises. Biologically significant odors are typically not single pure
chemicals; rather, they are complex mixtures composed of tens or hundreds
of volatile substances (Maarse 1991). Thus, the problem facing the system is
even more complex than one first imagines, because the system has to select
not just one biologically relevant stimulus but a pattern of stimuli that may
themselves change over time and place and that co-occur against a constantly
shifting background of stimulation. As we detail below, the implications aris-
ing from these two points are fatal to any theory of olfaction that relies solely
on a stimulus-response mechanism.

In contrast to the somewhat linear history of psychological thought on ol-
factory perception outlined above, thinking in sensory physiology has had a
more convoluted history—at times closely following the psychological per-
spective and at other times quite distinct. Although there are important ex-
ceptions, recent sensory physiological work clearly seems driven by physico-

Perspective on Theoretical Approaches to Olfaction 17



chemical, stimulus-response relationships, whereas psychological work is
moving away from this view (see below). The discovery of the large gene fam-
ily for olfactory G-protein-coupled receptors, and the increasing variety of
tools for imaging the odor-evoked activation of individual glomeruli in the ol-
factory bulb, which receive input from olfactory receptor neurons, has led to
the repeated claim in the sensory physiology literature that perceptual out-
come (e.g., similarity between odors) can be predicted solely from iden-
tification of receptor input and its resulting activation of the olfactory
bulb—clearly a stimulus-response view.

This has not always been the sensory physiologist’s account of olfaction.
In 1942, Adrian concluded, “We recognize a sight not because particular re-
ceptors are stimulated but because a particular pattern of activity is aroused,
and it is reasonable to conclude that we recognize a smell in the same
way. . . . In this way an endless variety of smells might be distinguished be-
cause the process would be comparable not to the discrimination of colours
but to that of visual patterns” (Adrian 1942, 472). Clearly, receptor transduc-
tion and differential sensitivities of olfactory receptors initiate and place con-
straints on the process, but Adrian seems to argue that olfactory perception
involves processes far beyond this initial step. Similar arguments (and data)
against the stimulus-response model of olfactory perception have been ad-
vanced by Freeman and his co-workers (Freeman 2000). However, a quick
overview of olfactory sensory physiology work in the past few years clearly fa-
vors an analytical, stimulus-response approach to odor perception.

Problems with This Approach 

for Object Recognition Tasks

Stimulus-based theories are predicated on the fact that systematic relation-
ships will hold between stimulus and response and that, if these relationships
are uncovered, it should be possible to predict what a novel chemical will
smell like. There are at least two ways to examine this proposition, from the
approach of perceptual ecology and from that of experimental psychology.
The world of smell does not occur, in general, as discrete pure chemical stim-
uli. Biologically important odors, such as those from sexual partners, preda-
tors, siblings, offspring, and food, are complex mixtures of chemicals. The
primary task of the olfactory system is to recognize these combinations against
a background of competing olfactory stimulation. Thus, the olfactory system
has to select a meaningful combination of chemicals—an odor object—from

Learning to Smell18



the many other possible co-occurring stimuli. A model of olfaction based
solely on stimulus-response relationships cannot do this, because it has no ca-
pacity to learn the combinations of chemicals that make up each odor object.
Of course this objection to stimulus-response models is not in itself fatal. The
obvious solution is to tack on a “brain” to extract relevant patterns derived
from the receptor array. However, even this solution will not suffice, because
it fails to account for the effect that an object recognition system has on all
aspects of olfactory information processing. The aim of what follows is to pro-
vide a brief overview of why even the “add-on” view is flawed and to thus il-
lustrate that stimulus-response models of whatever form can have no place in
a causal explanation of olfactory perception.

Stimulus-response models are analytic, as they presume a particular and
discrete response to each component of the stimulus (e.g., one particular
functional group evokes one particular sensation, two particular functional
groups evoke two particular sensations, and so on). This information may or
may not be used, but it is potentially available. The first effect that an object
recognition system has is to shut off from conscious introspection and be-
havior information gained from the binding of chemicals to receptors. This
is because objects may be composed of many individual chemical compo-
nents, but because the object is the level at which processing occurs and the
one at which biologically significant events occur also, information is only
available at this level. The effects of this can be seen in experiments in both
humans and animals that have examined whether chemical components can
be identified in mixtures of increasing complexity (Laing and Francis 1989;
Staubli, Fraser, et al. 1987). In most of these experiments, when the mixture
contains more than three or four pure chemicals, the animal or person can
not detect all of the original components at better-than-chance level. Of
course this could be put down to chemical interactions occurring at the re-
ceptor level, yet this observation also holds true, most revealingly, when the
“components” are in fact themselves odor objects composed of tens or hun-
dreds of pure chemicals (e.g., chocolate and coffee; Livermore and Laing
1998b). Clearly, this limit on detecting components reflects access limitations
to information arising directly from the stimulus-receptor array.

Stimulus-response models presume that relationships between structural
features and sensation (or behavior) are rigid, that is, one functional group
will evoke the same response in different individuals at different times (set-
ting aside adaptation and specific anosmia). However, object recognition
models do not behave like this. First, they rely on learning combinations of
chemical stimuli—odor objects. Second, they are capable of redintegration,
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that is, a component of a complex mixture can evoke the whole and so they
degrade “gracefully” and can detect slightly varying or partial scents. The
heart of this is that the relationship between stimulus and response can
demonstrably break down. This has been observed experimentally in human
volunteers. Presenting participants with odor mixtures composed of two ele-
ments results in those two elements coming to share odor qualities. For ex-
ample, a combination of mushroom and lemon odors results in participants
later rating the mushroom odor as smelling rather lemony and the lemon
odor as smelling rather mushroomy (Stevenson 2001c). This effect has been
documented for many different types of odor mixture (Stevenson 2001a;
Stevenson, Case, and Boakes 2003) and has been noted by flavor chemists,
who, for example, observed that the characteristic bitter almond smell of hy-
drogen cyanide may arise through its frequent co-occurrence with benzalde-
hyde (Rossiter 1996). Of course it is possible to dismiss such findings on the
basis that they represent nothing more than self-report data, with all their at-
tendant short comings, but the observation that smelling mixtures selectively
reduces the discriminability of its components (Stevenson 2001d; Case,
Stevenson, and Dempsey 2004) argues against this. Moreover, the finding
that reductions in discriminability, alterations in odor quality, and changes in
judgments of odor similarity all correlate lawfully with each other provides
validity for these self-report data (Case, Stevenson, and Dempsey 2004;
Stevenson 2001d; Stevenson, Case, and Boakes, forthcoming). The conclu-
sion here is that encoding odor combinations—objects—results in break-
downs in the relationship between stimulus and response that cannot be 
predicted from knowledge about the physicochemical or other properties of
the stimulus. Yet again, the information available to consciousness does not
strictly reflect what is actually being smelled but instead what is actually use-
ful to know.

Not only can breakdowns in the relationship between stimulus and re-
sponse be seen under these conditions, they can also be seen when a novel
odorant is first encountered. If stimulus-response relationships dictate what
we smell, then they should evoke the same response when the odorant is first
sniffed as when it has been sniffed many times—that is, the same receptors
should be stimulated with the same response on each occasion. However, 
object recognition models rely on the acquisition of patterns of stimula-
tion—odor objects—consequently, responses to odors should change over
the first few times that a novel odor is encountered. Exactly such observations
have been made, in that novel odors are redolent of many more odor quali-
ties than familiar odors (Stevenson and Dempsey, in preparation) and novel
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odors are perceived less sharply (Hudson and Distel 2002) and found to be
harder to tell apart (Rabin 1988). Similarly, the developmental literature also
suggests that learning odor objects affects odor perception, such that younger
children are poorer at discriminating odors than older children and adults
(Cain et al. 1995; Stevenson, Sundqvist, and Mehmut, submitted). This does
not appear to result from maturational effects on the receptor system itself, as
otherwise it is difficult to explain how exposure can enhance discriminabil-
ity to an adultlike level in children (or even neonates) for one odor, while
leaving others still poorly discriminated. Yet again, such observations are in-
compatible with a stimulus-response model.

Stimulus-response models have to presume that, even if the tacked on
recognition process were damaged, rudimentary olfactory perception would
still take place; that is, information from receptors sensitive to different stim-
ulus features would be available, allowing for some discriminative capacity
between differently smelling odors. This is analogous to the observation
above, that stimulus-response models should function effectively even with
novel odors, yet the empirical data suggest that this is not so. Olfactory neu-
ropsychology provides some of the most compelling evidence that stimulus-
response models with an add-on brain can not account for the devastating ef-
fect resulting from the selective loss of the memory store of odor objects.
Evidence from single case studies of Korsakoff syndrome, Alzheimer disease,
and normal ageing all point to the same conclusion, that under conditions
where the olfactory object store is lost or damaged, the ability to perceive odor
quality is itself similarly lost or damaged (Mair et al. 1980; Eichenbaum, Mor-
ton, Potter, and Corkin 1983). In more straightforward terms, these partici-
pants can know they are smelling something, they can know that one thing
smells more or less strongly than another, but they lack the ability to dis-
criminate between different odorants of the same intensity and relatedly re-
port the absence of odor quality—a rose smells as much like cheese as it does
of petrol.

The implication of these neuropsychological findings could not be more
stark. Not only do they suggest the importance of an object recognition sys-
tem, but they also point to its fundamental role in olfactory perception—that
conscious perception of smell is based on redolence, the degree to which a
pattern of activity from the receptor array resembles different stored patterns
of activity encoded in odor memory; no match or no memory equals no per-
ception. That we find relationships between stimulus and discriminative abil-
ity and odor quality is not surprising, because these will often have similar
patterns of receptor activity. This observation is fundamentally misleading,
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however, as of course correlations can be, because it falsely suggests a causal
relationship between the stimulus and its apparent consequences—sensation
and behavior. In fact, as the neuropsychological and learning data both show,
this relationship can not be causal; rather, olfactory experience is primarily
defined by experience, not by the current content of the receptor array.

In sum, two classes of argument suggest an object recognition system,
rather than a stimulus-response model, which has historically been presumed
to underpin olfactory perception. First, the ecology of the perceptual system
requires it for identifying changeable and novel biologically significant odors
composed of multiple components against a changing and complex olfactory
background. Second, stimulus-response models, even those that might ac-
knowledge the need for a recognition system, are incompatible with behav-
ioral data and incompatible with the majority of olfactory function. In clos-
ing this section it is worth reflecting on the fate of similar models in other
areas of perception. Bregman (1990) has argued that in auditory scene analy-
sis, a focus on the psychophysical aspects of audition has contributed little to
solving the fundamental problem facing the auditory system, how it comes
to extract meaningful patterns of information against a noisy background (see
Ullman 1996, for a similar comment with respect to visual object recogni-
tion). We would suggest that a similar emphasis on this approach in olfac-
tion—exemplified in our brief historical review—has also diverted attention
away from the real problem: how does the olfactory system extract an odor
object from a complex olfactory scene?

How Other Systems Perform Object Recognition

The philosophy, psychology, and neurobiology of object perception has a
rich literature that extends many hundreds of years—primarily focusing on
visual object perception, though including other sensory modalities and mul-
timodal interactions. George Berkeley, for example, in “A Treatise Concern-
ing the Principles of Human Knowledge” originally published in 1710, stated:

By sight I have the idea of light and colours with their several degrees and varia-
tions. By touch I perceive, for example, hard and soft, heat and cold, motion and
resistance, and all of these more or less either as to quantity or degree. Smelling
furnishes us with odours; the palate with tastes, and hearing coveys sound to the
mind in all their variety of tone and composition. And as several of these are ob-
served to accompany each other, they come to be marked by one name, and so to
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be reputed as one thing. Thus, for example, a certain colour, taste, smell, and fig-
ure and consistence having been observed to go together, are accounted one distinct
thing, signified by the name apple. (emphasis added, Berkeley and Dancy 1998,
103)

Given the rich literature on object perception, our explanation and under-
standing of memory-based odor object perception need not be created de
novo. Basic tenets, principles, and caveats can be extracted from what we
know about object perception in other sensory systems and then carefully ap-
plied to the unique issues presented by olfaction. The discussion that follows
is not intended to imply that object perception in olfaction is identical with
object perception in vision (or other sensory systems). It is intended to pro-
vide a conceptual framework for understanding how perceptual objects can
be created by the central nervous system from a sensory world that is not in-
herently nor necessarily composed of isolated objects.

The cognitive benefits of dividing the sensory world into perceptual ob-
jects are numerous. Perception at the level of objects rather than in piece-
meal fashion enhances or contributes to the speed and accuracy of stimulus
discrimination (perhaps most notable in the special case of face recognition),
figure-ground segmentation, recognition of degraded or obscured stimuli,
view-invariant recognition, and perceptual constancy. A downside of per-
ception functioning at the object level is a loss of feature analysis, again per-
haps most notable in face recognition.

Several factors influence or facilitate object perception and the formation
of perceptual objects. These factors appear to be consistent across sensory
modalities where they have been examined. As recognized even by Berkeley,
one major factor influencing object formation is temporal coherence. In vi-
sion this generally takes the form of coincident movement (Spelke 1990).
Multiple features moving in the same direction at the same speed are more
likely to be perceptually grouped into a single, coherent object. Object for-
mation in the olfactory system presumably does not involve an external spa-
tial component, but associating temporally co-occurring features is a forte of
the nervous system, as recognized decades ago by Donald Hebb (Hebb 1949).
Hebb’s theoretical cell assemblies and modifiable synapses allowed the ner-
vous system to learn that temporally co-occurring sensory inputs may be in-
trinsically associated in the form of a single object. This association, medi-
ated by changes in synaptic strength, permitted a partial input experienced
later to evoke a complete sensory percept along with any other associated
memories. These theoretical processes are now experimentally embodied in
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cortical cell assemblies described in several central systems and long-term
synaptic plasticity, such as long-term potentiation and depression.

The following sections are an overview of what is known about object per-
ception and object coding across several sensory modalities. They are not
meant as in-depth reviews of what are very active fields of research; instead,
they attempt to extract general principles about how sensory systems encode
perceptual objects. Arguments have been made for object perception in vi-
sion, audition, somatosensation, and more specialized subsystems such as
echolocation. The final section presents our view of odor object formation
and its role in olfactory perception.

Vision

Although the processing of visual information begins with a two-dimensional
sheet of receptors and, as noted below, there is no necessarily inherent sepa-
ration between which aspects of the continuous visual pattern should be
grouped into distinct objects, our visual system, like that of most other visu-
ally guided animals, divides the visual world into perceptual objects. Eliza-
beth Spelke, a pioneer in visual object perception and its ontogeny in hu-
mans, succinctly described the problem facing the visual system and her
interest in that problem:

We have focused on object perception in cluttered, changing arrays . . . [C]lut-
tered arrays are the norm in ordinary environments: Objects rarely stand against a
homogeneous medium, separated from one another and continuously, fully in
view. More commonly, objects sit upon one another and beside other objects, they
are partly hidden by objects closer to the viewer, and they enter and leave the vi-
sual field sporadically as the viewer, or some other object, moves. No mechanism
for segmenting the surface layout into objects could operate effectively if it could
not determine the boundaries between objects that are adjacent, the complete
shapes of objects that are partly occluded, and the persisting identity of objects that
move out of sight. (Spelke 1990, 30)

There are at least two distinct mechanisms of visual object perception in the
animal kingdom. First, in many animals, identification and recognition of vi-
sual objects occurs through a process akin to template matching (Sewards
and Sewards 2002). An internal, generally innate neural template exists such
that, given an appropriate stimulus (e.g., a “fly” or fly-shaped object or a
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“worm” or worm-shaped object), an appropriate response is evoked. This can
be demonstrated in toad visual systems, for example, where a projected rec-
tangle of the appropriate relative dimensions (longer in the horizontal axis
than in the vertical axis) and moving in the appropriate direction (parallel to
the long axis) evokes capturing and consuming reflexive behaviors. Visual
stimuli differing from this general pattern do not evoke such behavior. The
perceptual object “worm” for the toad is thus composed of an irreducible
combination of features that match some internal, innate template. This is a
hard-wired, reflexive system driven by a specific spatial pattern of input. The
object cannot be analyzed by the toad into its constituent features—it simply
matches the template or does not.

The concept of “sign stimuli” by the Nobel laureate Nikko Tinbergen is
a similar example. Sign stimuli are highly constrained, innately recognized
visual stimuli that evoke (or increase the probability of) specific behavioral
responses. A classic example is the high-contrast, colorful pattern of the her-
ring gull beak. Adult herring gulls have a bright beak with a red spot near the
end. Newly hatched gulls instinctively peck at stimuli with these character-
istics in the expectation that the parent will regurgitate a meal. Tinbergen
identified the specific visual features necessary to evoke chick pecking be-
havior, essentially identifying the features that fit an innate template repre-
sentation of a herring gull parental beak in the visual system of the gull chick
(Tinbergen and Perdeck 1950). This is a hardwired system entirely driven by
the physical characteristics of the stimulus.

The second mechanism of visual object perception involves and requires
experience. It is, in a sense, a memory-based process in which experience, of-
ten during early development, trains the visual system to extract visual objects
from within a scene. There may be innate rules and/or biases in object per-
ception and internal representation, but experience is necessary to learn that
a particular visual pattern on the two-dimensional retina represents a three-
dimensional object. Experience-dependent object perception enhances the
ability to identify specific visual patterns as individual objects, discriminate
between similar visual objects, and recognize and perceptually complete ob-
jects even if they are partially obscured.

Visual face recognition is a classic example of this process. Humans per-
ceive visual information from faces configurally, and recognize familiar faces
nearly instantly as a whole. Configural visual processing involves combining
the information regarding features (e.g., eyes, nose, and mouth) and the spa-
tial relationships between them into a single, potentially indivisible percept.
Thus, the process does not appear to involve sequential analysis of individual
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facial features; instead, it stems from perception of the pattern as a synthetic
whole—a gestalt (Tanaka and Farah 2003). The reliance on configural- ver-
sus feature-based analytical processing of faces can be manipulated by in-
verting the faces. At first glance, the two inverted faces shown in figure 2.3 ap-
pear very similar. However, flipping the page upside down enhances our
access to feature-based analytical information and the two faces become
highly distinct. Thus, in this case, we can shift from configural (all the parts
are in the right place and the face as a whole appears normal) to analytical
perception. Perception of nonface visual objects (cars, animals, chairs) falls
somewhere along the continuum between configural and analytical, in part,
depending on the familiarity of the objects and the expertise of the viewer for
that class of objects (Tanaka and Farah 2003).

A major difference between configural perception of right-side-up faces
and feature-bound perception of inverted faces is a reduced attention to and
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Fig. 2.3. Face recognition can be a highly configural process.These two faces should ap-
pear relatively similar. However, by turning the book upside down to view the faces up-
right, dramatic differences become obvious.This is because viewing inverted faces im-
pairs feature analysis and configural processing becomes dominant (Murray 2004).We
argue that odor object perception is an extreme example of reduced analytical and en-
hanced configural processing.



recognition of individual features during configural processing. Thus, subtle
changes in individual features of a familiar face can go unnoticed in a con-
figural percept, and the more familiar the face, the stronger the effect.

Special brain regions may be involved in configural face perception or
configural perception of objects for which the viewer is an expert. The fusi-
form face area (FFA), for example, is differentially activated when humans
are viewing right-side-up faces as compared with perception of other object
classes. Perception of most other objects seems to be mediated by activity
within the inferotemporal cortex. Single neurons in the visual inferotempo-
ral cortex express receptive fields for complete visual objects and can alter
those receptive fields based on experience. The data used by the inferotem-
poral circuits comes from the highly analytical periphery (retina and visual
thalamus) and hierarchical processing in early cortical stages. Apparently,
there is an organization of object encoding in the inferotemporal cortex
wherein cells responding to similar objects are located near to each other
(e.g., regions of face-selective cells and regions of non-face object-selective
cells). This spatial organization and experience-dependent plasticity of in-
tracortical association connections may contribute to the development of
“view-invariant” neurons, which can respond to a three-dimensional object
regardless of the angle of view (Sejnowski 1996; Tovee, Rolls, and Rama-
chandran 1996).
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Fig. 2.4. Two examples of stimuli used in visual perceptual learning. (A) In vernier acu-
ity testing, subjects are required to determine whether the two vertical lines are pre-
cisely in line. (B) In three-line bisection tasks, subjects are required to determine
whether the center line falls precisely in the center between the two outer lines. Per-
formance accuracy (perceptual acuity) in both of these tasks can be improved dramat-
ically with practice.



As noted above, visual perception is experience dependent, as is the un-
derlying neural processing. Experience can influence both visual feature
coding and configural coding of objects. Visual acuity and discrimination of
fine visual details can be enhanced by training and experience, a process
called perceptual learning. Vernier acuity, for example, the ability to dis-
criminate whether two vertical lines are precisely in line or are slightly hori-
zontally displaced, can be dramatically improved with training. The en-
hanced acuity for vertical lines does not generalize to different orientations;
thus, if trained on vertical lines, there would be no improvement in discrim-
ination performance for horizontal lines. Furthermore, if training is limited
to a specific region of the visual field or to one eye, the training does not trans-
fer to the other regions or the other eye. These limitations strongly suggest
that the neural substrates for perceptual learning of visual feature acuity oc-
cur relatively early in the visual stream, prior to, for example, the inferotem-
poral cortex where receptive fields are very large and bilateral. In fact, recent
functional magnetic resonance imaging (fMRI) data in humans (Schwartz,
Maquet, and Frith 2002) and single-unit recordings in monkeys (Crist, Li, and
Gilbert 2001) implicate changes within the primary visual cortex as underly-
ing perceptual learning of feature acuity.

Experience has two effects on configural visual object encoding. One ef-
fect is at the level of feature encoding. Encoding of the component features
of visual objects by inferotemporal cortical neurons becomes more selective
with familiarity. Thus, neurons that may have originally responded to a vari-
ety of similar object features become more focused in their response range
when viewing familiar objects. The second effect of experience on visual ob-
ject encoding by single inferotemporal neurons is that responses to the com-
plete object become more selective. Thus, neurons that may have originally
responded to several similar visual objects and/or their component features
become more narrow in their responding, giving their most robust response
to the entire unique familiar object and responding much less to similar ob-
jects or object components (Baker, Behrmann, and Olson 2002). Therefore,
individual neurons become tuned to a particular familiar object or object
class through experience.

A final example related to visual object perception is the ability to perceive
an object as being constant despite changes in orientation due to movement
of the object and/or the viewer. There are a variety of theoretical mechanisms
of object invariance including work by Marr and more recently by Bieder-
man and colleagues (Marr 1982; Biederman and Gerhardstein 1993). A basic
tenet of most of these theories is an experience-dependent change in intra-
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cortical association connections that allow convergent buildup of multiple
representations of the same object from multiple viewpoints on individual
target cells or local ensembles. Thus, on initial viewing, a neuron in the in-
ferotemporal cortex may respond strongly to one view of an object, but less
so to views of the same object from different angles. With exposure to the ob-
ject from different views, in general, occurring as the object or viewer moves
around an axis, inferotemporal neurons can develop view-invariant receptive
fields for the object, responding consistently regardless of the viewing angle
(Tovee, Rolls, and Ramachandran 1996). Similarly, behavioral perception
and recognition of objects viewed from different angles is enhanced as expe-
rience viewing those objects increases.

Together, these experience-dependent processes enhance (1) discrim-
inability of similar visual objects, (2) configural perception, which allows
rapid recognition of familiar whole objects but may interfere with local fea-
ture perception, (3) view-invariant perception, which facilitates object con-
stancy and recognition of distorted or obscured images, and (4) recognition
of the visual object from background. In subsequent chapters we argue that
substantial conceptual, if not mechanistic, similarities exist between visual
object perception and olfactory perception.

Note that object perception can be guided and influenced by top-down
processing and expectation. Mechanisms of the effects of expectation on vi-
sual object perception and recognition are not fully understood but clearly
involve memory circuits. Top-down processing occurs at nearly all levels of
the visual pathway, with, for example, more inputs to the visual thalamus
coming from the visual cortex than from the retina. A similar role of top-down
processing and descending activity is proposed for the olfactory system, as dis-
cussed elsewhere in this volume.

Somatosensory System

The other sensory system most commonly used by humans to identify and
discriminate objects is the somatosensory system. Using one’s hands to ex-
plore and identify objects is known as haptic object perception. There are
strong multimodal interactions between visual and haptic object perception,
wherein, for example, familiarity with an object through haptic exploration
can enhance visual recognition of that object and visa versa (e.g., Norman et
al. 2004). In fact, recent fMRI work suggests that the visual object perception
areas in the inferotemporal cortex are also activated by haptic exploration.
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One possible explanation is that exploring an object by hand may induce a
visual image of that object. However, the same region is activated by haptic
exploration in congenitally or early-onset blind subjects, suggesting instead a
true multimodal role for the inferotemporal cortex in object perception
(Pietrini et al. 2004).

In vision, several basic principles guide object perception, including (1) fea-
tures that move coherently are more likely to be perceived as belonging to a
single object, (2) features with similar visual texture and/or color are more
likely to be perceived as belonging to a single object, and (3) features that ap-
pear to fall along a continuous smooth contour are more likely to be per-
ceived as belonging to a single object. Similar rules appear to guide haptic
object perception (Spelke 1990). In vision, however, the spatial scanning of
a scene allows spatiotemporal coherences to be extracted and applied to the
object perception task, but in haptic object perception moving the hands
along the surface and edges of the stimulus object extracts the required spa-
tiotemporal information. This movement (often guided by vision as noted
above) allows central circuits to learn a configural representation of the ob-
ject. As in vision, configural haptic object perception enhances recognition
of familiar objects, even if only partially accessible, and enhances discrimi-
nation between similar objects (Spelke 1990).

Object perception has been examined in other sensory systems including
the auditory system. Echolocation, for example, used by bats and marine
mammals can provide intricate detail of object features, which can then be
used to identify objects (Harley, Roitblat, and Nachtigall 1996). Object per-
ception in echolocating bats can be very similar to visual object perception
where an “object” may include an insect or flower, whereas in auditory situ-
ations that humans are more familiar with, auditory “objects” may include
the voice of a particular speaker against some background noise or against
other speaker objects. Being able to segregate sounds according to source al-
lows following one speaker’s voice and verbal message, although multiple
sounds are impinging on the cochlea simultaneously (the cocktail party ef-
fect). Similar basic rules of spatiotemporal coherence and similarity in fea-
tures appear to guide object formation in audition as in the other systems de-
scribed. As in other sensory systems, auditory object perception enhances
discriminability of similar objects and enhances separation of objects from
the background.

The final point about auditory object perception (where an auditory ob-
ject represents the unitary source of the sound) is that it can be strongly in-
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fluenced by vision. Thus, as in haptic object perception, multimodal inter-
actions are important for complete and accurate auditory object perception.

General Principles

This very superficial review of object perception across sensory systems serves
to emphasize several points of relevance to our discussion of olfactory per-
ception. First, object perception is a basic phenomenon of most, if not all,
sensory systems. Despite highly analytical peripheral mechanisms and cellu-
lar receptive fields (e.g., for spots of light at specific spatial locations in vision,
for mechanical deformations or vibrations at specific spatial locations in so-
matosensation, and for frequency tuning in audition), higher cortical sites in
all of these systems perform configural or synthetic processing that helps cre-
ate perceptual objects. Object perception may be driven by either innate,
hard-wired systems evolved to recognize highly specific stimuli (e.g., sign
stimuli), or may be driven by experience- or memory-based object percep-
tion. Memory-based object perception may include innate biases for per-
ceiving some kinds of objects over others (e.g., potentially faces in humans,
though this is debatable), but in general, memory-based perception can sig-
nificantly enhance the breadth and flexibility of perceptual abilities.

Second, object perception is frequently, perhaps usually, multimodal.
Strong interactions occur between vision and both haptic and auditory ob-
ject perception. Visual recognition of an object, for example, can influence
haptic perception of that object. Similarly, the ventriloquist effect (locating
the sound source at the moving mouth of ventriloquist’s dummy) is a prime
example of how vision can shape our perception of auditory sources and ob-
jects.

Finally, given the ubiquity of memory-based, synthetic object perception,
one may be led to believe that there is an adaptive advantage or benefit to
such processing. In fact, several advantages of synthetic/configural object
perception over local feature perception are apparent from the examples pro-
vided above. First, synthetic object perception allows very rapid identifica-
tion and recognition of objects and discrimination of those objects from sim-
ilar objects, without requiring a feature-by-feature analysis. Indeed, synthetic
object perception can actually suppress perception of component features.
Second, synthetic object perception enhances identification of familiar ob-
jects from background stimuli. As described by Spelke (1990), given the in-
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credible complexity of most sensory scenes (in all sensory modalities) and the
reliance on relatively simple receptor sheets to transduce and begin analyzing
those scenes, the ability of higher order central circuits to group and organize
the scene into distinct objects and background is fundamental to effective
perception. Finally, synthetic object perception can facilitate perceptual
constancy. Viewing (or feeling or hearing) a familiar object (it must be fa-
miliar) from different vantage points can create remarkably different spatio-
temporal inputs to our sensory systems, yet we are still able to perceive that
object as a constant, immutable whole. The soda bottle next to my laptop as
I type looks like a soda bottle when I stand up or sit down or even when the
monitor partially obscures it, despite the extreme changes these different
views create in the image striking my retina. Synthetic object perception and
its central coding allow this robust constancy in the face of image distortion
and occlusion.

Olfaction as a Memory-based, 

Object Recognition System

We hypothesize that most animals (vertebrate and invertebrate) have two
modes of olfactory perception. One mode consists of a physicochemically
driven, hard-wired (labeled line?) process under strong evolutionary control
and most generally used for perception of generationally stable, adaptive
stimuli such as pheromones, predator or host odors, and perhaps some food
odors (such as amino acid detection in fish). Detection of an appropriate odor
ligand, regardless of the presence of other stimuli, increases the probability
of specific behavioral responses. An example is the suckling pheromone de-
scribed in neonatal rabbits (Schaal et al. 2003). A specific volatile odorant
from rabbit doe nipples, 2-methylbut-2-enal, produces behavioral activation
and suckling behaviors in newborn rabbits but not in rodent neonates. This
compound is one of many dozens of volatiles released by the nipple, yet “nip-
ple odor” as a whole is not required to express the behavior—exposure to 2-
methylbut-2-enal in isolation is sufficient.

In vertebrates, physicochemically driven perception has often been seen
as the role of the vomeronasal and accessory olfactory system; however, in-
creasing evidence suggests an important contribution of the main olfactory
system. In the physicochemical mode, knowing what physicochemical stim-
ulus is present and/or what specific central circuits are activated provides
strong predictive power for determining the olfactory percept (maternal nip-
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ple, predator, etc). Although this mode allows for accurate identification of
specific odorants and reliable, rapid responses, it is necessarily limited in its
tuning breadth to evolutionarily stable stimuli with predictable meanings.

The second olfactory perceptual mode is a synthetic, memory-based mode
that rapidly learns to form perceptual odor objects from variable, novel pat-
terns of input. This mode of processing allows perceptual grouping of the
complex, feature-rich input extracted by the highly analytical receptor sheet
into relatively discrete odor objects, distinct from other patterns of input and
distinct from background odorants. Most odors experienced by animals are
complex mixtures of molecules, which themselves are composed of multiple
submolecular features. In addition, very different odors can have extensively
overlapping features, and, in general, odors are experienced against an odor-
ous background. The task of the memory-based processing mode, then, is to
learn which features should be grouped (associated) together to form a per-
ceptual object. Once this associative learning has occurred and perceptual
odor objects are formed, discrimination, recognition, and figure-ground sep-
aration of those objects from other objects and background are enhanced. Al-
though the extent of overlap or spatial similarity of central maps may place
limits or constraints on perceptual grouping and ultimate formation of dis-
tinct odor objects, knowledge of the physicochemical features or olfactory
bulb maps evoked by those features alone is insufficient to predict the ulti-
mate olfactory percept. The strength of this synthetic processing mode is that
novel stimuli of varying complexity can come to acquire a unitary percept
(and meaning), vastly extending the tuning range of the olfactory system. It
is the synthetic processing mode that provides us with the unitary olfactory
percepts (odor objects) of “coffee,” “fresh baked bread,” and Chanel No. 5,
despite the fact that these odors are composed of hundreds of individual com-
ponents. The similarity of this process and its underlying circuitry to visual
face recognition is striking (Haberly 2001).

Experience can shape odor coding in at least two ways. First, encoding of
odorant features may improve or change with experience, such that familiar
features are more precisely or fully encoded. We believe that olfactory bulb
circuits encode and enhance representation of odorant features and thus pre-
dict that mitral cell encoding of familiar features will be modified compared
with novel features. Second, experience can shape odor coding through syn-
thesis of co-occurring features into odor objects. Simple convergence and co-
incidence detection of co-occurring features by cortical neurons is not suffi-
cient to account for the complex nature of synthetic odor perception. Rather,
we and others hypothesize that piriform cortical circuits learn which odorant
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features co-occur and, through associative synaptic plasticity, store a repre-
sentation of that feature combination. Once this representation is stored it is
more easily recognized from other, similar patterns of input and is robust in
the face of partial degradation. This combination of characteristics, as noted
above, makes familiar odor objects more distinct from other stimuli, easier to
recognize against a background, and also results in a break from strict reliance
on olfactory bulb maps of odorant features for a complete olfactory percept.
The anatomy of the piriform cortex and the hypothesized reliance of the
learning process on broadly projecting intracortical association fibers make it
likely that odor object percepts are ultimately encoded by distributed en-
sembles of cortical neurons, without a precise organization or map of odor
objects. Again, this is similar to representation of visual objects in the infer-
otemporal cortex.

Synthetic formation of perceptual odor objects may not only be built from
multiple molecular and submolecular volatile features but also may include
multimodal components and/or be influenced by cross-modal interactions.
Although vision and somatosensation, and vision and audition appear to have
unique, special cross-modal access in the formation of perceptual objects in
those systems, olfaction and gustation (and perhaps trigeminal) information
may have a similar special relationship. For example, familiar odor objects
can include “sweet” components (Stevenson, Prescott, and Boakes 1995).

Finally, inclusion of memory in olfactory object perception raises the im-
portance of top-down processing in this system. We hypothesize that, as in vi-
sion and other sensory systems, expectation and internal behavioral state can
influence odor perception. Odor object percepts, therefore, may not only in-
clude multiple odorant features and multi-modal components, but also may
be guided by past associations, expectations, verbal labels, etc. The impact of
descending and centrifugal fibers is apparent throughout the olfactory sys-
tem, including at the glomerular layer of the olfactory bulb itself.

These characteristics of the memory-based, synthetic olfactory processing
mode, most well supported by experimental data to be described in later
chapters, accentuate the distinction that must be made between identifica-
tion of the physicochemical features of an odorant and the ultimate resulting
odor perception. With a relatively few exceptions, neither odor physico-
chemical feature extraction at the receptor sheet, nor spatial maps of those
features in the olfactory bulb, nor simple convergence of those features in
cortical circuits are sufficient to account for the rich experience that is ol-
faction.
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3

Receptive Mechanisms

Odor perception is the consequence of computations occurring
within the primary olfactory structures and interactions within

and between a myriad of other nonolfactory systems. As a starting point for
understanding how the olfactory system functions, we will examine two
things. First, we must have a firm understanding of the olfactory stimulus and
how stimulus information is acquired by the olfactory system. For example,
understanding acoustic waves has been fundamental to our current views of
how the auditory system works (though, as noted above, it is not sufficient in
itself for a complete understanding of auditory perception). What are olfac-
tory stimuli, how do they differ from stimuli processed by other sensory sys-
tems, how are they influenced or shaped by the environment, and what con-
stitutes an olfactory scene (if olfactory scenes even exist)? Understanding the
stimulus and how the stimulus is used by the receiver to direct behavior—the
ecology of olfactory perception—is critical to understanding the transform
functions that must take place within the olfactory system to allow this process
to occur. Second, we must have a firm understanding of olfactory system cir-
cuit anatomy. As with an exploration of the nature of the stimulus, exploring
olfactory system circuit anatomy can help identify possible mechanistic op-
portunities and constraints on circuit function and its output.

However, before we begin our overview of odors and olfactory functional
anatomy, we will briefly perform a similar analysis of a comparator system
—the visual system. We could have chosen other sensory systems, but the vi-



sual system is probably the best understood by the most people and thus
should be most useful for our purposes. We will not deliver a detailed, nu-
anced description of the mammalian visual system; instead, we will identify
critical functional components that we can then try to find analogies for in
olfaction.

The Visual System

At one level, of course, the stimulus driving the visual system is electromag-
netic radiation within a specific range of wavelengths and varying in inten-
sity. If this were all the useful information carried by visual stimuli, then a
small sheet of photoreceptors, varying in sensitivity to wavelength and inten-
sity might be a necessary and sufficient visual apparatus. In fact, some inver-
tebrates have very simple eyes (ocelli) containing a handful of photorecep-
tors sensitive to wavelength and intensity and not much else. Add some local
or central circuitry to enhance contrast between similar wavelengths and dis-
crimination within the electromagnetic spectrum becomes rather efficient.
Most visual systems do not function as light meters, however, providing a di-
rect readout of wavelength and intensity; instead, they provide relative infor-
mation and are most sensitive to change rather than to stable stimuli of a fixed
wavelength and intensity.

Obviously in addition to wavelength and intensity, however, visual stim-
uli can also include spatial information. Some wavelengths at a certain lu-
minance come from over there, whereas different wavelengths at a different
luminance come from over there. Processing information in this spatial di-
mension adds two important layers of complexity. First, circuitry must exist
that allows discrimination along the spatial dimension. This is most com-
monly handled with a larger receptor sheet (or multiple small sets of recep-
tors as in an invertebrate compound eye) and topographic projections from
the receptor sheet to central circuits that maintain, in some form, the spatial
organization of the receptor sheet (e.g., retinotopic projection). Lateral inhi-
bition and differing levels of convergence help define and accentuate spe-
cific spatial patterns of visual stimulation.

The second issue that may arise when a spatial dimension is added to our
visual system is the need to direct attention or processing power differentially
over the visual field. This can be done in a hard-wired manner, for example,
in the visual fovea, where photoreceptors are densely packed and conver-
gence of photoreceptors to second-order neurons is limited. The retinal pe-
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riphery, in contrast, has high levels of receptor to retinal output neuron con-
vergence. This produces a relatively enhanced proportion of the visual path-
way devoted to processing signals emanating from the fovea compared with
more peripheral regions. Another mechanism for directing differential pro-
cessing power to some regions of visual input over others is a dynamic process
involving either movement of the receptor sheet in space (e.g., saccadic eye
movements), or virtual movement of attention over the visual input via
changes in central circuit function (e.g., a processing “searchlight” [Crick
1984]).

However, even a system capable of wavelength and intensity discrimina-
tion, spatial discrimination, and directed attention does not come close to de-
scribing how we (and many animals) use our visual systems. In fact, at a con-
scious level, absolute wavelength and intensity are often lost to us. Our visual
systems are used for discriminating objects—cars and chairs and faces and
trees (see fig. 3.1). Furthermore, our visual systems are robust object discrim-
inators, in particular, when discriminating familiar objects. Chances are you
can recognize the visual object that is your car in the parking lot at noon in
full sunlight, at noon under cloudy skies, at sunset and even at dusk; and from
the side, the front, and the back; and from 100 meters across the parking lot
and from within 10 meters—all despite dramatic variation in wavelength, lu-
minosity, spatial size, and pattern. This is especially true (often mistakenly)
if we expect to see our car in that lot. All of these conditions produce very dif-
ferent patterns of activity at the receptor sheet yet are recognized as one and
the same object at more central structures. Visual scene analysis requires ex-
tensive, experience-dependent processing well beyond the basic wavelength,
luminance, and spatial discrimination occurring in the retina.

The mammalian visual system circuitry underlying the characteristics 
described above contains hierarchical processing stages, parallel processing
streams, and extensive feedback pathways. In the retina, subclasses of pho-
toreceptors expressing different photosensitive proteins are differentially sen-
sitive to wavelength and are also differentially sensitive to intensity, with one
class of receptors sensitive to very low levels of illumination and the other hav-
ing higher light thresholds. These different types of photoreceptors differ-
entially communicate with retinal output neurons, which can also be divided
into different classes. Slowly adapting parvocellular retinal output neurons
receive input primarily from high-threshold, wavelength-discriminating cone
photoreceptors, and rapidly adapting magnocellular output neurons receive
input primarily from low-threshold, rod photoreceptors. The different physi-
ology of these parvocellular and magnocellular output neurons results in par-
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allel visual information streams, one largely dealing with spatial detail and
color and the other processing spatial movement. These parallel streams are
largely segregated throughout the visual pathway, terminating in ventral
higher-order visual cortices (parvocellular pathway and the inferotemporal
cortex) and medial higher-order visual cortices (magnocellular pathway and
medial temporal cortex).

Throughout both of these parallel pathways, hierarchical processing oc-
curs, wherein simple visual features extracted at the retina are synthesized
into more complex visual objects through convergence along the pathway.
This is the classic work began by Hubel and Wiesel wherein, for example,
retinal output neurons and their target cells in the lateral geniculate nucleus
of the thalamus have monocular spatial receptive fields for spots of light at
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Fig. 3.1. This two-dimensional image is viewed as a series of objects against backgrounds
rather than as a single contiguous object. For example, the tissue box in the background
is perceived as a three-dimensional box extending to the ground,despite the foreground
object blocking our view.This segmentation of the visual world into objects depends
on experience, which largely occurs during development. A variety of perceptual rules
have been identified that facilitate this segmentation of the world into unique objects,
as discussed in the text. Photo courtesy of Tristan Sullivan-Wilson.



specific locations in the visual field, whereas neurons in the primary visual
cortex have receptive fields for contrast edges or a bar of light (synthesized
from many spots) (see fig. 3.2). Ultimately, in the inferotemporal cortex, sin-
gle neurons may have receptive fields for complete visual objects or faces and
continue to respond even if the object is rotated or changes size. These view-
invariant receptive fields of inferotemporal neurons, however, require prior
experience of viewing the object at different angles to be expressed (Tovee,
Rolls, and Ramachandran 1996).

Lateral and feedback interactions are critical for circuit function both
within individual stages of the visual pathway and between higher and lower
stages. Lateral inhibition between retinal neurons creates the center-surround
nature of their receptive fields and in doing so enhances contrast between
both similar spatial and similar wavelength inputs. Lateral excitatory and 
inhibitory interactions between cortical neurons help reinforce columnar
processing of visual features. More long-range intracortical associational con-
nections accentuate temporal synchrony of disparate columnar units, con-
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Fig. 3.2. Highly schematized diagram of information flow underlying visual object per-
ception. Information output from each stage becomes more complex in a roughly hi-
erarchical manner as one moves from the periphery to inferotemporal cortex. How-
ever, there is extensive feedback at each level allowing for experience, expectancy, and
context to modulate activity at earlier stages and ultimately to modulate perception.



tributing to synthesis of features encoded by those columns into visual ob-
jects by target neurons in the higher-order cortex. The strength of these
synaptic connections is highly experience dependent, expressing both long-
term potentiation and depression and thus creating an experience-dependent
perception of visual stimulation.

Besides the lateral excitatory and inhibitory connections within specific
structures, there are extensive feedback connections between them. For ex-
ample, the visual lateral geniculate nucleus of the thalamus receives more ax-
onal input from the visual cortex than it does from the retina. Thus, rather
than serving as a passive relay of visual information from the retina, the vi-
sual thalamus processes retinal input “in the light of” what the visual cortex
already knows. Feedback between higher and lower stages occurs through-
out the myriad of visual cortical regions (Kastner and Ungerleider 2000).

In addition to (and in part through) helping enhance contrast between ob-
jects and suppress extraneous information, these feedback pathways may be
the structural basis of the attentional searchlight mentioned above. Through
feedback pathways, how incoming information is processed can be influ-
enced by what has already been processed. Our attention for details within a
visual scene can be influenced by what we have already gleaned from that vi-
sual scene and/or by our expectations regarding the scene.

One of these feedback pathways in mammals deserves special considera-
tion here. The reticular thalamus (thalamic reticular nucleus) is a thin lam-
ina of neurons along the superficial edge of the thalamus and is modality and
topographically organized. Thus, for example, a subset of reticular thalamic
neurons receive input from the visual cortex and project to the visual lateral
geniculate nucleus neurons in a retinotopic manner (Guillery, Feig, and
Lozsadi 1998; McAlonan and Brown 2002). The reticular thalamus receives
excitatory input from both the sensory thalamus and sensory cortex and pro-
jects back to the sensory thalamus. This feedback to the sensory thalamus is
inhibitory. Thus, the reticular thalamus is a group of inhibitory neurons, re-
ceiving cortical feedback (as well as state-dependent modulatory inputs from
basal ganglia and locus coeruleus) and capable of gating/filtering the flow of
thalamic information to the cortex. It has been hypothesized (Crick 1984;
McAlonan and Brown 2002) that the reticular thalamus plays a role in atten-
tional changes in sensory coding, i.e., serves as a searchlight to enhance pro-
cessing of important information while suppressing processing of unim-
portant or unexpected information. In fact, lesions of the reticular thalamus
do not impair basic visual behaviors but do disrupt visual priming—an en-
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hanced attention to a specific visual cue based on past experience and ex-
pectation (Weese, Phillips, and Brown 1999).

Finally, as mentioned above, attention can also be directed by physical
movement of the retina and, thus, differential spatial sampling. Ocular re-
flexes are mediated by the superior colliculus, which receives input directly
from the retina, as well as the visual cortex and the eye fields of the supple-
mentary motor cortex. Among other things, ocular reflexes allow fast move-
ment (saccades) of the eyes to fixate the fovea on a new region of interest and
allow smooth eye movements to allow the fovea to maintain fixation on a
moving object of interest. Thus, this is a circuit to direct visual attention to-
ward objects or regions of interest through changes in sampling parameters,
i.e., physically moving the eyes.

Together, the initial peripheral coding of wavelength, intensity and spatial
patterns, the hierarchical and experience-dependent synthesis of visual fea-
tures into visual objects, and the gating and filtering of information flow
through attentional mechanisms results in visual perception. Importantly, a
technical description of the spatial patterns of wavelength and luminosity of
a stimulus or of the patterns of retinal activation they produce are not suffi-
cient to predict what will be perceived by the viewer.

The Olfactory System

Stimulus and Stimulus Acquisition

As with vision, the stimulus driving olfactory system activity can also be de-
scribed in fairly simple terms. For terrestrial animals, in general, odorants are
relatively small, volatile molecules, varying in size, conformation, and num-
ber and location of functional groups. Subtle changes in structure, for ex-
ample, isomerization, can produce rather dramatic changes in odor percept.
A collection of chemoreceptors, each with binding sites selective for differ-
ent molecular configurations, could be sufficient to account for olfaction 
with this view of the stimulus. In fact, under strong evolutionary pressure,
highly selective chemoreceptors have evolved for generationally stable
pheromones.

However, having a single odorant–single receptor system could limit the
range of odorants to which the system could respond and severely limit re-
sponsiveness to novel compounds. Furthermore, to enhance the information
content of chemical signals, yet limit energetic costs of macromolecular syn-
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thesis, many behaviorally relevant chemical signals are mixtures of small,
simple molecules (described in more detail in chapter 5). Thus, processing
of these mixtures requires, or minimally would be facilitated by, olfactory re-
ceptors and initial information processing emphasizing simple feature de-
tection followed by synthesis of those features into complete, more complex,
perceptual objects. A feature extraction and synthetic processing mode like
this would also expand the ability of the system to respond to novel com-
pounds. If the receptor repertoire was large, the diversity of odorants to which
the system was potentially responsive could expand enormously. In fact, as
we now know, the receptor repertoire of mammals can reach the hundreds,
and even invertebrates can express scores of different receptor genes. This re-
sults in a palette of distinct odor perceptual objects for humans believed to
be in the tens of thousands (at least), far beyond the number of individual
types of receptors (see fig. 3.3).

The other hypothesized consequences of synthetic object perception in
olfaction, as in vision, are that familiar objects can be perceived or recognized
despite partial pattern perturbation or degradation (perceptual constancy),
and expectancy and context can shape our perception of odor objects. This
can be observed, for example, in a situation where there is some overlap in
molecular features of the background odor in a room and some target odor.
Imagine a room containing hints of new carpet smell and potted plants.
These odors may be detectable upon entering the room but are quickly fil-
tered by central adaptation. Several molecular features of these odors may
overlap with coffee or cologne, yet, if these target odors are introduced into
this situation, they can be easily identified despite having some features miss-
ing because of existing adaptation (assuming they are already familiar) (Kel-
liher et al. 2003; Goyert et al. 2005). Another example of robust perception in
the face of changes in patterned input is the ability to recognize many odors
as single stimuli over a wide range of intensities (although the perceptual
quality of some odorants changes dramatically with change in concentration;
see chapter 4). These examples may be comparable to the visual examples
above involving changes in luminosity and object size with changes in dis-
tance, vantage, and/or time of day. Finally, as described elsewhere in this vol-
ume, even expert wine tasters can be perceptually fooled by tinting white
wine red (Morrot, Brochet, and Dubourdieu 2001); that is, how the volatile
components in the headspace of a glass of wine are processed by the olfac-
tory system and perceived can be influenced by the expectations of the
smeller.

As noted above, the synthesis of perceptual odor objects, unless evolu-
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tionarily hard wired, is experience dependent. We hypothesize that the ol-
factory system learns which features tend to go together in much the same
way that visual objects are learned by the visual system by synthesizing visual
features that appear or move together. However, object synthesis, both in vi-
sion and olfaction can lead to impaired recognition of, or attention to, object
features. Thus, subtle changes in visual facial features can be difficult to de-
tect in familiar faces because the face is perceived, and acted upon, as a
gestalt—a unique, single object distinct from its components. In olfaction,
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Fig. 3.3. This image is meant to represent the variety of feature information extracted
by the olfactory receptor sheet in response to inhaling odorized air. Each black form
thus may represent a molecular feature of the odorants present in the inhaled sample.
Through a large set of olfactory receptors, the peripheral olfactory system and initial
olfactory bulb circuits identify and discriminate between these various features. Olfac-
tory perception, however, requires a configural component wherein these features are
synthesized into odor objects. This synthetic processing requires experience. An ex-
ample of how experience can influence synthetic processing of stimulus features can be
seen by examining figure 3.5, then looking at this figure again.



this disregard of object component features is so extreme that subjects can-
not identify all of the components of mixtures containing more than three or
so odorants (Laing and Francis 1989). In addition, individual odors can come
to acquire perceptual qualities of odors with which they have been associated
(Stevenson 2001a). Furthermore, this experience-dependence of odor object
synthesis creates an opportunity for odor objects to include non-olfactory
components. Thus, for example, familiar odors may include an apparently
gustatory sweet component (Stevenson, Prescott, and Boakes 1995).

As a final comparison with vision, odors, unlike visual stimuli, do not in-
trinsically contain a spatial component, though they may vary in intensity
over space as they diffuse from their source. Thus, a strict analogy with visual
scene analysis may seem inappropriate. However, an examination of how
odors are used by animals (and humans) clearly suggests that something akin
to scene analysis can be performed with olfaction. For example, when ap-
proaching a table covered with a variety of aromatic, tasty dishes while blind-
folded, the scent of some foods will be easily recognized and identifiable (e.g.,
roast beef), despite the presence of multiple competing odors (broccoli, pasta
with parmigiano cheese, and a glass of Cote de Rhone). That is, from this
complex olfactory scene of spatially discrete odor sources, some patterns of
input can out-compete others and be recognized as distinct wholes. This ef-
fect is strongly influenced by relative intensity of the odors (Kay, Lowry, and
Jacobs 2003) but also clearly demonstrates that despite the fact that on any
given inhalation molecular features from many odor objects are sensed, what
is perceived is driven by processes functioning at the level of individual, ro-
bust odor objects. The stability of familiar perceptual objects in the face of
competing inputs and changes in intensity is a strong adaptive advantage of
this processing system.

Thus, from a distance, relative object intensities facilitate identification of
odor sources in the scene. However, it is also possible, upon reaching the
table (still blindfolded), to spatially sample the area, differentially casting
one’s nose back and forth across the table, actively sniffing at some points and
not at others, and despite the mixing of odorants from different sources that
occurs, identify each familiar odor in turn. At present it is unclear if active
sniffing and spatial sampling are strictly analogous to saccadic eye or head
movements in vision, though sniffing appears to be indicative of attention and
certainly allows differential sampling of an olfactory scene in much the same
way as eye movements across a visual scene. Neural control of active sniffing
(or correlates in invertebrate systems), and the functional consequences of
active sniffing on odor coding and perception have been woefully under-
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studied, despite scattered intriguing results (Heinbockel, Christensen, and
Hildebrand 1999; Young and Wilson 1999; Sobel et al. 2001) and the obvious
potential importance. As the table is olfactorily scanned, molecules from the
roast beef will be present during sniffs over the Cote de Rhone, but, we ar-
gue, because of (1) the enhanced intensity of Cote de Rhone features while
sampling directly over the glass, (2) central adaptation to features of odor ob-
jects sampled immediately prior to sampling over the glass (e.g., roast beef),
and (3) the robust nature of odor object perception, Cote de Rhone will be
identifiable as a distinct object in the olfactory scene. This process is quite
different from identifying individual components of a complex mixture that
turns on and off as a whole. The temporal component of the type of olfactory
scene analysis described here is critical for the scene and object analysis pro-
posed (Jinks et al. 1998). As in vision, dynamic coherence of a collection of
features is crucial for perceiving those features as a synthetic object distinct
from background. For example, movement of a V-shaped pattern of dots
against a static background of dots can lead to the perception of a single ar-
rowhead against a dotted background. In olfaction, we propose that the dif-
ferential temporal emergence of specific collections of odorant features as we
sweep our nose over the broccoli and then the Cote de Rhone assists in per-
ceptual organization of those features into individual familiar odor objects
distinct from other objects in the scene.

The point here is that understanding how molecular features are encoded
and interact at peripheral stages of olfactory processing is only the tip of the
iceberg that represents olfactory perception. We must not lose sight of the fact
that, in the same way that wavelength and luminosity are critical for vision
but alone would represent a very impoverished sensory modality, the analyt-
ical chemistry occurring at the early stages of the olfactory system does not
represent the richness of information content and perceptual experience 
that is olfaction. The question remains, how is olfactory perception accom-
plished? Below is a brief description of the current state of knowledge of ol-
factory system circuitry that underlies odor perception (fig. 3.4). An under-
standing of circuitry often helps define function and identify possibilities and
limitations for information processing.

Circuit Anatomy

Many outstanding reviews of olfactory system anatomy exist in the literature.
Almost without exception, these reviews follow a common pattern by de-
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scribing the system from the periphery to higher central structures. This or-
ganization makes sense because, in general, this is the initial direction of in-
formation flow. However, a description organized in this manner also fosters
assumptions about circuit and system function. We will outline the func-
tional anatomy of the olfactory pathway in this manner here but then focus
special attention on two frequently overlooked aspects of the circuit. First, we
will discuss variation in odor sampling at the receptor sheet that can be cre-
ated by both individual differences in receptor functional expression and by
behaviorally induced variation in airflow patterns. Second, we will discuss the
structure and potential function of cortical feedback circuits. In other sen-
sory systems, these circuits (e.g., corticothalamic pathways) play critical roles
in selective attention and expectation effects on sensory processing (e.g.,
priming effects). Do similar circuits and functions exist in olfaction?
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Fig. 3.4. Highly schematized diagram of information flow underlying olfactory percep-
tion.The olfactory system includes both a direct projection to the primary sensory cor-
tex without an intervening thalamic relay, as well as a thalamocortical loop. Information
flows from the highly analytical olfactory epithelium and glomerular layer of the olfac-
tory bulb to highly synthetic cortical regions such as piriform cortex and orbitofrontal
cortex.The olfactory pathway is also highly interconnected with limbic structures such
as amygdala and hippocampus. As in vision, there is extensive feedback at each level, al-
lowing for experience, expectancy, and context to modulate activity at earlier stages
and ultimately to modulate perception.



Basic Olfactory Circuits

The basic architecture of the olfactory system is remarkably convergent
across the animals, including humans. Our description of the mammalian
system here is based largely on data obtained from rodents, but it seems to be
equally relevant in humans. Thus, this section lays the anatomical founda-
tion for discussions of function in both humans and animals in later chap-
ters.

In its most basic form, the primary olfactory pathway traditionally involves
a receptor sheet, either within the nasal passage of vertebrates or on antennae
or specialized surface structures in many invertebrates, a first central relay gen-
erally called the olfactory bulb in vertebrates or antennal lobe in insects, and
a third-order structure called olfactory cortex in mammals or mushroom bod-
ies in insects. For mammals, this is a highly simplified schematic in that the
olfactory cortex is actually composed of many subareas including the ante-
rior olfactory nucleus (a.k.a. anterior olfactory cortex [Haberly 2001]), the ol-
factory tubercle, and the anterior and posterior piriform cortices. Each of
these subregions of the olfactory cortex has a unique architecture, unique af-
ferent and efferent connectivity, and presumably unique functional contri-
butions to olfactory coding and perception. However, for the most part, the
comparative sensory physiology of these different structures is seriously un-
derstudied with the recent exception of the piriform cortex. In addition to this
direct pathway, the mammalian olfactory pathway is richly interconnected
with other cortical and limbic structures, including the orbitofrontal, ento-
rhinal and perirhinal cortices, the hippocampus, and the amygdala. Further-
more, as noted above, most of these structures not only receive olfactory in-
put but also provide feedback to neurons in the primary olfactory pathway.
Finally, extensive modulatory and multimodal inputs terminate throughout
the olfactory pathway, allowing contextual and state-dependent processing of
odorants starting very early in the pathway.

The olfactory receptor sheet of both vertebrates and invertebrates includes
receptor neurons that express from dozens to hundreds of different genes that
code for olfactory G-protein-coupled receptors (Buck 1996). In mammals, 
it appears that a single-receptor neuron expresses a single-receptor gene,
though in invertebrates multiple gene expression within single-receptor neu-
rons may be more common. The ligands for olfactory receptors, for the most
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part, are not entire odorant molecules, but rather submolecular components
or features of odorant molecules (Araneda, Kini, and Firestein 2000). For ex-
ample, an olfactory receptor neuron may be selectively excited by odorants
containing a hydrocarbon chain of a particular length and/or a specific func-
tional group in a certain location. Thus, given that most odors that we per-
ceive are composed of multiple molecules and each molecule may be rec-
ognized by multiple receptor neurons each binding a unique feature of the
molecule, odors will produce widespread and complex activation of a large
population of different olfactory receptors. It should also be noted that odor-
ants (or odorant features) can competitively interact at the receptor-binding
site, adding further complexity to the spatiotemporal activity patterns leaving
the receptor sheet.

The combination of receptors activated by a particular odorant is con-
verted into a spatial pattern in the olfactory bulb (antennal lobe) through pre-
cise convergence of receptor neuron axons within olfactory bulb glomeruli.
Each glomerulus appears to receive input from a homogeneous population
of receptor neurons all expressing the same receptor gene. Because of the ho-
mogeneous receptor input to a glomerulus, odor-evoked activity within each
glomerulus essentially reflects the binding specificity of the odorant receptors
on the neurons projecting to that glomerulus. Based on functional imaging
of odor-induced glomerular activity, receptor neurons transducing similar
odorant features appear to target neighboring glomeruli. Thus, for example,
glomeruli responding to aldehydes varying in carbon chain length all cluster
near to each other within the olfactory bulb, whereas glomeruli responding
to esters varying in carbon chain length cluster near to each other in a differ-
ent region of the bulb (Leon and Johnson 2003). Spatial clustering of neu-
rons encoding similar odorant features allows for lateral inhibitory circuits to
enhance the contrast between these similar features. Although there are two
levels of inhibitory interneurons within the olfactory bulb, juxtaglomerular
neurons and granule cells, we hypothesize that juxtaglomerular neurons may
play a more critical role in this type of lateral inhibition than granule cells
(see below). Juxtaglomerular neurons not only allow lateral interactions be-
tween glomeruli, but also can directly regulate olfactory nerve input via presy-
naptic contacts.

The notion of a spatial map of odorant features laid out across the glo-
merular sheet is enticing, and quite convincing in its experimentally derived
form (fig. 3.5). In fact, odorant identity can be predicted in some cases by ob-
servation of the complete odorant feature map in the rat olfactory bulb (Lin-
ster et al. 2001). Under natural conditions, however, odorants are rarely ex-
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perienced as isolated, pure stimuli appearing against a clean air background.
Rather, on any given inhalation, many molecular species are sampled, some
of which come from a single source, whereas others come from diffuse, per-
haps background sources. What is perceived in this case cannot necessarily
be predicted from the complex odorant feature map of the glomerular layer.
Instead, the glomerular layer spatial map must be selectively read and inter-
preted by second- and third-order olfactory neurons.

In mammals, the principal second-order neurons, mitral and tufted cells,
have single apical dendrites that receive input from a single glomerulus, and
thus receive homogeneous receptor input. In the mammalian accessory ol-
factory bulb and main olfactory bulb of many nonmammalian vertebrates
and invertebrates, mitral and tufted cells receive dendritic input from more
than one glomerulus. The functional consequences of these two different
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Fig. 3.5. The same high-contrast image shown in figure 3.3 is shown here in normal gray
scale. Observing this image allows the visual system to learn how to group features in
figure 3.3, such that now the macaque’s face is apparent even in that highly degraded
image.



patterns of connectivity have not been fully determined. Mitral and tufted
cells in the mammalian main olfactory bulb are the projection neurons of
the bulb and send axons throughout the olfactory cortex. Mitral and tufted
cells appear to have somewhat different odorant response properties and pro-
jection patterns, though, again, the significance of these differences for odor
behavior and perception have not been fully investigated (Scott and Harri-
son 1987; Nagayama et al. 2004).

Given the selective receptor input that individual mitral and tufted cells
receive and the lateral inhibitory circuitry within the olfactory bulb, mitral
and tufted cells seem to function largely as odorant feature detectors. Activ-
ity within the olfactory bulb thus refines the feature extraction process initi-
ated at the receptor sheet and translates the largely spatial expression of odor-
ant identity into a temporal pattern of spike trains to be read by third-order
neurons in the cortex.* Olfactory bulb output neuron activity is not only driven
by odorant input, but it is also shaped by extensive centrifugal inputs to the
bulb, largely via interactions with intervening granule cells. Granule cells are
axonless, GABAergic interneurons that outnumber mitral cells by about 50:1.
Granule cells form dendrodendritic reciprocal synapses with mitral and tufted
cell secondary dendrites and are hypothesized to mediate activity-dependent
feedback and lateral inhibition of the output neurons, as well as entrain tem-
poral patterning of output spike trains. However, as described below, granule
cells are also the target of centrifugal feedback to the bulb and thus could
play an important role in the effects of attention and expectancy in odor cod-
ing in the bulb.† Granule cells undergo experience-dependent neurogenesis
and apoptosis throughout life, with enhanced survival of granule cells in re-
gions encoding familiar or meaningful odors (Lledo and Gheusi 2003), fur-
ther suggesting an important role in encoding familiar odors.

Odor-related activity within the olfactory bulb shows a strong oscillatory
nature as originally observed even during some of the first electrophysiolog-
ical recordings from the olfactory bulb (Adrian 1950). These oscillations can
be observed in local field potentials and occur in both vertebrates and inver-
tebrates. The temporal structure of these oscillations suggests at least three
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* Recent data suggest that a temporal dimension to odorant coding exists even within the glomeru-
lar layer, where different glomeruli may have different temporal patterns of activation, perhaps de-
pending on from where within the receptor sheet they receive input. It is not clear at present if
these latency shifts contain critical information about odor identity, or rather if they are noise that
then must be dealt with by subsequent processing.
† Thus, again arguing that odor perception cannot be predicted solely from the features of the
glomerular layer spatial map.
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origins in mammals, a high-frequency (40–90 Hz gamma frequency) local
circuit oscillation driven by mitral cell–granule cell reciprocal synapses, a
moderate-frequency (15–40 Hz beta frequency) oscillation driven by feed-
back loops between the olfactory bulb and cortex, and a low-frequency oscil-
lation (2–15 Hz theta frequency) driven primarily by receptor input and re-
flecting the respiratory cycle. In mammals, these oscillations have also been
hypothesized to reflect at least two different processes: those critical for odor
identity and those reflecting top-down processes such as expectancy and at-
tention (Freeman 1978; Kay, Lancaster, and Freeman 1996; Martin et al.
2004). Although the evidence that high-frequency oscillations reflect activity
involved in expectancy is increasingly strong (e.g., olfactory bulb gamma-
frequency oscillation emerges prior to odor onset in animals well trained in
a discrimination task; Martin et al. 2004), their role in encoding odor identity
appears minimal at best (Fletcher et al. 2005).

These local field potential oscillations, of course, are created by mem-
brane currents of individual neurons, and as membrane current fluctuations
become more synchronous within a given frequency range across a popula-
tion of neurons, the power of local field potential oscillations at that fre-
quency increases. Changes in synchronous activity of olfactory bulb output
neurons are not only reflected as changes in the amplitude of local field po-
tential oscillations, but should also affect the extent to which target cortical
neurons receiving this input are driven. Thus, simple coincidence detection
by olfactory cortical neurons would allow single cortical pyramidal cells to
respond to unique combinations of mitral cell (and thus olfactory receptor)
input. In this way, the olfactory cortex could synthesize the diverse odorant
feature extracted at a particular point in time by the periphery into unique,
whole odors.

However, the mammalian piriform cortex (fig. 3.7) goes far beyond sim-
ple, passive coincidence detection to synthesize odorant features into odor
perceptual objects. Termination of mitral cells conveying information from
olfactory receptors expressing one type of receptor gene overlaps with input
from other receptor types, allowing for convergence of multiple receptors/
odorant features onto single cortical neurons (Zou et al. 2001). This conver-
gence is dramatically enhanced by an elaborate network of intracortical as-
sociation fibers, which terminate on the proximal apical dendrites and basal
dendrites of Layer II/III pyramidal cells. The mitral/tufted cell input and as-
sociation fiber systems, in addition to being anatomically segregated on the
cortical neuron dendritic tree, also appear to have significant differences in
physiology, including plasticity and modulatory control. For example, affer-
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Fig. 3.6. The basic organization of the mammalian olfactory bulb. (A) Axons of olfactory
receptor neurons (ORNs) terminate in olfactory bulb glomeruli,which are surrounded
by the cell bodies of juxtaglomerular neurons. Each glomerular receives input from a
homogeneous population of ORNs expressing the same receptor gene. Within the
glomeruli, ORNs make excitatory synapses with juxtaglomerular and mitral/tufted 
cells (M/T).M/T cells are the output neurons of the olfactory bulb and their axons form
the lateral olfactory tract (LOT). Granule cells (GrC) for reciprocal dendrodendritic
synapses with the lateral dendrites of M/T cells, and are also the primary target of most
centrifugal input to the olfactory bulb. (B) A cresyl violet-stained section through the



ent synapses display activity-dependent short-term depression that may con-
tribute to habituation and adaptation to background odors (Best and Wilson
2004). This rapid cortical adaptation results in a system most effectively driven
by changing stimuli—static background odors can be filtered while novel
odors or odors fluctuating in intensity continue to receive cortical attention
(Kadohisa and Wilson, forthcoming). This simple mechanism of cortical
adaptation could allow parts of the olfactory bulb spatial map to be read,
while other parts are filtered (Wilson 2004).

In contrast to the afferent synapses, association fiber synapses display ro-
bust associative long-term plasticity that may be critical for storing records of
previously experienced patterns of odor feature input (De Rosa and Hasselmo
2000; Haberly 2001). Anatomically and physiologically realistic computa-
tional models of piriform cortex suggest autoassociative memory capabilities
(Hasselmo et al. 1990; Haberly 2001). Autoassociative memory circuits involve
a distributed excitatory input and extensively distributed excitatory intrinsic
association fibers—characteristics expressed by the piriform cortex. Further-
more, the intrinsic association fibers should be capable of expressing Heb-
bian synaptic plasticity—again, a characteristic of the piriform cortex. This
type of circuit extracts and learns correlations between patterns of afferent in-
put by strengthening intrinsic connections between coactive neurons.

This learning has two consequences. First, repeated patterns of afferent in-
put result in reproducible and stable cortical ensemble representations and,
in turn, cortical output. Those neurons that have been repeatedly coactive
strengthen their common excitatory connections and become a more reliably
evoked ensemble in response to a given afferent input. It follows that stable
cortical output should contribute to stable odor perceptions over repeated
stimulation with the same familiar stimulus. Disruption of intrinsic synapse
plasticity leads to variable cortical representations in computational models
(Hasselmo et al. 1990), and disrupted cortical (Wilson 2001) and behavioral
(De Rosa and Hasselmo 2000; Fletcher and Wilson 2002) odor discrimination.
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rat olfactory bulb and a higher magnification of olfactory bulb lamina (ONL, olfactory
nerve layer; GL, glomerular layer; EPL, external plexiform layer; ML, mitral cell body
layer;GCL,granule cell layer). (C) Examples of odor-specific spatial patterns of glomeru-
lar activity mapped with 14C-2-deoxyglucose.The olfactory glomerular layer is viewed
as if peeled off of the olfactory bulb and laid flat with the ventral side of the bulb now
split and lying on the top and bottom of each image.These two different odorants evoke
unique, though partially overlapping patterns of activity (14C-2-deoxyglucose maps pro-
vided by Brett Johnson and Michael Leon, University of California at Irvine).
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Fig. 3.7. The basic organization of the mammalian piriform cortex. (A) Pyramidal cell
(PC) dendrites are the target for both lateral olfactory tract (LOT) input from the ol-
factory bulb (terminating on the distal half of the apical dendrite) and intracortical and
commissural association fibers (terminating on the proximal half of the apical dendrite).
Inhibitory interneurons include superficial feedforward inhibitory (FFI) and deeper
feedback inhibitory (FBI) interneurons. (B) A cresyl violet-stained section through the
rat olfactory cortex showing olfactory tubercle (OT), piriform cortex (PCx), and or-
bitofrontal cortex (OFC).The rhinal fissure (RF) and LOT are also labeled. (C) A styl-
ized map of c-fos immunohistochemical labeling of odorant-activated neurons within
the piriform cortex. Each dot represents cell labeling. Although there is differential cell
labeling in response to odorants across subdivisions of the piriform cortex, current ev-
idence suggests no or minimal odor specific activity patterns, i.e., different odorants
evoked roughly the same spatial pattern (c-fos immunohistochemistry image provided
by Kurt Illig, University of Virginia).



The second consequence of cortical autoassociative function is pattern
completion in the face of degraded or slightly modified patterns of afferent
input. Computational models suggest that once a pattern has been learned
by the piriform cortex (or any autoassociative network), complete represen-
tations can be expressed in the output even if the input is missing a subset of
features. Upon subsequent stimulation with familiar patterns of odorant fea-
tures, the cortex rapidly recognizes the odor, even if the input is partially de-
graded. This robust cortical pattern recognition in the face of partial inputs
may be particularly important during odor intensity variation, which can pro-
duce changes in receptor activity, and/or in situations where some features
may overlap with background features and have thus been adapted out. The
experience-dependent changes in piriform odor encoding may contribute to
improvement in odor discrimination acuity (olfactory perceptual learning)
that occurs with odor familiarization (e.g. Fletcher and Wilson 2002).

The highly associative piriform cortical network is hypothesized to be crit-
ical for the final synthesis of the multiple odorant features extracted and re-
fined peripherally into unique odor perceptual objects (Haberly 2001).* How-
ever, the piriform cortex may also play a role in the multimodal, contextual
nature of odor perceptions. Neurons in the piriform cortex respond not only
to specific odors, but also to odor-contextual cues (Schoenbaum and Eichen-
baum 1995; Critchley and Rolls 1996; Ramus and Eichenbaum 2000).

Neurons in the olfactory bulb and the piriform cortex also project directly
to the amygdala and entorhinal cortex, the latter of which serves as the sen-
sory gateway into the hippocampal formation. The role of the hippocampal
formation and the amygdala in memory for olfactory cues has been well de-
scribed (Staubli, Le, and Lynch 1995; Eichenbaum 1998) and will not be de-
scribed in detail here (see chapter 6). Heavy innervation of the amygdala by
primary olfactory structures, however, provides a powerful mechanism for the
rich experience that can stem from olfactory sensation. The role of the amyg-
dala in emotion, memory, and autonomic control directly ties olfaction to
these primordial functions and adds complexity to the odor perceptual expe-
rience.

Finally, as noted above, the olfactory pathway is heavily innervated by
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* In fact, Haberly (2001) hypothesizes that some or much of the initial odorant feature synthesis
may occur within the anterior olfactory cortex and that piriform cortex is a site for multimodal syn-
thesis. The anterior olfactory cortex is a seriously understudied region of the olfactory system. Un-
til data exist for this region, we will emphasize the piriform cortex as the site of synthesis.



modulatory systems known to regulate plasticity and memory, which also de-
pend on attention and arousal. Both the olfactory bulb and cortex receive a
strong cholinergic input from the horizontal limb of the diagonal band of
Broca (HLDB), which itself is responsive to olfactory input (Linster and Has-
selmo 2000). This creates an interesting feedback loop in which cholinergic
modulation of olfactory processing is itself partially under olfactory control.
Norepinephrine from the nucleus locus coeruleus also heavily innervates the
olfactory bulb and cortex (Shipley and Ennis 1996). Norepinephrine release
in the olfactory bulb depends on the behavioral state and multimodal stimu-
lus novelty. In the olfactory system, norepinephrine modulates both mitral/
tufted and piriform cortical neuron response to odors as well as short-term
and long-term plasticity (Wilson, Best, and Sullivan 2004).

Thalamocortical Olfaction

Although one of the unusual characteristics of the mammalian olfactory sys-
tem is the lack of a thalamic relay between initial central structures and the
primary sensory cortex, olfactory information does have a thalamic represen-
tation and a thalamocortical projection. The mediodorsal nucleus of the thal-
amus receives direct projections from the piriform cortex and, in turn, pro-
jects to the orbitofrontal cortex (and other prefrontal regions). In addition to
thalamic input, the orbitofrontal cortex also receives direct input from the
piriform cortex ( Johnson et al. 2000), and the topography of these two inputs
suggests a convergent triangulation between piriform, mediodorsal thalamus,
and orbitofrontal cortex (Ray and Price 1992). The mediodorsal thalamus also
receives input from the cortical and basal nuclei of the amygdala, potentially
enriching the olfactory input to the orbitofrontal cortex with emotional con-
text (Schoenbaum, Setlow, and Ramus 2003). As in the piriform cortex, orbito-
frontal neurons respond not only to specific odors, but also to odor-contextual
cues (Schoenbaum and Eichenbaum 1995; Critchley and Rolls 1996; Ramus
and Eichenbaum 2000). Neurons in the orbitofrontal cortex also respond to
specific odor-taste compounds (de Araujo et al. 2003).

The specific functions of thalamocortical olfactory pathways in odor per-
ception are not known. Lesions of the dorsomedial thalamus in rats impair
learning and memory of discriminative odor cues (Slotnick and Kaneko 1981),
although this impairment appears to not be related to odor discrimination per
se (Staubli, Schottler, and Nejat-Bina 1987; Zhang et al. 1998).

In the orbitofrontal cortex of both rodents and primates, single neurons
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encode both odor quality and odor associations. In primates, both the iden-
tity of an odor being inhaled and its reinforcement value and taste associa-
tions can be extracted from orbitofrontal cortex neuron spike trains (Rolls,
Critchley, and Treves 1996). Odor quality is encoded very sparsely, and there
appears to be diversity in responses, with for example some neurons encod-
ing odor quality independently of reinforcement associations and some en-
coding the reinforcement associations (Critchley and Rolls 1996). Similar re-
sults have been seen in the rat orbitofrontal cortex in different experimental
conditions, and have led to the suggestion that the orbitofrontal cortex inte-
grates sensory representations with associated reward value to help guide mo-
tivated behavior (Schoenbaum, Setlow, and Ramus 2003). This interpreta-
tion from single-unit recordings is supported by lesion studies (Otto and
Eichenbaum 1992; Schoenbaum, Setlow, Saddoris, and Gallagher 2003).

Functional imaging studies in humans further support the notion of or-
bitofrontal cortex as an integrator of sensory input with meaning and reward
value. Data suggest a differential encoding of inherently pleasant and un-
pleasant, and appetitively and aversively reinforced odors in the human or-
bitofrontal cortex (Gottfried, O’Doherty, and Dolan 2002). Furthermore the
orbitofrontal cortex is differentially activated during active decision-making
about odor pleasantness and unpleasantness (Royet et al. 2003), and can even
be affected by concurrent visual stimulation (Gottfried and Dolan 2003). The
strong connectivity of the orbitofrontal cortex with the amygdala (described
above) may contribute to odor association encoding in this region (Savic
2002; Anderson et al. 2003). Finally, there is increasing evidence for lateral-
ization in human thalamocortical olfaction, with the right hemisphere dom-
inating (Zatorre et al. 1992), though lateralized differences in nasal odor sen-
sitivity may contribute to this effect (Sobel et al. 1999).

From this description of the basic olfactory pathway several points can be
extracted. First, the initial stages of the olfactory system, including the re-
ceptor sheet and olfactory bulb, are highly analytical, extracting and refining
submolecular features from complex odorants. This is apparent from the
odor response properties of individual receptor neurons, olfactory glomeruli,
and mitral/tufted cells. Odorant features may interact with each other,
adding complexity and uncertainty as to what defines an odorant feature, but
nonetheless these early stages are highly analytical. The second point is that
even at the level of second-order neurons in the olfactory bulb, encoding
odorant features occurs in the context of other external and internal events.
This point will be examined further below. Third, the synthesis of odorant
features into perceptual odor objects involves more than simple detection of
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coincidence in mitral/tufted cell output by third-order neurons. Rather, 
experience-dependent cortical processes learn previous patterns of coactive
feature input and match the current input to these representations stored in
modified synapses of piriform cortical association fibers. The learning of fa-
miliar feature inputs allows recognition of distinct odors even when inputs
are degraded by adaptation or interference. The learned cortical representa-
tion may also include multimodal or contextual components. Fourth, the
overlap of olfactory and gustatory pathways in the orbitofrontal cortex and the
heavy innervation of the amygdala by olfactory structures provides privileged
interaction between odors and tastes and between odors and emotional and
autonomic responses. This can lead to synesthetic perceptual qualities such
as sweet odors and the robust emotional qualities that odors often evoke. That
is, odor percepts, rather than being highly analytical as one might imagine
from the early stages of the olfactory pathway, are instead highly synthetic and
multimodal, driven not only by the odorant features extracted by the recep-
tors but also by the context and experience and expectations of the smeller.
Thus, as noted above, odor percepts cannot be predicted from the spatial
maps of odorant features displayed across the olfactory bulb glomerular layer.
Rather, although these maps place constraints on the odor percept, experi-
ence, expectation, and attention combine with odor input to result in the fi-
nal perceptual experience.

Variation in Stimulus Sampling and Transduction

In mammals and many other vertebrates, odors initially gain access to the ol-
factory receptor sheet as a by-product of respiration. Odor molecules are in-
haled during each respiratory cycle, or reach the receptor sheet retronasally
from food in the mouth. Pinching the nostrils shut when eating prevents
retronasal airflow and eliminates the olfactory components of flavor. In addi-
tion to these passive stimulus acquisition processes, odors can be actively sam-
pled through sniffing. In many animals, active sniffing is a highly stereotyped
behavior involving rapid, repeated (5–12 Hz theta frequency ) short inhala-
tions and is expressed during exploration, behavioral arousal, or exposure to
novel stimuli. In humans, active sniffing appears to be more variable in tem-
poral structure but nonetheless involves a change in rate and depth of in-
halation during intentional sampling of the odor environment.

Active sniffing has at least two consequences, one mediated at the recep-
tor sheet itself and one involving more central processes (also see chapter 4).
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Peripherally, active sniffing changes airflow dynamics within the nasal pas-
sages. Changes in airflow may modify accessibility of odorants to different re-
gions of the receptor epithelium. These airflow changes could increase the
epithelial surface area activated by odorants, thus activating more receptors,
in general, or potentially leading to activation of different receptor subpopu-
lations on isolated nasal turbinate spaces. In addition, sniffing could modify
the temporal structure of receptor activation, in turn, modifying activation of
glomerular circuits. The temporal structure of receptor input to the olfactory
system has been shown to be critical to olfactory bulb processing of odor iden-
tity in insects (Heinbockel, Christensen, and Hildebrand 1999).

Centrally, changes in the frequency of inhalation-driven afferent volleys
to the olfactory system could have a number of consequences for odor coding.
For example, the theta frequency of active sniffing is a particularly effective
method of activating N-methyl-D-aspartate (NMDA) receptor-dependent
synaptic plasticity (Larson, Wong, and Lynch 1986). In addition to regulating
long-term synaptic plasticity, NMDA receptors are also involved in normal
synaptic transmission throughout the olfactory system, including the olfac-
tory nerve to mitral cell synapse, the mitral cell–granule cell synapse, and af-
ferent and association fiber synapses within the olfactory cortex. Changes in
the rate of synaptic activation can modulate the extent of NMDA receptor
activation, producing, in essence, a sniffing-induced regulation of synaptic
gain and/or inhibitory control (Young and Wilson 1999).

In addition to sniffing, recent work suggests that olfactory stimuli may in-
duce olfactomotor reflexes that subtly and rapidly modulate inhalation vol-
ume depending on odor intensity ( Johnson, Mainland, and Sobel 2003). So-
bel and colleagues have argued that these rapid adjustments in inhalation
volume could contribute to perceptual constancy over changes in stimulus
intensity by modulating the amount of odorant inhaled (Johnson, Mainland,
and Sobel 2003). Similar peripheral mechanisms of reflexive adjustments in
stimulus sampling with changes in intensity occur in other sensory systems,
for example, pupil dilation and constriction in vision and motor control of
middle ear sound amplification as sound intensity increases.

Finally, once the odorant has reached the receptor sheet, variations in re-
ceptor expression or activity between and within individuals can further in-
fluence how the stimulus is sampled. Thus, for example, genetic differences
between individuals could affect receptor expression, potentially resulting in
specific anosmias in the most extreme case or influencing relative sensitivity
to specific odorant features (Wysocki and Beauchamp 1984; Wysocki, Dor-
ries, and Beauchamp 1989). Although specific anosmias have been described
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in the literature, given what we currently believe about combinatorial odor-
ant coding at the receptor level, it should be extremely rare to have a tight
correlation between loss of a specific receptor and an inability to smell a par-
ticular odor.

More commonly, rather than a complete loss of ability to smell particular
odors individuals often express differences in relative sensitivity to odors.
These differences in relative sensitivity may stem from either differences at
the receptor sheet or from central differences. Variability in receptor sensi-
tivity could be due to genetic differences in receptor expression, experience-
dependent differences due to odorant exposure (or lack of exposure) during
development or after maturation, or differences in the perireceptor environ-
ment such as hormonal or mucosal changes. Experience has been demon-
strated to affect sensitivity and/or affective responses to odors in both neona-
tal and mature animals and humans, though the peripheral or central locus
underlying these changes in sensitivity have not been fully identified (Wy-
socki, Dorries, and Beauchamp 1989; Mainland et al. 2002). Similarly, hor-
monal and autonomic regulation of the olfactory epithelium and receptor
neurons have been described that could be mediated within individual vari-
ation in odorant feature sensitivity (Chen et al. 1993; Eisthen et al. 2000).
These latter changes may be expected to have a broader impact on olfactory
sensitivity, as they would be expected to affect the complete or at least a wider
subset of the receptor population.

Together, these behavioral, physiological, and genetic differences in odor-
ant sampling and transduction lead to differences in odor perception. Knowl-
edge of the physicochemical stimulus alone is not sufficient, therefore, to al-
ways predict the resulting perception either across different individuals or in
some cases even within individuals over time. These kinds of stimulus-
sampling issues have proven to be critical factors in recent functional imag-
ing studies in humans, where precise instructions and stimulus control are
required to evoke consistent patterns of odor evoked brain activation.

Feedback Circuits

As exemplified in our description of the visual system above, feedback from
more central stages to more peripheral stages of sensory pathways is a basic
component of thalamocortical sensory systems. These feedback circuits serve
a variety of functions including gain control, selective attention, and priming
or expectancy-based tuning. As we have attempted to clarify, perceptual 
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objects are not inherently obvious from the information extracted by the sen-
sory receptor sheet in either the visual or olfactory systems. Thus, simple feed-
forward information flow may be insufficient to account for object per-
ception, perceptual constancy, and scene analysis. Feedback circuits allow
matching of partial input patterns with previously experienced (and memo-
rized) patterns to allow pattern completion and subsequent object recogni-
tion. Feedback pathways also allow introduction of expectancy and selective
attention to allow or facilitate transmission of some patterns through to cor-
tex and gating or suppression of other irrelevant or unexpected patterns. This
feedback need not come solely from the directly superordinate stage, but also
from neurons several stages removed or even from nonsensory structures
such as the hippocampus.

The olfactory system is a superb example of feedback loops, yet although
these circuits have been more or less well described anatomically, with a few
exceptions the function of feedback in olfactory processing and odor per-
ception remains relatively unexamined (Grajski and Freeman 1989; Kay,
Lancaster, and Freeman 1996). One of the unique aspects of the olfactory
pathway, as noted above, is that the receptor neurons synapse directly within
a cortical structure, the olfactory bulb, rather than a more simple brainstem
nucleus or the relatively isolated retina. The olfactory bulb receives massive
feedback from all of its projection targets, including the anterior olfactory nu-
cleus, piriform cortex, and amygdala. This feedback is in addition to modu-
latory inputs from the locus coeruleus, the horizontal limb of the diagonal
band, and the raphe nucleus. The majority of this feedback terminates on in-
hibitory interneurons in the granule cell layer, with some additional feedback
directly to juxtaglomerular neurons.

Modulatory inputs to the olfactory bulb have been shown to be involved
in state-dependent control of sensory evoked responses, mitral cell adaptation
to odors, and experience-dependent plasticity, as mentioned above. The spe-
cific role of cortical feedback on olfactory bulb function and odor perception
is less clear. However, using analyses of local field potentials recorded in the
olfactory bulb, Freeman and colleagues have proposed that this feedback, as
measured with spatial and temporal patterns of gamma-frequency oscilla-
tions, reflect expectancy and/or attentional processes feedback to the olfac-
tory bulb from cortical or limbic structures. Thus, for example, gamma-
frequency oscillations can be observed to increase in the olfactory bulb prior
to the onset of odor sampling in well-trained rats, and then decrease during 
actual stimulus sampling (Kay, Lancaster, and Freeman 1996; Martin et 
al. 2004). Furthermore, using a 64-electrode array for sampling spatial pat-
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terns of olfactory bulb local field potentials, Freeman and Schneider (1982)
demonstrated that spatial patterns of gamma frequency olfactory bulb activ-
ity did not reflect odor identity, but rather most strongly reflected past expe-
rience and expectancy. That is, training an animal that a particular odorant
(e.g., odor A) signaled electric shock resulted in a unique spatial pattern of
olfactory bulb gamma-frequency oscillations. After the animal has learned
odor A, presentation of odor B induced the same spatial pattern of activity as
odor A. Only if the animal was now trained with odor B did the spatial pat-
tern shift to a new pattern, which was then stable for all odors tested.

Based on these and other results, Freeman suggested that the spatial pat-
terns of olfactory bulb gamma-frequency oscillations did not reflect the iden-
tity of the odor being inhaled, but rather reflected a template of the expected
or recently learned odor which was imposed on the bulb from cortical feed-
back. This feedback could presumably enhance recognition of the odor if it
matched the expected pattern of the template. If the odor did not match the
imposed template, the odor may be misidentified or the template altered if
conditions warranted (e.g., the new odor was now paired with shock).

Cortical feedback thus could serve as an expectancy or attentional gener-
ated searchlight, facilitating identification of familiar odorants and initially
confusing or filtering information about novel odorants. As those novel odor-
ants become familiar or gain learned significance through changes in corti-
cal circuits, or as perhaps multimodal or contextual cues dictate (e.g., “this is
a red wine and thus should have these olfactory components”), the patterns
of cortical feedback change.

This view of cortical feedback is highly reminiscent of corticothalamic
feedback in the visual system described above. Recall that in vision (and other
thalamocortical systems), reticular thalamic neurons receive excitatory input
from the sensory thalamus and descending excitatory input from the sensory
cortex. These reticular thalamic neurons, in turn, provide an inhibitory in-
put to the sensory thalamus that can gate, through inhibition and disinhibi-
tion, subsequent sensory flow back to cortex. This feedback-controlled inhi-
bition, therefore, serves as a searchlight to select which information will be
transmitted to the cortex based on expectancy and attentional needs (Crick
1984; McAlonan and Brown 2002).

It is tempting to speculate that granule cell interneurons play a role in ol-
faction comparable to that of the reticular thalamus in vision and other thal-
amocortical sensory systems. Granule cells monitor mitral cell output via
dendrodendritic synapses and receive axosomatic and axodendritic synapses
from cortical feedback fibers (Price and Powell 1970). Granule cells also re-
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ceive inhibitory synaptic input from olfactory bulb intrinsic neurons (Price
and Powell 1970). Although several hypotheses exist regarding the role of 
mitral-granule cell reciprocal connections in lateral and feedback inhibition,
these hypotheses largely overlook the impact of excitatory cortical input to
granule cells. Details of termination patterns of individual cortical neurons
projecting to the bulb are not yet available. However, olfactory cortical feed-
back to the bulb could provide a higher-order modulation of granule cell ex-
citability, resulting in top-down control of how sensory afferent activity is
processed by the bulb. This cortical modulation of granule cell excitability
could be evidenced by changes in gamma-frequency local field potential os-
cillations during periods of strong descending input to the bulb, just as has
been found in freely behaving animals performing well-learned olfactory be-
haviors, as described above. As described by Freeman many years ago (Free-
man and Schneider 1982), and observed since (Kay and Laurent 1999),
through such descending control, attention and expectancy can modulate
how the olfactory bulb processes odors. The clear implication is that odor per-
ception is not simply driven by the physicochemical stimuli entering the
nose, but also by context, behavioral state, expectations, and memory.

Summary

Olfactory perception involves information processing far beyond simple mo-
lecular feature detection occurring at the receptor sheet. Olfactory percep-
tion can be more accurately described as an object-oriented process, demon-
strating characteristics of perceptual constancy and scene analysis, and is
affected by expectancy, attention, and experience. Olfactory stimulus sam-
pling and central olfactory processing circuits provide mechanisms for each
of these characters. Behavioral regulation of stimulus sampling through ac-
tive sniffing and movement of the nose can impart attentional and spatio-
temporal components to an olfactory scene. Spatial maps of odorant features
allow lateral inhibition to enhance contrast between similar odorant features
and fine-tune loose input from broadly tuned receptors. Associative circuitry
within the olfactory cortex and synaptic plasticity allow object synthesis. Mul-
timodal convergence and strong limbic system associations can enhance the
richness of olfactory object percepts. Finally, extensive feedback circuitry
throughout the olfactory cortex and strongly innervating the granule cell
layer of the olfactory bulb can result in odor perception shaped by attention,
expectancy, and past experience.
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4

The Relationship between Stimulus 

Intensity and Perceptual Quality

This chapter concerns innate constraints on odor perception, in
particular, in the context of the effects of stimulus intensity on

perceptual quality. A discussion of the effects of intensity on perceptual qual-
ity highlights the fact that odor quality does not solely depend on stimulus
structure and sets the stage for our subsequent argument regarding learned
odor objects. The first part of the chapter examines issues related to the con-
centration of stimuli, namely detection at threshold, and suprathreshold per-
ception of intensity. Historically, individual variation in the limits of detec-
tion for different stimuli has been seen as a route to understanding the
physiological and ultimately the psychological basis of olfaction (Amoore
1970; Beets 1978). This approach is analogous to the study of color blindness
and its role in understanding the basis of color vision (see Boring 1950). Al-
though individual odor thresholds do vary, more recent experimental work
indicates that variation within an individual may in fact be of comparable
magnitude over time to variation between individuals at one time (Stevens,
Cain, and Burke 1988). Nonetheless, some individual differences in thresh-
old are probably initially under genetic control, but even here, experience
can act to up-regulate the expression of receptors and may alter how infor-
mation is processed centrally too. This is followed by two further findings re-
lated to variation in suprathreshold responses—the effect of familiarity on



judgments of intensity (Hudson and Distel 2002) and perceptual constancy
of intensive judgments (Teghtsoonian et al. 1978). In both these cases, a ba-
sic psychophysical parameter, intensity, can be affected by purely psycho-
logical variables and, in the former case, solely by experiential factors. The
final issue in this section concerns changes in the quality of an odorant, as its
concentration is increased (Gross-Isseroff and Lancet 1988). This is a key
point, because it suggests that chemical structure alone cannot dictate qual-
ity, as structure remains constant under conditions of high or low concen-
tration. Rather perception must rely on the interpretation of patterns of re-
ceptor output, as these may change due to the higher likelihood of a chemical
binding to new receptors as concentration increases.

Odorant Concentration

Individual Variation in the Ability to Detect Odorants

Identifying individuals with specific deficits in their ability to detect certain
odorants has been an area of intense interest for the past 50 years (Guillot
1948). Initially, the aim was to collect information that might reveal relation-
ships between specific physicochemical classes of odorant and specific re-
ceptors (Amoore 1970; Beets 1978). If, for example, an individual lacked a re-
ceptor capable of detecting a certain type of structure, then one might expect
a specific anosmia for odorants of that general class. One proponent of this
approach was Amoore, who collected data for more than three decades re-
vealing over 76 different specific anosmias (see Amoore [1982] for review). For
the most part, these anosmias were not absolute inabilities to smell these com-
pounds, although, as we discuss below, there may be some chemicals that do
fit this description. Instead, these anosmias tended to be far less able to de-
tect them at threshold than control participants, while showing comparable
thresholds for unrelated stimuli. For example, Amoore and Forrester (1976)
explored thresholds for trimethylamine and related amines. The 286 nor-
mosmics for trimethylamine could detect it at a threshold 2290 times below
that of the specific anosmic group (n� 21). Similarly, the anosmics were also
uniformly poorer at detecting other amines.

Such effects do not appear to result from general anosmia. Baydar, Petr-
zilka, and Schott (1993) found that there was no correlation between thresh-
olds for androstenone and galaxolide, that is, performance in detecting one
compound could not predict performance in detecting the other. Specific
anosmias for androstenone have been explored in considerable depth, in
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part, because androstenone may be a human pheromone. There is evidence
that in adults, ability to detect androstenone is significantly poorer in men
than in women, but this gender difference does not manifest in prepubescent
children (Dorries et al. 1989). Adult men excrete androstenone in their sweat
and urine to a far greater extent than women do, and there is some evidence
that this chemical may cause a variety of sex-related behaviors in women
(Hays 2003). Consequently, specific anosmia to androstenone has attracted
considerable interest.

One puzzling observation was that exposure to androstenone in human
males could result in a participant moving from being a nondetector to a 
detector. That is, exposure can result in an enhanced ability to detect andro-
stenone (Wang, Chen, and Jacob 2004; Wysocki, Dorries, and Beauchamp
1989). Such effects are not limited to androstenone. Dalton and Wysocki
(1996) observed a similar effect for two other odorants, citralva and iso-
borneal, i.e., exposure led to elevated sensitivity at threshold. This effect was
not a general consequence of practice at detecting thresholds, because the
change for the exposed odorant significantly exceeded that for the control.
Although such effects may be a feature of olfaction, in general, the only stud-
ies exploring the locus of this effect have been with androstenone.

The data now available suggest that these exposure-mediated enhance-
ments of sensitivity involve both a central and a peripheral component. Evi-
dence for the latter comes from two studies. Yee and Wysocki (2001) found
that exposure to either amyl acetate or androstenone in mice led to enhanced
sensitivity at threshold. In a second experiment they established thresholds
for one of these chemicals and this was followed either by a sham lesion of
the olfactory nerve or an actual lesion. All the mice were then exposed to ei-
ther amyl acetate or androstenone over a 10-day period. Because this expo-
sure could only affect the olfactory epithelium in the lesioned animals be-
cause of the severing of the olfactory nerve, any subsequent benefit to
threshold must presumably result from a peripheral (olfactory epithelium)
cause. Consistent with this account, they found that following recovery from
the lesion or sham surgery, all the mice had enhanced sensitivity for the ex-
posed odor, relative to performance for the nonexposed odor. Similarly, in
humans, evidence has also been obtained of a role for peripheral receptors
in enhancing threshold detection. Wang, Chen, and Jacob (2004), found that
olfactory evoked potentials (OEPs) recorded in the nose are correlated with
detection thresholds, and that OEPs increased in line with the enhanced
ability to detect androstenone, suggesting a peripheral site for this effect.

Whether the human data point to changes in receptor density or receptor
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sensitivity or are centrally mediated as well is unclear. But results from an-
other recent study suggest that central factors must have some role in chang-
ing responsiveness. Mainland et al. (2002) found that exposure in humans to
androstenone in one nostril, while the other was occluded, resulted in an en-
hanced threshold in the nonexposed nostril when tested after the exposure
period had been completed. This result suggests that although peripheral fac-
tors may mediate detection effects, central factors must influence this, be-
cause there is no direct connection between the left and right olfactory ep-
ithelia.

We now know that some of the variability in thresholds attributed to “spe-
cific anosmia” probably results from other causes. First, there is a large de-
gree of individual variation in sensitivity, which is of the same magnitude as
that seen between individuals on one test session (Stevens, Cain, and Burke
1988). Second, traditional techniques of anosmia classification tend to over-
estimate the number of anosmics (Bremmer et al. 2003), although some peo-
ple clearly still have deficits in the detectability for certain odorants. More-
over, some of this deficit can be eliminated by exposure to the target odorant,
resulting in a heightened sensitivity for that compound, an effect that ap-
pears to be mediated at least in part by peripheral mechanisms (see above).
Whether these changes in sensitivity enhance discriminability is not cur-
rently known; nonetheless, this form of plasticity is probably complementary
to those described later in this book. The observation that most of these sin-
gle compounds can be smelled at suprathreshold by both anosmics and 
normosmics (with the possible exception of androstenone), however, suggests
again that the olfactory system does not generally rely on the presence of just
one receptor type to detect a particular odorant.

Individual Variation in Suprathreshold Perception of Intensity

To our knowledge, the studies of androstenone discussed above have not ex-
plored whether shifts in threshold translate into suprathreshold changes in
perceived intensity, but at least one study using this type of methodology (Dal-
ton and Wysocki 1996) found that, although exposure enhanced sensitivity
for citralva and iso-borneal, it had no effect on suprathreshold ratings of in-
tensity. Several studies, however, have suggested that exposure may exert an
influence at the suprathreshold level. The basic design here has been to com-
pare participants’ intensity ratings for odorants likely to be either familiar or
unfamiliar to them (Hudson and Distel 2002). Ayabe-Kanamura et al. (1998)
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compared forty Japanese and forty German participants on eighteen odor-
ants, six of which were judged likely to be familiar to Japanese participants,
six familiar to the Germans, and the remaining six likely to have been expe-
rienced by both groups. Two findings emerged. First, there was a clear ten-
dency for odors to be judged as stronger smelling if they were familiar (i.e.,
culturally appropriate) to the participant. Second, however, was the observa-
tion that misidentification influenced this relationship, in that certain odors,
such as dried fish for example, were judged highly familiar by German par-
ticipants, but only because they were misidentified as feces. In this case in-
tensity ratings apparently were also influenced by the hedonic reaction that
this label evoked.

Distel et al. (1999) extended this work by testing a further sample of forty
Mexican participants using the same design. They then examined the rela-
tionships by odor type and by individual, between intensity, hedonic, and fa-
miliarity ratings. As might be expected, they observed a positive and signifi-
cant relationship between familiarity and intensity (mode � 0.4), irrespective
of whether this was calculated across odors or within individuals. This sug-
gests that the more familiar an odor is, the more likely it is to be rated as
stronger smelling. Similar positive relationships were observed between ab-
solute hedonic ratings and intensity, in that the more intense the odor was
judged as smelling, the more pronounced the reaction (irrespective of sign).
As demonstrated in many previous studies, positive relationships were ob-
served for familiarity and hedonic ratings, in that familiar odors are generally
judged as more pleasant smelling (e.g., Rabin and Cain 1989). Obviously this
does not hold for all familiar odors.

Distel and Hudson (2001) tested the influence of familiarity on the judg-
ment of intensity more directly by using a culturally homogeneous sample of
German students. Each smelled two sets of odors under different conditions.
The first condition involved presenting the odor, rating its intensity, then rat-
ing its pleasantness and familiarity, and finally, attempting to generate a name
for it. In the second condition, participants were told the name of each of the
odors before making the same three ratings. They were then asked to judge
how well the name provided by the experimenters fit the odor they had
smelled. Three important findings emerged. First, when a name was present,
participants rated the odors as more intense, more familiar, and more pleas-
ant. Second, under the first condition, comparing odors that could be named
with those that could not revealed an identical pattern—greater intensity, fa-
miliarity, and liking for the named odor. Third, under the second condition,
comparing odors that were judged to fit well with the name provided versus
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those judged to be a poor fit, those with a good fit were judged as more in-
tense, familiar, and pleasant. Yet again, these findings and the others above,
suggest that where an odor has been previously experienced, it will likely be
judged to smell stronger.

An obvious question is whether exposure to an odorant under laboratory
conditions can result in changes in intensity. Although this has never been
tested directly, there is evidence that this can occur. Stevenson, Prescott, and
Boakes (1995) and Stevenson, Boakes, and Prescott (1998) exposed partici-
pants to odor-taste pairings to study changes in judgments of sweetness and
sourness, which are described later in this book. Intensity ratings were also
obtained. Although the only consistent significant finding for intensity was a
positive change for the sucrose-paired odor (that is this odor was judged more
intense after it had been experienced several times in solution with sucrose)
the same general trend was apparent in water-paired and citric-acid-paired
odors too. The odors tended to be judged as more intense postexposure. It is
not currently known whether this plasticity in the judgments of intensity seen
in these experiments and reported in the others described above result from
peripheral or central mechanisms. Nonetheless, they suggest that the olfac-
tory system becomes sensitized to odors to which it is regularly exposed and
that this can potentially manifest as an increase in perceived intensity and/or
an increase in a participant’s sensitivity to detect it, as described in the pre-
ceding section.

Perceptual Constancy of Intensity

In the visual system, distance cues serve to mediate size constancy, such that
even though two objects may differ in the area of the retina on which they
impinge, the brain can still correctly identify the larger object (Gregory 1966;
see chapter 2). There is some evidence favoring a similar mechanism in ol-
faction. In this case sniff vigor is a key variable that allows the olfactory sys-
tem to modulate the perception of intensity. It is well established in animals
that increased flow rate of an odorant across the olfactory mucosa increases
the level of activity in the olfactory nerve (Tucker 1963). Presuming this to be
true in humans, one might presume that perceived intensity would also in-
crease with flow rate. Teghtsoonian et al. (1978) investigated this in human
participants by asking them to sample odors (amyl acetate and butanol) at
several concentrations, using either a weak or a vigorous sniff for each con-
centration, both of the same duration. They found that magnitude estimates
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of perceived intensity did not change by sniff type, even though the quantity
of odorant deposited on the olfactory epithelium must have been significantly
greater in the vigorous sniff condition.

This result was explained by feedback provided by the sniff. That is when
the participant engaged in a vigorous sniff, this information was used to cal-
ibrate the level of activity recorded by the olfactory epithelium to a level
equivalent to that produced by a weak sniff. Support for this account was ob-
tained in a further series of studies that independently varied sniff vigor and
flow rate (Teghtsoonian and Teghtsoonian 1984), the latter being manipu-
lated by changes in resistance of the inspired air. In this study, when sniff vigor
was held constant, but flow rate varied, participants judged an odorant as
more intense as flow rate increased. Conversely, when flow rate was constant,
but sniff vigor changed, there was no accompanying alteration in intensity.
These findings are consistent with a further series of studies by Teghtsoonian
and Teghtsoonian (1982), which observed that changes in flow rate, produced
by varying the resistance of the inspired air, did not alter ratings of judged
sniffing effort, whereas changes in sniff vigor did.

Not all studies have supported these findings. Laing (1983) found that a
high volume (or vigorous) sniff did produce higher-intensity ratings for cy-
clohexanone than a natural sniff. However, for butanol, Laing (1983) ob-
served no differences in perceived magnitude when a strong or natural sniff
was used. One problem with comparing these studies is the apparatus used.
Although Laing (1983) had participants sniff at a port, Teghtsoonian and col-
leagues, in their various studies, had participants place one nostril over a glass
tube. It is conceivable that these changes in equipment might account for the
failure to obtain a constancy effect with cyclohexanone. A further source of
variance should also be noted—that of the particular chemical used in each
study. Mozell, Kent, and Murphy (1991) demonstrated that flow rate of an
odorant over a frog’s olfactory epithelium only increased response magnitude
when the odorant was rapidly absorbed by the olfactory mucosa. Less well ab-
sorbed odorants did not demonstrate this effect. The implication of this find-
ing, if it also applies to humans, is that constancy may be an illusory effect
for some odorants, because the concentration at the receptor may not shift
dramatically with a more vigorous sniff.

Both Laing’s (1983) study and more recent reports ( Johnson, Mainland,
and Sobel 2003) have confirmed that sniffing patterns differ as an odorant’s
concentration is increased. In a detailed investigation Johnson, Mainland,
and Sobel (2003) found that after approximately 200 ms, sniffing rates di-
verged depending on the concentration of the inspired odorant. High con-
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centrations reduced sniffing rate. The neural basis of this effect may be me-
diated by the cerebellum, in that functional magnetic resonance imaging re-
veals that this structure is sensitive to changes in odorant concentration and
that this information may then be used to modulate the vigor with which the
odorant is sniffed (Sobel et al. 1998). This may reflect a further innate adap-
tation to maintain qualitative constancy by reducing the amount of odorant
reaching the olfactory mucosa. Nonetheless, the findings of Mozell, Kent,
and Murphy (1991), noted above, need to be considered here too.

In sum, the evidence here suggests a dynamic system, in which sniff vigor
may modulate the perception of intensity, but in which odorant concentra-
tion also modulates sniff vigor. One paradox of this description concerns
changes in odor quality resulting from more concentrated odorants binding
to more receptors. Although sniff vigor constancy may be fine for modulat-
ing the perception of intensity, it is hard to see how it could compensate for
changes in odor quality that may ensue with higher concentrations. As far as
we are aware this has not been investigated, although, as we describe below,
quality clearly can change with concentration.

Variation in Odor Quality with Concentration

Nearly a century of casual observation suggests that some odorants smell qual-
itatively different at high concentrations, as detailed in table 4.1. One might
expect this type of finding, given that higher concentrations of any odorant
are likely to result in progressively more widespread binding to different re-
ceptor types (Sicard 1990; Malnic et al. 1999). Empirical evidence favoring
changes in quality with concentration have emerged from several recent hu-
man studies. In addition, animal work, although of a different form, because
quality cannot be assessed directly, is also suggestive of the same conclusion.
These findings are reviewed in this section as are their implications for ol-
factory perception.

The first formal investigation of whether quality changes with concen-
tration was reported by Gross-Isseroff and Lancet (1988). They examined
whether human participants judged the same odorant to be qualitatively the
same or different, from the same odorant presented at a different concentra-
tion (i.e., A vs. A�—same or different?). Using three concentration steps, at
one log step intervals, and six odorants (benzaldehyde, isoamyl acetate,
diphenyl methane, diphenyl ester, citral, and eugenol), they found that par-
ticipants were generally poorer at judging as the same the same odorant at
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different concentrations than they were at control judgments. That is, the re-
sults indicated that changes in concentration did indeed affect odor quality,
but there were considerable individual differences.

In a second experiment, they obtained further evidence consistent with
changes in odor quality as concentration increases. They used four odorants
this time; the one most consistently found to alter in quality with concentra-
tion in experiment 1 (benzaldehyde), the one least likely to change (citral),
and two other odorants for which there was no a priori reason to expect any
change (geraniol and L-carvone). As in experiment 1 same/different judg-
ments were made, with an additional task this time of similarity ratings using
a continuous scale. They found a generally strong relationship between the
two forms of rating, but interestingly enough, each of the four odorants ex-
hibited qualitative changes over the three concentration levels used. Partici-
pants were, as in experiment 1, poorer at judging say citral to be the same,
when the two to-be-compared stimuli differed in concentration.

Although this study does seem to indicate that quality may change with
concentration, one must be concerned that intensive cues may have been in-
advertently used in making the same/different or similarity judgment. How-
ever, such a criticism cannot be made of a more recent human study reported
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Table 4.1 Changes in Odor Quality with Concentration

Odorant Quality at low concentration Quality at high concentration

Macrocyclic ketones1 Musky Cedarwood
Tetrahydrothiophene2 Coffee Sulfurous
p-Meth-1-ene-8-thiol3 Grapefruit Sulfurous
Civet2 Musky Fecal
Ambergris2 Oceanic Rotting
Heptanol2 Fragrant Oily
Camphor2 Urine Aromatic
Phosgene4 Hay Silage
Furfuryl mercaptan5 Coffee Fetid
Diphenyl methane5 Geranium Orange
Diphenyl ether5 Geranium Musty
Ethylamine5 Fishy Ammonia
Indole5 Jasmine Fecal
Methyl heptinoate5 Violets Foul
Geosmin5 Earthy Aromatic

1Amoore 1977 4National Research Council 1943
2Vroon 1997 5Gross-Isseroff and Lancet 1988, table 1
3Rossiter 1996



by Laing et al. (2003), which obtained findings largely supportive of Gross-
Isseroff and Lancet (1988). In this case, using a much larger sample size (n�
37 compared with n� 8 and 13), they started by obtaining thresholds for five
compounds; 1-heptanal, methyl heptanoate, 2-octanone, 1-heptanoic acid,
and 1-heptanol. Then 1-, 3-, 9-, 27-, 81-, 243-, and 729-fold concentration in-
creases above individual thresholds were prepared for each participant, and
each of these was rated using the 146-item Dravnieks quality rating scale
(Dravnieks et al. 1986). The findings were very clear. For all of the odorants,
changes in reported quality, on the average, altered as the concentration in-
creased. For 1-heptanal, the quality reported went from a fragrant odor at low
concentration to an oily smelling odor at high concentration; for methyl he-
patanoate, it went from vanilla to pineapple; for 2-octanone, from woody to
fruity; for 1-heptanoic acid, from floral to paint/chemical; and for 1-heptanol,
from cucumber to citrus. Notice how these findings, although based on sub-
jective ratings, cannot be accounted for by confusion between intensity and
quality, unlike the earlier reported studies. More important though is how the
two approaches complement each other in demonstrating that both subjec-
tive and objective techniques suggest the same outcome; quality changes
with concentration.

Animal data also suggest a similar conclusion. Couread et al. (2004) found
that rabbit pups would only respond to the mammary pheromone when it
was presented within a fairly limited concentration range. That is, when
weaker or stronger than the operative range, no behavioral response (rearing,
oral seeking) was observed. This is consistent with the notion that concen-
tration actively recruits more receptors, thus changing the quality of the re-
ceptor output. Moreover, it again points to the inadequacy of strictly labeled
line approaches even for a class of stimuli (pheromones) that might be con-
sidered the archetype for such a model.

More direct evidence for recruitment of receptors as concentration in-
creases has been obtained in two further studies. Fried, Fusst, and Korsching
(2002) found that for a range of aldehydes in mice, at low concentrations, ap-
proximately ten to twenty glomeruli were activated and not much overlap oc-
curs between aldehydes. At higher concentrations, about eighty glomeruli
were activated, with much more overlap between aldehydes. Finally, John-
son and Leon (2000) found that for two odors that change in quality with con-
centration in humans (pentanal and 2-hexanone), the proportion of active
glomeruli in the rat olfactory bulb changed significantly as concentration in-
creased. For odorants for which there is relatively little qualitative change in
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humans with increased concentration, namely pentanoic acid, methyl pen-
tanoate, and pentanol, the pattern of glomerular activity in rats remained
largely unchanged as concentration increased. In sum, these findings suggest
that primary reliance for odor quality is placed on the overall pattern of
glomerular activity. When this changes, as it may often do with increases in
concentration, so does the quality that the participant perceives. This implies
that odor quality perception appears to depend on the pattern of activity
rather than on the activation of specific receptors or glomeruli. This is con-
sistent with the general theme of our argument, that pattern (i.e., a constel-
lation of features forming an object) recognition underpins odor perception.
Object recognition allows for some generalization, but with large intensity-
induced changes in input pattern, perceptual experience changes.

Conclusion

Three conclusions emerge from this survey of the effects of stimulus inten-
sity on olfactory perception. First, a role for object recognition is suggested
by two findings. The observation that changes in odor quality, quite dramatic
in some cases, can occur as odorant concentration increases, is suggestive of
a reliance upon the pattern of stimulation. As increases in concentration are
known to affect the selectivity of binding to receptors, this suggests that it is
the overall pattern that is used to generate the olfactory percept, not a labeled
line between specific receptors and specific qualities. If labeled lines were the
norm, then although other “lines” would come on stream as concentration
increased, the system should be able to discount these relative to the most
powerful signal from the specific labeled line—as with taste.

The second conclusion is that experience can play a significant role in
processes which appear to be wholly under biological control. Experience
can alter such basic psychophysical parameters as threshold and suprathresh-
old judgments of intensity, although whether the former relies primarily
upon up-regulation of gene expression and/or changes in CNS processing is
currently unknown.

The third conclusion is that psychological factors play an important role
even in processes that might be presumed to operate at a very low (receptor)
level. Sniff vigor constancy affords one example, although there are some in-
teresting concerns about how this relates to the finding of shifts in odor qual-
ity with concentration. If changes in concentration lead to changes in odor
quality, what effect does vigorous or weak sniffing have on odor quality? As
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far as we are aware this has not been investigated. In sum, stimulus intensity
factors do not impose any severe constraints upon a perceptual system that
may operate via object recognition. Rather the data reviewed here suggest
that object recognition and dependence upon experience are the norm, even
in situations in which we might expect considerable biological constraints.
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5

Odor Quality Discrimination 

in Nonhuman Animals

The Function of Animal Olfaction

As discussed briefly in chapter 1, olfaction, and chemosensation in general,
plays a major role in day-to-day survival of all animals. Chemical cues are
used for finding food, identifying mates and recognizing kin, avoiding preda-
tors, and, for many species, aid in territorial marking, homing, and naviga-
tion. Examples include the use of odorants by birds and bees to locate forag-
ing sites or the use of chemical cues by invertebrate parasites to identify
appropriate hosts. Mice and many invertebrates use chemical cues to recog-
nize genetically related kin to avoid inbreeding or to foster communal care.
Many animals can determine reproductive state or even the identity of spe-
cific individuals through olfactory cues. The presence of predators can be 
detected and, through alarm pheromones signaled to others with the chem-
ical senses. Finally, home territories or nesting sites can be determined with
chemical stimuli.*

The breadth of uses of chemical cues by animals suggests that the chem-

* An outstanding review of the use of odors and pheromones in animal behavior can be found in
Wyatt, T. D. (2003) Pheromones and Animal Behavior. This book serves as the source of many of
the examples cited here.



ical senses are very effective information processors. Informational content
can be derived either from highly evolved stimulus-receptor relationships (for
example, pheromonal activation of specific chemical receptors and associ-
ated central circuits) or from complex stimulus mixtures that allow sufficient
variation for different odor mixtures to acquire different meanings (for ex-
ample, complex odor mixtures that vary sufficiently to be used for odor recog-
nition of individuals). The first process, in which information contained in
simple molecules or mixtures is extracted with highly selective receptors and
dedicated central circuits, can allow a high-speed, highly reliable translation
of a chemical stimulus into a specific behavioral response. However, the
specificity of simple signals limits the information content, and dedicated cir-
cuits and behaviors limit behavioral flexibility and adaptability if stimulus
quality or contingencies change.

The second process, in which information is carried by complex mixtures
(see fig. 5.1), enhances potential informational content by increasing the po-
tential variation between different signals, but it raises new problems by re-
quiring central processing that allows assignment of meaning to these com-
plex signals. Furthermore, complex signals may be less reliable than single
molecules or simple mixtures, in that individual components may occasion-
ally be missing, background odors may interfere or overlap, or component
concentration ratios may be variable. Thus, processing complex chemical
signals may require a more synthetic, dynamic approach in which unitary
percepts are created from the complex mixture, producing reliable percep-
tion in the face of signal degradation or background interference. The ma-
jority of perceptual odor objects we perceive in the world—coffee, Bordeaux,
perfume, and chocolate—are complex mixtures of often hundreds of mo-
lecular components, yet they are perceived as single odor objects or olfactory
gestalts. A major thesis of this chapter and this book is how complex mixtures
come to acquire a unity of perceptual quality and behavioral meaning.

Sensory Ecology

Communication and information exchange in all sensory modalities is af-
fected by the environment through which the signal is transmitted and by the
characteristics of the receiver (Dusenbery 1992). These effects include signal
degradation or interference over time and distance, and signal versus back-
ground noise interference. For example, in terrestrial ecosystems, chemical
stimuli can vary widely in volatility, which affects the duration that a signal

Odor Quality Discrimination in Nonhuman Animals 77



lasts and the speed with which it is transmitted—a fact that can be taken 
advantage of in chemical communication. Thus, pheromones used to mark
territories tend to be composed of large, less volatile molecules that allow
marking specific locations for a relatively long time. In contrast, alarm
pheromones tend to be composed of small, more volatile molecules, allow-
ing rapid diffusion over short distances and quick dispersion, thus providing
a fast, brief signal.

However, the volatile nature of the stimulus also raises problems for de-
tection, discrimination, identification, and source localization. Chemical
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Fig. 5.1. Gas chromatograph analyses to three coffees discriminable by humans based
on their odorants.Note that whereas all three stimuli are complex mixtures with many
overlapping components,each unique combination produces a perception distinct from
the others, similar to the pheromonal mixtures in insects described here. Adapted from
Valdenebro et al. (1999).



stimuli have an active space around the source, generally defined as the spa-
tial region within which the stimulus is above the detection threshold of the
receiver. Unfortunately, as described elsewhere, the perceptual quality of
some odorants changes with concentration (Doty et al. 1975). Thus, this raises
the need for mechanisms, at least in some cases, of perceptual constancy.

On the other hand, chemical stimuli such as released pheromones can of-
ten disperse as patches, rather than as a uniform gradient away from the
source. These patches are distributed by air or water flow around the source.
This results in a complex topography of relatively higher stimulus concen-
tration downstream of the source intermixed with regions of no or very little
stimulus. This may help solve problems of perceptual constancy but raises
new issues for source localization.

In addition to varying in concentration, chemical stimuli and chemical
mixtures can vary in quality over time. For example, components of mixtures
may be differentially degraded or dispersed with time. Thus, an odorant
source may produce an apparently variable or incomplete chemical signa-
ture. Under these conditions, mechanisms for stimulus completion of a par-
tially degraded signal could be beneficial for discriminating and identifying
odors in the real world.

Finally, background odors may be (most likely are) present that could in-
teract or interfere with processing of the target stimulus. Given that the cur-
rent views of olfactory coding at the receptor sheet involve submolecular fea-
ture analysis, on any given inhalation or sweep of chemosensory antenna, a
jumble of receptors will be activated—some by the features of the target stim-
ulus and some by background odorants. The olfactory system thus must
somehow sort out how to group the features—which features belong with the
target (itself potentially a complex mixture) and which should be treated as
background. The likelihood that there will be overlap in features between the
target and background adds to the issue of stimulus completion noted earlier.
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Table 5.1 Factors Affecting Odorant Transmission

Factor Effects

Stimulus factor
Size/volatility Diffusion rate Stimulus persistence
Initial concentration Diffusion distance Stimulus persistence
Pulsed release Diffusion distance

Environmental factor
Temperature Diffusion rate Stimulus persistence
Media movement Diffusion rate Diffusion distance Stimulus persistence



As discussed in chapter 2, none of the issues raised here are unique to ol-
faction and odor stimuli. Dealing with degraded images, perceptual con-
stancy, perceptual gestalts, and perceptual grouping are all necessary to vary-
ing degrees in other sensory systems. What is perhaps unique about the
olfactory system, however, especially in comparison with vision or somato-
sensation is the lack of an external spatial dimension within the stimulus to
help in solving these problems. For example, in vision, perceptual grouping
of features can be facilitated if all the features move coherently across the vi-
sual field. This spatial component of the stimulus is missing in olfaction.

The next section divides olfactory information processing by nonhuman
animals into four main task components (detection, discrimination, intensity
judgment, and assignment of meaning) and describes examples of how these
different behavioral expressions of information processing are dealt with, or
ignored, by various species for a variety of tasks. The subsequent sections de-
scribe how olfactory systems have evolved to deal with these different issues
in different contexts and the consequences for understanding odor percep-
tion.

What Are the Necessary Conditions 
for Use of Odor Information?

To use chemical cues for the functions and under the conditions described
above, both vertebrates and invertebrates must have olfactory systems that can
deal with at least four specific issues. These issues include (1) detection of the
stimulus; (2) discrimination of the stimulus from other, potentially very sim-
ilar stimuli; (3) some way to deal with and perhaps determine relative stimu-
lus intensity; and (4) some method of assigning meaning to the stimulus. Ex-
amples of each of these are discussed below.

Stimulus Detection

First, the stimulus must be detected, in general, against other, background
stimuli that may or may not have biological significance. This background
may be correlated with the stimulus of interest (i.e., form a coexistent mix-
ture) or may be uncorrelated with the stimulus (truly background). In ro-
dents, for example, the proximity of predators can be determined by chemi-
cal cues, with cat odor or fox odor (among others) producing characteristic
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stress and unconditioned fear reactions in rats. Of course, it would be mal-
adaptive to be continually stressed and fearful, thus correct identification of
the potential predator odor and discrimination of it from other odors is im-
portant. In rats and mice, trimethylthiazoline (TMT), a single volatile com-
ponent of fox feces can be sufficient to induce fear reactions. Under either
laboratory or natural conditions, this odorant may occur against a background
of dozens or hundreds of different odorants, yet the animals are capable of
detecting that signal and acting appropriately.

Salmon migration similarly appears to depend in part on detection of spe-
cific chemical cues that are set against complex backgrounds. Salmon hatch
in small freshwater streams where they stay for several months until the de-
velopmental physiological transition (parr-smolt transition) that allows them
to adjust to subsequent life in the salt water of the open ocean. At this parr-
smolt transition, hormonal changes occur that allow olfactory imprinting on
the chemical signature of their natal stream (Nevitt and Dittman 1998). Sev-
eral years later when the adult salmon return from the sea to freshwater to re-
produce, they return to their natal stream, based on this olfactory memory.
In a wonderful series of experiments, captive bred young Coho salmon were
imprinted onto the artificial odorant phenyl ethyl alcohol before being re-
leased into Lake Michigan (Scholz et al. 1976). When the adult salmon were
to return to their home streams for mating, low levels of phenyl ethyl alcohol
were added to one freshwater stream and counts were made of how many re-
leased salmon entered the target, experimentally odor-labeled stream, and
how many entered nearby, unlabeled control streams. As predicted, salmon
artificially imprinted on phenyl ethyl alcohol in the lab entered the phenyl
ethyl alcohol–labeled stream—a stream they had never been in before. Ob-
viously, this stream, and the many control streams, contained a variety of
chemicals that may or may not have been detected by the olfactory systems
of these fish, but the critical imprinted odor was detected against this back-
ground.

Similar results are seen in invertebrate pheromone detection, where a spe-
cific odorant (or odorant mixture) is detected and acted on, in general, de-
spite the presence of many co-occurring background odorants. For example,
undecane is an alarm pheromone in carpenter ants (Camponotus) that, when
detected, induces arousal and aggression in ants receiving the pheromone.
As in the salmon-imprinting example, this pheromone is detected and effec-
tive in a variety of background odor contexts.

Finally, in perhaps one of the penultimate examples of need for and suc-
cess at detection of a specific chemical signal against an odorous background,
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golden hamsters (Mesocricetus auratus) use chemosensory cues to recognize
other kin and nonkin individuals (Todrank, Wysocki, and Beauchamp 1999).
Golden hamsters have several scent sources, including flank scent glands, ear
scent, urine, and female vaginal secretions. Each of these scents varies from
one another in the same individual and, as a whole, varies between individ-
uals. In cross-habituation tests of discrimination, Johnston and colleagues
have found that a familiar individual can be recognized by any one of these
individual scents ( Johnston and Bullock 2000). Both male and female ham-
sters scent mark on surfaces in their environment and will competitively over-
mark (or countermark) scents of other individuals. Remarkably, hamsters can
determine which odor cue, and thus, which corresponding marking individ-
ual is most recent (i.e., marked on top; Cohen, Johnston, and Kwon 2001).
Similar findings have been reported in mice (Rich and Hurst 1999). Although
determining which mark is on top involves some spatial analysis of the marks,
it clearly also requires discriminating a complex odor cue against a closely re-
lated complex background. Johnston has interpreted this perceptual ability
as olfactory scene analysis involving recognition of multiple odor objects from
each other and from background.

Together, these examples demonstrate that stimuli ranging from specific
simple molecules to complex mixtures can be detected and influence ongo-
ing behavior. This detection is made more difficult by the presence of back-
ground stimuli that may or may not be similar to the target. Nonetheless, an-
imals across the species spectrum and across development appear capable of
solving this detection problem.

Stimulus Quality Discrimination

The second problem that must be dealt with for effective use of chemical
cues, and clearly is involved in the golden hamster example above, is that the
stimulus must be discriminated from other, perhaps very similar stimuli. In
laboratory situations, many animals are capable of making behavioral dis-
criminations of pure odorant molecules containing hydrocarbon chains vary-
ing by a single methyl group (one carbon and its associated hydrogen ions).
Similarly, behavioral discriminations of chemical enantiomers can be made
—that is, discrimination between two identical volatile molecules varying
only in their structural conformation. Thus, for example, rats can be trained
to behaviorally discriminate between (�)-limonene and (�)-limonene or
between (�)-carvone and (�)-carvone, although these molecules are struc-

Learning to Smell82



turally incredibly similar. Discrimination of the carvone enantiomers can oc-
cur in naïve mice, while discrimination of the limonene enantiomers re-
quires training. This distinction is discussed in more detail in a later chapter.

Another aspect of stimulus quality discrimination is the often unique per-
ceptual properties evoked by stimulus mixtures compared with their individ-
ual components. Simple mixtures can be perceived in either an elemental
form or in a configural form. Elemental or analytical mixture perception im-
plies that the individual components comprising the mixture (or a subset)
provide recognizable features to the mixture percept. Thus, when stimulated
with a binary mixture of banana and orange odors, the subject may be able
to identify that both banana and orange are present. In configural or synthetic
mixture perception, on the other hand, the mixture is perceived as unique
from the components and, in fact, the individual components may be im-
possible to identify.

Mixtures containing more than three components appear, in general, to be
perceived configurally. However, simple binary mixtures can be perceived ei-
ther configurally or elementally, depending in part on the nature of the com-
ponents. In rats, binary mixtures of molecularly similar odorants appear to be
perceived configurally, thus producing a mixture percept distinct from the
components. This allows easy discrimination between the mixture and its
components but of course limits analysis and identification of those compo-
nents. In contrast, binary mixtures of molecularly dissimilar odorants appear
to be processed analytically, producing reduced discrimination of the mixture
from its components and enhanced ability to recognize or identify those com-
ponents (Kay, Lowry, and Jacobs 2003; Wiltrout, Dogra, and Linster 2003).

In naturalistic situations, similar remarkable feats of olfactory acuity have
been demonstrated and, in fact, appear critical for adaptive behavior. For ex-
ample, many invertebrate parasites identify their hosts based on chemosen-
sory cues. These parasite-host relationships have often evolved to be highly
selective, with a particular parasitic species depending entirely on a single
host species, discriminated from other potential hosts through chemosensory
cues. For example, several species of Hymenoptera that are parasites of aphids
are attracted to their hosts by the female aphid sexual pheromone nepeta-
lactone. Aphidius ervi, a parasitoid of the pea aphid is attracted to only one
enantiomer of nepetalactone (7S), the presence of the other enantiomer (7R)
is not attractive, and a mixture of both enantiomers (1:1 mixture of 7S:7R) re-
duces the attractiveness overall (Glinwood, Du, and Powell 1999). Thus, A.
ervi are capable of making this fine discrimination between enantiomers to
locate their host.
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Similar highly selective relationships exist between some invertebrates
and plants. In egg-laying female moths, volatiles from leafy plants are signals
for appropriate ovipositing sites. Identification of the appropriate plants for
ovipositing is critical for larval survival and to reduce competition between
phytophagous insects. In Manduca sexta, females are attracted to tobacco
plants or similar plant species such as tomatoes (family: Solanaceae), where
they lay their eggs, and are not attracted to other plants. Manduca larva are
capable of dealing with the insect-killing toxins these plants contain (such as
nicotine), and feed until pupation. Leaves and flowers of these plants release
scores of different volatile compounds, only a few of which guide moth ori-
entation.

As another example, in many altricial mammals newborns must recognize
their mother to acquire life-sustaining care, and the mothers must recognize
their offspring to selectively devote their resources to the survival of their ge-
netic relatives. As noted above, a major component of this mother-infant
recognition is mediated by olfactory cues. In sheep, the ewe only allows 
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Fig. 5.2. Structures of chemical signals that produce very specific behavioral or physio-
logical responses in insects and mammals.The mammalian examples here primarily func-
tion via the vomeronasal system; however, increasing evidence suggests a role for the
main olfactory system in sensation and perception of urine volatile in mammals. (A) Ex-
amples of mouse pheromones. (B) Examples of ant pheromones.



her own lamb to suckle, which she identifies through chemosensory cues.
Lambs may all smell alike to humans, but very subtle differences (currently
largely undefined) are sufficient to allow a lactating ewe to identify her lamb
as distinct from other lambs of the same age. Conversely, neonatal rodents
recognize and orient to their mother based on olfactory cues. In rats, these
odor cues are learned through pre- and postnatal experience and evoke be-
havioral activation and nipple attachment behaviors critical for survival.
Such behaviors are not evoked by odors of unfamiliar postpartum, lactating
females. Similar odor-evoked behaviors are observed in human infants within
hours after birth in response to maternal odors, but not unfamiliar postpar-
tum female odors.

A variety of other kin recognition and mate recognition systems based on
odor discrimination exist in mammals. Perhaps the best described relate to
recognition of odorants controlled via the major histocompatibility complex
(MHC) genes. MHC genes are a highly diverse set of alleles providing im-
portant individual-specific identity cues for immune system recognition of
self. Volatile MHC-related products are released through the urine and can
serve as phenotypic markers of individual identity. Mice use MHC-derived
odors to identify relatives and nonrelatives in situations where joining with
genetic relatives (e.g., communal care of young) and avoiding genetic rela-
tives (e.g., mate selection and outbreeding) are advantageous. The MHC-
derived odors are sufficiently different that even rats can be trained to be-
haviorally discriminate between different strains of mice.

The examples thus far clearly outline both the ability and the need for an-
imals to detect and discriminate between odorants or odorant mixtures, often
molecularly very similar and generally against some background. In addition
to these very specific examples of biologically significant and/or biologically
determined odorants (e.g., pheromones), often tied to specific behavioral
tasks (e.g., mating or host recognition), many animals must also be capable
of detecting and discriminating a wide range of odors in more varied contexts.
For example, animals that pollinate or feed off of a wide range of flower
species, such as bees, must be able to discriminate a large set of different flo-
ral odors. Floral odors are one of several cues used by bees to locate foraging
sites. Similarly, frugivorous primates and mammals must make discrimina-
tions between edible and nonedible or ripe and nonripe fruits. In fact, the ol-
factory systems of frugivorous nocturnal mammals tend to constitute a larger
proportion of the central nervous system than in diurnal frugivorous mam-
mals, because the nocturnal mammals rely on olfaction to make these feed-
ing decisions, whereas the diurnal mammals rely more heavily on visual cues
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(Barton et al. 1995). Humans, for example, are more likely to be attracted to
a bright red apple, regardless of its scent, whereas a nocturnal lemur will be
guided by the scent, a fact not overlooked by the local grocer. In addition, in
some of the preceding examples, we have raised the issue that some odorants
only become important, and thus worthy of discrimination, after experience
(e.g., odors involved in mother-infant interactions). Thus, discrimination
(and perhaps detection) can be influenced by experience. This is an issue we
will explore in greater detail below.

The other issue raised by these examples, besides the importance of dis-
criminating odors from each other and as different from background, is that
frequently, perhaps normally, odors of biological significance for animals are
complex mixtures of many components, not monomolecular odorants. The
critical difference in odors of two genetically unrelated mice stems from the
unique combination of volatile components in the mice’s urine. The attrac-
tiveness for a male Manduca moth of sex pheromone released by a female
Manduca is produced by the specific combination of components in the
pheromone mixture. It is the mixture that is important; presentation of one
component alone does not produce partial attraction, it produces no response
at all in the male. In fact, as we have argued elsewhere, olfactory systems ex-
cel at synthesizing multicomponent, complex mixtures into unique olfactory
perceptual objects. While the devil may be in the details, much of olfactory
perception, and thus odor-guided behavior in nonhuman animals, is in the
synthetic whole.

Stimulus Intensity Determination

The third problem that must be dealt with for an animal to function effec-
tively with chemosensory stimuli is variation in stimulus intensity. Odorants
diffuse and are carried by currents in air or water away from their sources, and
thus stimulus concentrations can vary substantially over very short distances.
In some situations or for some tasks, stimulus intensity provides critical in-
formation, for example, in tracking or homing situations requiring movement
within a concentration gradient (although see below). Identifying intensity
(or relative intensity) of components within mixtures may also be important
where a specific blend or ratio of components is the meaningful stimulus,
rather than a single molecule. On the other hand, variation in stimulus 
intensity can sometimes interfere with stimulus quality identification and 
discrimination—the issue of perceptual constancy noted above. As discussed
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elsewhere, for example, olfactory receptor neurons become much more
broadly tuned (less selective) as stimulus intensity increases, and in humans,
the perceptual quality of some odorants can change dramatically as absolute
concentration changes. Similarly, in laboratory rats and honeybees, discrim-
ination of odorants or odorant mixtures is stimulus intensity dependent.

Localizing an odor source can be performed in at least two primary ways.
First, chemotaxis involves movement in a chemical concentration gradient
either toward higher concentrations of an attractant or toward lower con-
centrations of a repellent. True chemotaxis thus requires knowledge of rela-
tive stimulus intensity and some way of comparing intensity while moving in
the gradient. Comparison of changes in intensity as one moves through a con-
centration gradient (am I moving up or down the gradient?) is performed in
two manners. Some species use simultaneous comparisons of intensity at two
different sites on the body, tropotaxis. This process of course requires a body
size sufficiently large relative to the concentration gradient to detect differ-
ences between the two sensors. As described below, this requirement may
help account for the size of a snake’s forked tongue. Other species use se-
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Table 5.2 Mechanisms of Stimulus Localization

Movement within chemical gradients can be guided by several distinct mechanisms.

Kinesis—Movement that depends on stimulus intensity, but individual turns and movements
are not directly related to the stimulus concentration

Orthokinesis—movement speed varies with stimulus concentration
Klinokinesis—rate of turning or rotational movement varies stimulus concentration

Taxis—Movement that depends on stimulus intensity, where movement across a concentration
gradient is mediated by turns related to the stimulus concentration

Klinotaxis—Sequential sampling is used to establish the concentration gradient and direct 
movement

Tropotaxis—Simultaneous sampling from two points on the body is used to establish the 
concentration gradient and direct movement

Teleotaxis—An extreme form of tropotaxis not known to occur in chemical senses involving 
simultaneous sampling from many points on the body and subsequent orientation in rela-
tion to this patterned array

Each of these specific mechanisms can be further defined through prefixes such as chemo- (rela-
tive to chemical stimuli), anemo- (relative to wind currents), and rheo- (relative to water cur-
rents).Thus, rheotropotaxis would involve simultaneous sampling of water currents on two
points of the body and movement relative to that current. Such behavior could be initiated by
detection of a chemical attractant, and movement through the current could lead the animal to
its source.

List adapted from Wyatt (2003) and Dusenbery (1992).



quential comparison of stimulus intensity, where intensity is determined at
one site, the sensor moved and the intensity sampled again. Temporal, se-
quential sampling of this type can be performed by very small organisms and
in very shallow concentration gradients, but it requires a memory of initial in-
tensity to allow comparison with later samples.

As opposed to true chemotaxis, the second method of localizing an odor
source and movement within a concentration gradient actually does not in-
volve determination of concentration. Rather, the attractive odorant leads to
anemotaxis, movement directed relative to the wind.* Thus, in M. Sexta
males, the attractive female sex pheromone causes the animal to begin a
stereotyped upwind movement, with the expectation that the source will be
upwind of the current position. In this case, determination of precise or even
relative concentration is not required, only detection and discrimination.
This is actually an adaptive way to solve the problem of locating an odor
source because odor plumes are generally not strict concentration gradients
diminishing from the source, but rather patchy pockets of potentially equal
concentration. Each time the male hits one of these pockets, upwind flight
is maintained until the source is reached. In fact, placing a Manduca male
in an artificially prepared constant odor gradient, without patches of odorous
and nonodorous air, retards upwind flight and source localization. Hence the
patchy structure of the odor plume—high concentration wisps surrounded
by clean air—is part of the signal leading to anemotaxis.

Decapod crustaceans such as lobsters, crayfish, and crabs use odor plumes
to locate food and conspecifics, and orientation to chemical sources has been
studied in detail in these species (Grasso and Basil 2002). These crustaceans
have chemosensory hairs located on both their antennules and legs, allowing
sampling at various heights from the floor. In addition, something akin to ac-
tive sampling may occur when the lobster or crayfish flick their antennas.
Flicking is a stereotyped whiplike movement of the antenna that appears to
enhance stimulus access to the receptor sites on the antennule chemosensory
hairs, perhaps similar to active sniffing in mammals.

Several different mechanisms have been proposed for decapod orientation
in odor plumes and localization of odorant sources. The first is similar to that
described for the Manduca above and essentially involves anemo- or rheo-

Learning to Smell88

* Anemotaxis involves movement relative to wind currents and rheotaxis involves movement rel-
ative to water currents. Current direction can be determined both visually and mechanically, the
latter by sensing movement of hair cells on the body surface. In many invertebrates, the anten-
nules, which contain the chemoreceptors, also are important mechanosensory organs.



taxis evoked by odor detection. Thus, stimulus concentration determination
per se is not required for movement toward the source, only stimulus detec-
tion. However, in American and spiny lobsters, two intact antennules are re-
quired for orientation and plume tracking. This has led to two alternate hy-
potheses that involve simultaneous comparisons of stimulus concentration
on bilateral chemosensors. One of these mechanisms is tropotaxis, where the
chemical concentration gradient is determined by direct comparison of stim-
ulus concentration on two spatial distant receptors (e.g., the two antennules
or two chemosensor bearing legs). If the concentration of an attractant is 
relatively higher on one side than the other, then the animal turns in that 
direction. Another hypothesized mechanism is plume edge tracking, where
one chemosensor is maintained within the odor plume and the other is kept
outside the plume. This is similar to tropotaxis, but would not require com-
parisons (or knowledge) of relative stimulus concentration; simple detection
could account for this behavior. Other mechanisms involving more complex
analysis of currents and eddies with mechanoreceptors combined in rheo-
taxis have been posited. These also do not require determination of stimulus
concentration, however; instead, they take advantage of the fact that odor
plumes tend to be composed of highly concentrated wisps of odorant sur-
rounded by odor-free zones and movement of the media in which the odor-
ant is contained. Under these conditions, whether aquatic or terrestrial, de-
termination of absolute or relative concentration is generally believed not
required for approach to an odor source.

However, some organisms do use information about relative concentra-
tion more directly. For example, Escherichia coli bacteria move in liquid
chemical concentration gradients toward higher concentrations of attractants
like sugars and amino acids. As long as the concentration of the attractant
continues to increase as the bacterium moves in its environment, net move-
ment will continue up the concentration gradient. If the attractant concen-
tration does not increase as the bacterium moves, net movement toward the
attractant ceases. Thus, relative stimulus intensity is critical for directing the
movement of E. coli toward nutrients. Similarly, very slowly moving starfish
appear to determine average relative stimulus concentration in one location
and compare it to average stimulus concentration in the previous location.
Because of their very slow movement, this averaging allows temporal filter-
ing of high and low intensity patches (Grasso and Basil 2002).

Two vertebrate examples of animals studied in some detail that may use
relative stimulus intensity in localizing or tracking odor sources are snakes
and dogs. Venomous snakes use at least two different predation techniques.
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Some species hold their prey after injecting their venom until the prey is suf-
ficiently incapacitated to be consumed. Other species, such as rattlesnakes,
inject their prey and then release them while the venom takes effect. This lat-
ter strategy requires that they then be able to track the prey after it has run off.
They can do this tracking through chemosensory cues that they acquire
through their vomeronasal system (also known as Jacobson’s organ) and
tongue flicking. Tongue flicking can be used for sampling chemical cues ei-
ther by touching the tongue fork tips directly on a substrate (like the ground
or the prey individual) or waving the fork tips in the air. Chemical stimuli ad-
hering to the tongue fork tips are then applied to the bilateral vomeronasal
organs in the roof of the mouth as the tongue is retracted. Snakes that track
their prey have significantly longer forks than snakes that inject and hold their
prey. It is hypothesized that longer forks allow greater tip separation and thus
greater sensitivity necessary for tropotaxis in shallow concentration gradients
as simultaneous comparisons are made between stimulus intensity at the two
tips.

Dogs appear to track odors with sequential sampling and temporal com-
parisons of intensity. If a dog is brought perpendicularly toward an odor track
left by a walking human, the dog samples several discrete neighboring foot-
prints and compares stimulus intensity between them to determine the di-
rection of travel. There is significant variation in the ability of dogs to per-
form this task, and training can enhance accuracy of direction determination.
Nonetheless, the results imply an important role of stimulus intensity dis-
crimination in performance of this task. To our knowledge, a direct test of
odor tracking in dogs using scent marks with intentionally manipulated stim-
ulus concentrations has not been performed.

These studies demonstrate that many animals use stimulus intensity dis-
crimination to localize odorant sources, although for many species, odorant
intensity discrimination is not required for source localization. The second
major function of odorant concentration or relative concentration is as a
source of information in recognition and response to odor mixtures. The ef-
fects of component concentration in mixtures of pheromones have been most
thoroughly investigated, primarily in invertebrates. In many cases of inverte-
brate pheromonal mixtures, not only are specific components required to
evoke a response in the receiver, but also these components must be in the
correct concentration ratio. Modification of either the components or the 
ratio of component concentrations is sufficient to impair recognition and re-
sponse to the pheromone.
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For example, male oriental fruit moths (Grapholitha molesta) express a
wing-fanning behavior in response to the female sex pheromone, which is a
mixture of three components. The female pheromone consists of 91% Z8–
12:Oac,* 6% E8–12:Oac, and 3% Z8–12:OH. Thus 91% of this pheromone by
weight is the Z-isomer. However, in behavioral assays, Z8–12:OAc alone pro-
duces no significant male response; all three components, in the correct mix-
ture ratio are required for evoking the male behavior. This suggests that the
male has a synthetic percept of the mixture components, in the correct ra-
tios, substantially different from the percept of the individual components
alone. Both intensity ratio and component identity are important pieces of
the synthetic whole.

Although relative odor intensity itself may be a critical part of the infor-
mation contained in an odor stimulus while moving through concentration
gradients and analyzing mixtures, absolute intensity can also influence stim-
ulus quality discrimination. Although questions about effects of intensity on
odor perceptual quality can most easily be addressed in humans where the
subjects can directly classify their perceptual experience, the effects of stim-
ulus intensity on odor discrimination per se can be examined in animals. In
operant conditioning tasks, rats are very good at discriminating odorant con-
centration differences (Slotnick 1985). Thus for example, rats can learn to dis-
criminate between a 0.1% concentration of proprionic acid and a 0.07% con-
centration of the same odor, though unable to discriminate between 0.1% and
0.08% concentrations. Intensity, therefore, has a perceptual quality capable
of directing rat behavior.

Stimulus intensity also directly influences odor quality discrimination. Al-
though odor discrimination at detection threshold concentrations is relatively
poor as one might expect, odor discrimination of molecularly similar odor-
ants is stable or somewhat enhanced as stimulus intensity increases in both
rats and honeybees (Cleland and Narla 2003; Wright and Smith 2004). This
suggests that once stimulus intensity rises above detection threshold, percep-
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tual quality for many odorants (though not all) is largely constant over a wide
range of stimulus intensity, similar to perceptual constancy of shape dis-
crimination and identification in vision.

These examples demonstrate that animals can discriminate changes in
stimulus intensity and that stimulus intensity can be used by animals for at
least two functions—for source localization and as an informational feature
of stimulus mixtures. In both cases, relative stimulus intensity, not absolute
stimulus intensity, is important, similar to intensity coding in other sensory
systems. Use of intensity in source localization is less common than might be
thought, because many species instead use detection of the stimulus to direct
upwind or up-current movement and do not appear to require determination
of change in intensity to localize the source. Some species that do use stim-
ulus intensity information for movement in a concentration gradient must in-
clude memory as a critical component of the process while making compar-
isons of temporally sequential samples of the current intensity.

Perhaps a more common role of relative intensity determination is the in-
formational content it provides in stimulus mixtures. A 91:6 mixture of spe-
cific female moth pheromonal components will provoke upwind flight in the
male of that species, whereas a 99:1 mixture of the same compounds produces
no such behavioral response in the males.* It seems unlikely that the male
moth is actively encoding that stimulus A is present at this concentration and
stimulus B is present at that concentration and thus this is a female phero-
mone. Rather, as we argue below, the unique combination of odors A and B
at the correct ratio evokes a single synthetic percept—“sexually receptive fe-
male moth”—that drives the behavior.

Finally, given that absolute stimulus intensity can influence odor quality
discrimination, the issue of perceptual constancy across the intensity scale 
is raised. Animals such as some sea birds can identify food sources from 
hundreds of kilometers from the source, presumably at very low stimulus 
concentrations and continue to recognize that same stimulus throughout 
approach as concentration increases dramatically (Nevitt 2000). Olfactory
perceptual constancy has not been well investigated in animals, but given the
rather dramatic effects changes in stimulus intensity can have on both re-

Learning to Smell92

* There are a variety of examples in other sensory systems where the tuning of the receiver’s sen-
sory system highly matches that of the sexual signal. For example, the tuning sensitivity of the au-
ditory system of female Tungara frogs closely matches the frequency distribution of the male call.
A similar match between signal characteristics and receiver sensitivity appears to occur in some
invertebrate chemosensory sexual signaling systems.



ceptor and central processing (described below), it seems an important area
of future investigation.

Stimulus Meaning

The fourth problem that must be dealt with for an animal to function effec-
tively with chemosensory stimuli is assigning meaning to the stimulus. Once
the odor is detected and discriminated from other odors, a behavioral re-
sponse appropriate to that odor must be generated. Thus, meaning in this
case refers to the fact that an appropriate, stimulus-related, behavioral re-
sponse is evoked or made more probable by the odor. Examples might in-
clude aggregation pheromones that enhance locomotion toward the source,*
or alarm pheromones that enhance locomotion away from the source. The
meaning of each of these signals to the receiver is operationally defined by
the behavior or potential behavior they evoke—one means move toward the
source and one means move away from the source. In some animals, mean-
ing may include hedonic or emotional value (e.g., preference or fear) per-
haps with no overt behavioral response, though in most, this level of inter-
pretation is not necessary to extract a concept of odor meaning.

innate meaning

Odor meaning can either be innate or dependent on experience. Very often
predator odors and pheromones have innate meaning shaped by evolution.
For example, the attractants and repellents of E. coli described above have
fixed meaning, although sensitivity to the stimuli may change over time
through adaptation. Despite the fact that laboratory rats and mice have been
isolated from carnivorous predators for many generations, odors of cats and
foxes evoke behavioral and physiological responses consistent with fear. Cat
odor evokes behavioral freezing and increases in the stress hormone corti-
costerone in laboratory rats despite having never encountered a cat in their
lifetimes or in the lifetimes of their parents.
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Similar to these predator odors, most pheromones* also have innate mean-
ing. For example, the compound E-b-farnesene (a terpene) is an alarm
pheromone in aphids and when detected enhances the probability of avoid-
ance behavior in conspecifics. Note that pheromone-evoked behaviors are
not totally reflexive. Aphid alarm pheromone is released in response to pre-
dation. Under most circumstances, the alarm pheromone will evoke avoid-
ance in neighboring aphids or even cause the receiver to drop from the plant
to the ground to avoid the predator (despite the potential high risks associated
with exposure on the ground). However, the specific response to the alarm
pheromone may vary depending on the quality of the plant being consumed
or other local factors. Thus, while feeding on an especially rich food source,
the avoidance response to the alarm pheromone may be reduced. Nonethe-
less, exposure to alarm pheromone always increases the probability of alert-
ing, avoidance, or escape. Similar variations in response to alarm phero-
mones are seen in honeybee behavior, depending on the receiver’s location
relative to the hive. Again, the alarm pheromone is always interpreted as
meaning a threat (operationally defined), although the specific appropriate
response may vary depending on the context.

Similar to the alarm pheromones, sexual pheromones enhance the prob-
ability of reproductive behaviors and thus have a set meaning to the conspe-
cific receiver. For example, male boar saliva contains 5-alpha-androstenone
and 3-alpha-androstenol, which serve as sex pheromones to sows. Sows ex-
posed to these compounds are more likely to exhibit a lordosis response (or
standing behavior) in response to a mount by the boar, thus facilitating cop-
ulation, compared with females that do not detect the pheromone. In the
same manner, pheromones in female hamster vaginal secretions increase the
likelihood of male approach and mounting behaviors. These kinds of chem-
ical stimuli, thus, have set meaning to the receivers.
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acquired meaning

Under many circumstances, however, odor meaning is acquired through ex-
perience, often in a simple associative manner after temporal pairing of a
novel odor with some biological, unconditioned stimulus. A fascinating ex-
ample of this occurs in leaf cutter ants. Leaf cutter ants gather plant material
to serve as a substrate for growing fungus on which they feed. These ants may
select any of a variety of plants for this fungus gardening but continually mon-
itor the health of the garden and may adjust their plant foraging accordingly.
Ridley and colleagues (Ridley, Howse, and Jackson 1996) showed that ants
provided with small bits of orange peel adulterated with a fungicide soon
learned to reject orange peel once the fungus garden began to show poor
health. It appears that the foraging ants learn the odor of their plant offerings
(they are also more likely to acquire familiar scented plants than unfamiliar
ones) and adjust their preference for particular species depending on the con-
sequences for the fungus. The association of plant odor with fungal health
appears to be derived by contact chemoreception with the gardening work-
ers by the foraging workers. In a further example of acquired odor meaning,
Drosophila in the laboratory can be taught to avoid odors associated with elec-
tric shock. Drosophila that received simultaneous exposure to a previously
unfamiliar odor and electric shock changed their subsequent behavior toward
that odor from random or no response to avoidance. Memory of the learned
aversive odor lasts for many hours.

These examples not only demonstrate how odors can change or acquire
their meaning based on experience, but also demonstrate that even inverte-
brate olfactory systems, often seen as largely reflexive pheromonal detectors,
can include a more dynamic, flexible system component. Several additional
examples of learned odor meaning are described below that include learned
odor cues for kin and mate recognition and for learning food and foraging
preferences. In each case, novel odors come to evoke behaviors consistent
with a particular acquired meaning. As we argue elsewhere in this volume,
we hypothesize that this meaning is not only associated with, or evoked by
the odor, but actually becomes a component of the olfactory percept. These
examples are meant to demonstrate the variety of channels used for associa-
tive change in odor meaning, including association between different chemo-
sensory signals and association between odors and multimodal, nonchemo-
sensory stimuli. They also demonstrate the variety of behavioral contexts in
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which learned changes occur. The inclusion of meaning to an odor percept
is not an unusual event, but rather appears across the animal kingdom and
thus, we hypothesize is an evolutionarily important component of olfactory
processing.

Kinship and Mate Odors. Knowledge of the genetic relatedness of other
individuals to oneself is used by many species to direct energy and resources
toward genetic relatives and reduce inbreeding. Although the goal of this in-
dividual discrimination is to determine genotypic relatedness, the animal
must rely on phenotypic variation to provide the discriminatory cues, given
that quantitative DNA analysis is not an option for most animals. For a cue
to provide sufficient information to allow discrimination between individu-
als of the same species (i.e., signature cues), there must be substantial vari-
ability between individuals (often accomplished through complexity of the
signals) and relative stability of the cue within an individual over time. One
phenotypic character that often shows these characteristics is odor. This is
true for many terrestrial invertebrate and vertebrate species; it can stem from
variation in a variety of factors, including protein expression, cuticular hy-
drocarbons, or even phenotypic variation in diet preferences. Knowing who
is related and who is not then requires identifying the odor signature of the
target individual and either comparing against a self-referent system (this is
what I smell like) or against a parental/sibling-referent system (this is what
those assumed to be genetically related to me smell like).

Rather than having an olfactory system with genetically controlled hard-
wired selectivity for specific self or not-self odors, it appears that many species
examined in detail to date learn their self odor during early development in
a form of olfactory imprinting. Kin recognition through olfactory cues expe-
rienced during early development has been demonstrated in fish, amphib-
ians, and mammals.

In mammals, acquisition of odor meaning may begin before birth. The
odor of the amniotic fluid is created by a combination of the mother’s odor
(i.e., signature odor), the mother’s diet, and the fetus’s odor. Amniotic fluid
flows throughout the oral and nasal cavities of the fetus during prenatal life,
and olfactory system function and odor-evoked behaviors emerge well before
birth in many species, including rodents and humans. Exposure of fetuses to
artificial odors (garlic, lemon) in the uterus via intrauterine injections or ma-
ternal diet enhances behavioral responsiveness and preference for those
odors after birth. Incidentally, amniotic fluid odor is similar to the odor of
colostrum, the initial milk produced by mammary glands after birth, and it
has been argued that this similarity may facilitate neonate acceptance of the
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nipple and milk during the early postnatal period (Coureaud et al. 2001).
Many mammalian mothers, in fact, lick their ventrum during parturition,
which can transfer amniotic fluid from the newly born pups and vaginal area
to the nipples, again potentially facilitating the in utero to ex utero transition
by the newborn.

Postnatally, the newborn learns that specific odors signal (mean) the
mother and siblings through an associative conditioning mechanism (phe-
notypic matching or familiarization form of kin recognition). The odor to be
learned may have both genetic (e.g., MHC gene products) and diet or envi-
ronmental components, and it may be sufficiently distinct to allow discrimi-
nation between the mother and all other postparturient lactating females. In
the laboratory, pups can be foster reared, with the birth mother replaced by
another lactating female.* In natural conditions, the newborn can generally
assume that the female caring for them is the genetically related, biological
mother and learning her odor enhances approach and feeding behaviors, as
well as subsequent mate preferences. Through association of maternal odor
with multimodal sensory stimulation resulting from maternal care (such as
warmth, physical contact, milk, and the odor of maternal saliva), the pup
learns approach and behavioral activation responses to her odor. According
to our definition above, thus, the pup learns the meaning of this novel, com-
plex odor that the mother emits. This type of early olfactory learning has 
been demonstrated in rats, mice, rabbits, hamsters, and humans, among
other mammals, and is sufficiently robust that it can be modeled in the lab-
oratory with classical conditioning. The classical conditioning model of early
olfactory learning has proven to be a powerful tool for the study of mecha-
nisms of this behavior fundamental to the survival of the newborn.

More direct evidence that the pup learns the meaning of the maternal
odor comes from laboratory work where novel odors were paired with spe-
cific unconditioned stimuli meant to mimic different aspects of maternal
care. As mentioned above, rat pups learn approach responses to odors paired
with a variety of stimuli including warmth, milk, and tactile stimulation. In
addition to this generalized approach response, more specific conditioned re-
sponses are also learned that are unique to the specific unconditioned stim-
ulus. If an unfamiliar odor is paired with intraoral milk infusions, pups learn
to enhance mouthing movements when subsequently presented with the
odor. If the odor is paired with tactile stimulation mimicking grooming by
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the mother and which evokes behavioral activation in pups, the odor will sub-
sequently evoke conditioned behavioral activation—but not mouthing move-
ments (Sullivan and Hall 1988). Thus, very early in life, odors can acquire
specific meaning.

The mother-infant interaction is not solely determined by the neonate,
however. Maternal acceptance of the newborn is also influenced by recog-
nition of the newborn’s odor. This has been studied most thoroughly in sheep,
though excellent work has also been done in various rodents. Human moth-
ers can recognize their infants by smell (statistically speaking) within a short
time after birth. Ewes may give birth among a large flock, yet will only allow
their own lamb to suckle. Other, nonrelated lambs will be rejected, and this
discrimination is based on the mother learning the olfactory signature of its
own lamb. This learning occurs rapidly during the initial postpartum period,
although there may also be a component of recognizing the maternal self
odor signature on the lamb.

As noted above, odors learned during the perinatal period not only influ-
ence mammalian mother-infant interactions, but can also influence subse-
quent mate choice when the neonate attains sexual maturity. One of the fas-
cinating questions derived from this work, and largely unexplored to date, is
how, given the enormous developmental changes that occur in the mam-
malian olfactory system during the postnatal period, are odors experienced
during the perinatal period recognized by adults such that mate selection can
be influenced by them. What aspect of the memory trace for these odors is
sufficiently stable to allow this remarkable feat? In perhaps an extreme ex-
ample of odor memory maintenance through the lifespan, Rana tadpoles ex-
posed to odorants (such as citral) injected into the egg continue to display dif-
ferential responses to those odors after metamorphosis into adult frogs.

Furthermore, and more directly related to the present discussion, is the
question of how the meaning of the odor changes from directing approach
for nutrition and maternal care to enhancement of sexual behaviors. Clear
demonstrations that odors learned early in life influence mate choice have
been made in rats and rabbits. In rats, odors associated with maternal care, or
stimuli mimicking maternal care during the first 10 days after birth subse-
quently enhance male sexual behavior (mountings, intromissions, ejacula-
tions) toward females with that same scent. In rats, the first 10 days appear to
be a sensitive period for acquiring odor preferences, because almost any stim-
ulation paired with an odor results in a learned approach response by the pup
toward the odor. This includes moderately painful stimuli such as tailpinch
and footshock. After postnatal day 10, such stimuli produce learned odor aver-
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sions. This apparent confusion by the pup over good and bad (learn to ap-
proach odors paired with either milk or tailpinch) appears to be adaptive be-
cause, in rats, maternal care in a small crowded nest can result in occasional
painful stimulation and the cost of learning an aversion to maternal odor is
death. This adaptive confusion has lifelong consequences, however (Regina
Sullivan refers to this as “good memories of bad events”), as odors paired with
footshock during early life enhance sexual behavior by males toward females
in the presence of those odors. The potential relevance to human behavior
is currently being explored, but again these results demonstrate how odors
can acquire meaning and the robust nature of this association (Freud was
meant to be an olfactory neurobiologist).

In mice, phenotypic matching decreases mating with similar smelling
(MHC-similar) males. This selective behavior enhances outbreeding and in-
creases MHC variability and individual odor distinctiveness. Once a mate is
selected (females show selective choice to live within the territories of MHC-
different males), females learn the odor of the male during mating. Associa-
tion of vaginal distension and the male’s odor appears to be sufficient for for-
mation of this odor memory. If the male with whom that female mated loses
his territory and a new male approaches within a few days of copulation, the
female will abort (fail to implant) the fertilized eggs, thus allowing her to
come into estrus sooner and mate with the new male on the block. The neu-
robiology of this olfactory memory for highly distinct odor signature has been
worked out in detail by Keverne and colleagues and is discussed below. How-
ever, these data demonstrate that odor meaning can be acquired, in this case
mate odor, in a fairly short period of time (courtship and copulation) and
have significant physiological consequences.

In addition to phenotypic matching and familiarization for learning kin
odors, olfactory recognition of kin can also be based on self-referent match-
ing. In hamsters, young hamsters appear to learn their own odor (armpit ef-
fect) and then compare the odor of others against that template to determine
kinship (Mateo and Johnston 2000). Cross-fostering studies with hamsters
have demonstrated that simply being raised by non-kin does not shift self-
identification toward the foster parents, in contrast to what has been observed
in phenotypic MHC-matching mice as described above.

A final example provides evidence of cross-modal associations wherein
odors seem to acquire the properties of pheromonal stimuli. Sexually naïve
male hamsters must have an intact vomeronasal system to successfully mate
with a female. Specifically, lesions of the vomeronasal system that leave the
main olfactory system intact disrupt mating in sexually naïve male hamsters.
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However, the same lesions in sexually experienced males do not disrupt sub-
sequent mating behavior. These results suggest that through mating, female
odors detected by the main olfactory system can come to substitute for
vomeronasal stimuli. One might speculate this is a similar process as de-
scribed by Stevenson wherein odors can acquire gustatory qualities in hu-
mans, such as the sweet small of cherry odor. In hamsters, odors can become
sexy, but only after sexual experience initiated through vomeronasal stimu-
lation.

Food, Foraging, and Homing Odors. In addition to learning the unique
odor signatures of kin and mates, odors can acquire meanings related to food,
foraging preferences, and homing behaviors. In contrast to pheromonal cues,
which can be under tight evolutionary pressure to align signals with response
characteristics of the receiving olfactory system, specific food and homing
odors may vary more widely over time and from generation to generation as
habitats change or unexpected foraging opportunities arise. This results in a
situation in which chemosensory systems may be more effective if they are
more widely tuned or adaptable.

For example, as described above, ants have highly selective chemical com-
munication systems where specific chemosensory cues produce specific be-
havioral responses, such as alarm or aggregation pheromones. They may also
have chemosensory biases for certain food or plant odors; however, in some
conditions these chemosensory cues related to foraging odors appear to be
more plastic, i.e., odor meanings can change with experience. The garden-
ing, leaf cutter ants described above are a good example of this experience-
induced shift in meaning.

This example is important because, as noted above, it emphasizes that
even in an invertebrate that is often seen as the epitome of physicochemical
encoding of odorants (i.e., this physicochemical stimulus evokes this specific
behavioral response), adaptive plasticity in odor processing is also possible.
Novel odorants can be learned, and as stimulus contingencies change, the as-
sociative meanings of those stimuli can also change.

Similar examples are apparent in honeybees that can learn novel odors
that signal foraging sites. Similarly to ants, bees have a variety of essentially
hard-wired pheromonal circuits and evoked behaviors. However, in addition
to these circuits, they are capable of learning to approach specific odors that
have been paired with good foraging sites. In fact, these odors can be learned
not only by directly experiencing the temporal association between smelling
the odor and being at the foraging site, but also by having that scent provided
to them during communication with other foragers (Menzel and Muller
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1996). Thus, in addition to learning distance and direction to foraging sites
during the classical bee communication dance by returning foragers, odor in-
formation about the identity of the specific site is also learned. The forager,
in a sense, learns that a particular odor means (signals) a good foraging site
and transfers that information to other bees in the hive.

In vertebrates, novel odors can gain or lose appetitive meaning in several
ways. Simple associative conditioning, in the lab or in the field, is used by
many species to learn which odors predict food or danger. Pairing odors with
food or with footshock is a standard laboratory method of providing odors with
meaning. As in the ants and bees described above, however, social commu-
nication can also serve as a method to attach meaning to potential food odors.
Work by Geoff Galef and others has demonstrated that social communica-
tion between rats can allow naïve animals to learn the potential safety or dan-
ger of novel food odors (Galef and Giraldeau 2001). In the poisoned-partner
paradigm, one rat is fed a novel food and then injected with lithium chloride
to induce illness and gastrointestinal malaise. That rat will subsequently
avoid that food. Naïve rats who smell the breath of their sick partner will also
subsequently avoid that food, even though the naïve rats themselves never
consumed it. Similarly, naïve rats can sample the breath of their conspecifics
to learn which novel foods are not associated with illness and thus deemed
safe to consume. Although an interesting process for a chemosensory scien-
tist, this process can lead to sleepless nights for pest control professionals at-
tempting to reduce rat populations with poison.

Reversible changes in food and food odor preferences can also occur over
short periods because of simple exposure. Sensory-specific satiety in animals
is a phenomenon described by Edmund Rolls and others wherein an animal
that is fed to satiety on one food, may continue to seek out other foods to sat-
isfy their hunger. Thus, the palatability (pleasantness) of bananas and banana
odor may decrease after eating many bananas, whereas the palatability of other
foods remains high. In general, responsiveness to and pleasantness of food
odors (and food tastes) is modified by hunger and by specific feeding history.
Many animals are capable of modifying their diet based on specific nutrition
needs, and this in part can be explained by selective changes in sensitivity or
reactivity to food odors. Hunger enhances responsiveness to food odors.

Finally, odors are also important for homing and home range recognition
for many species. A variety of pheromones are used by animals to mark home
territories and nest sites and paths used in homing. In some species of ants
for example, pheromonal trails are laid on outgoing foraging trips to facilitate
return to the nest. However in many species, olfactory markers of home are
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learned. One of the more remarkable examples are Pacific Coho salmon de-
scribed earlier, which return to their natal stream to spawn after spending
years in the Pacific Ocean based on learned odor cues. Similar examples of
learning the location of the home site have been made in frogs (Hepper and
Waldman 1992), pigeons, and mammals. Together, these examples further
emphasize that odor meaning can be acquired.

Summary

The examples in this section have been selected to emphasize that olfactory
and chemosensory stimuli are critical for a wide range of behavioral functions
across the entire microbial and animal world. All of these organisms have
some way of detecting and discriminating chemical stimuli, some way of
judging relative stimulus intensity, or processing stimuli in such a way that
fluctuations in intensity do not disturb stimulus discrimination, and some way
of assigning meaning to chemical stimuli.

Several basic tenets of olfactory function can be extracted from these ex-
amples. First, in single-celled organisms, these functions are largely hard
wired such that the physicochemical properties of the stimulus itself provide
discriminative value and meaning. For example, in bacteria, activation of a
receptor by the appropriate ligand produces a cascade of intracellular events
that result in attraction or repulsion.

Second, most animals, invertebrates and vertebrates, have two modes of
olfactory processing, occasionally anatomically separate but frequently inter-
mixed: one mode that depends on the physicochemical nature of the stimu-
lus to encode both identity and meaning and a second mode that is more 
dynamic and capable of synthesizing novel combinations of odorants into
perceptual wholes, including meaning. Each of these processing modes has
their own strengths and weaknesses. The more hard-wired mode was pre-
sumably shaped over evolutionary time by sexual and sensory selection to bias
receivers to specific chemical cues or chemical mixtures used in intraspecific
communication, or interspecific predation or predator avoidance. This mode
ensures rapid selection of appropriate (though not necessarily reflexive) be-
haviors in response to specific, relatively stable (transgenerational), signals.
The more dynamic processing mode requires additional computation and ex-
perience to shape behavioral responses to novel, potentially less predictable
stimuli. Today, this odorant mixture signals a good foraging site; tomorrow, a
different mixture signals a good foraging site. Learning a novel stimulus, in
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general, a complex mixture of multiple odorants given the nature of volatiles
released by naturally occurring objects, almost invariably involves a synthetic
process where the complex mixture comes to evoke a perceptual whole. Con-
specific individual A is represented by this complex combination of odorants,
whereas individual B is represented by this different, though potentially over-
lapping, odorant mixture. Learning a new perceptual odor object should gen-
erally occur under conditions of attention to the stimulus and/or association
of that stimulus with a biologically significant event, i.e., during social inter-
action, feeding, foraging, homing, predator avoidance, etc. This suggests that
the synthetic representation of that perceptual odor object would include
components of the context and/or meaning of the stimulus. Without mean-
ing or significant context, the odor object would not have been learned.

The following section takes this interpretation of the behavioral observa-
tions described here and attempts to determine their validity relative to what
we know about olfactory system neurobiology. Does, or can, the olfactory sys-
tem function as a dynamic, synthetic processor, incorporating stimulus qual-
ity, context, and meaning into a single perceptual odor object?

What Function Implies about Process

The problems olfactory systems must solve to allow odor behavior outlined
above—detection of a stimulus against a background, discrimination between
similar stimuli, determination of relative concentration, and assessment of
meaning—can be solved at the neural circuit level in several different ways,
each resulting in specific, predictable advantages and limitations. Perhaps the
simplest way to solve all of these problems simultaneously is to have low-
threshold, very narrowly tuned receptors and hard-wired central pathways
(comparable to the specialist receptors described by Hildebrand and Shep-
herd [1997]). In this case, if the appropriate stimulus is present, the corre-
sponding receptor and pathway are activated and stimulus-guided behavior
can occur. Chemosensory behavior in single-celled organisms such as the bac-
terium E. coli and in Paramecium relies on basically this type of mechanism.

A Physicochemically Based System

E. coli require specific nutrients, such as the sugar glucose, and must avoid
specific toxins such as phenol or cobalt, and move appropriately within con-
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centration gradients of these substances; for example, either toward higher
concentrations of glucose or down concentration gradients away from phe-
nol. E. coli detects the presence of glucose via specific glucose-binding re-
ceptors located in its cell membrane (Adler 1969). Activation of the glucose
receptor activates a second messenger cascade that modifies flagellar move-
ment to increase the probability of long, straight swims. If glucose is not pres-
ent, or is present in the same or weaker concentrations to which the bacteria
have adapted, flagellar movements are modified to increase random move-
ments (tumbling). This receptor-mediated switching between straight swims
if relatively high concentrations of glucose are detected, and tumbling if not,
results in a random walk up concentration gradients toward the attractant.
The attractant is detected and discriminated from other compounds by the
nature of the receptor-binding site. No higher-order processing is required.
Other compounds within the bacterium’s soupy environment are either de-
tected by different receptor proteins with different binding properties, or sim-
ply not detected (induce no behavioral consequences) at all.

Thus, in E. coli, behavioral sensory discriminations between the attractant
glucose and other biologically relevant stimuli depend on the binding affin-
ity of specific membrane-bound protein receptors for the physicochemical
features of molecular stimuli. Behavioral discrimination between glucose
and many, many other compounds in the E. coli’s environment occurs be-
cause the E. coli have no receptors for those other compounds, and are es-
sentially blind to their existence.

A similar example of olfactory-guided behavior based on the physico-
chemical properties of the stimulus and mediated by narrowly tuned, low
threshold receptors in invertebrates is Caenorhabditis elegans. C. elegans is a
transparent, soil-dwelling nematode approximately 1 mm in length, and uses
olfactory cues to regulate movement, feeding, and reproductive behaviors.
Specific, identified molecules serve as chemoattractants or repellents, or as
intraspecific communication pheromones. The relatively simple nervous sys-
tem of the C. elegans (302 neurons, no more, no less) includes several differ-
ent chemoreceptor neurons, each of which expresses several different recep-
tor genes (note this is different from most other invertebrate and vertebrate
olfactory receptor neurons studied to date where a single receptor neuron is
believed to express a single type of olfactory receptor gene). C. elegans, like
E. coli, are fairly limited in their chemoreceptive repertoire. Thus, many
compounds that a chemist, dog, or even human could detect in the envi-
ronment may be missed by C. elegans, because the receptors required for rec-
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ognizing those compounds simply are not expressed. C. elegans genetic mu-
tants lacking a specific olfactory receptor gene have a specific behavioral
anosmia for the odor ligand normally recognized by that receptor. For ex-
ample, the odr-10 gene codes for a receptor protein that recognizes the odor-
ant diacetyl. odr-10 mutants express a specific behavioral anosmia for diacetyl,
with behavioral responses to other odors intact. Thus, C. elegans solves the
problem of odor detection and discrimination by expressing different recep-
tor proteins that each recognize a specific, biologically relevant odorant 
molecule. Activation of different receptor proteins produces different odor-
guided behaviors.

Yet another example of narrowly tuned chemosensory systems are systems
evolved to deal with pheromones. Pheromones are intraspecific chemosen-
sory stimuli that have informational value to the receiver about the sender,
such as gender, reproductive status, or kinship. Pheromones are included in
the class of chemical signals called semiochemicals and are used by many
vertebrates and invertebrates. In many species the precise molecules involved
have been identified. In terrestrial animals, pheromones can be either vo-
latile and thus airborne, or large, less volatile molecules. Each of these two
types have different characteristics; for example, the large, less volatile com-
pounds provide more long-lasting, more private signals, and the volatile com-
pounds provide a rapid, though short-lasting and less private (easily detected
by unintended passers-by) signal, and are thus used in different situations.
Aquatic animals also use pheromones, though volatility is less of an issue.

In invertebrates, pheromones may consist of either a single molecule, such
as bombykol ((E,Z)-10,12-hexadecadien-1-ol) in silk worm moths, Bombyx
mori, or more commonly as mixtures of two or more compounds, such as 
in Heliothis virescens moths described above. Recall that, the female H.
virescens releases a pheromone with a ratio of 1:0.5 of (Z)-11-hexadecenal to
(Z)-9-tetradecanal. Varying either the identity of the components or their ra-
tio reduces or eliminates the attractiveness of the pheromone to males of this
species. Pheromonal attraction behavior in these moths is mediated by spe-
cific olfactory receptors on the antenna that project to the macroglomerular
complex in the antennal lobe. In H. virescens this glomerular complex is
composed of several separate glomeruli, which are highly tuned to the
pheromonal mixture components. A small subset of second-order neurons,
some of which have dendritic arbors in multiple glomeruli, are highly, se-
lectively tuned to the species-specific sexual chemoattractant mixture, and
are much less or totally nonresponsive to other mixture ratios or individual
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mixture components (Vickers, Christensen, and Hildebrand 1998). This sug-
gests a highly stereotyped processing system, dependent on the physico-
chemical features of the odor stimulus for evoking behavioral responses.

In further support of a stereotyped encoding of the physicochemical fea-
tures of moth chemoattractants, M. sexta moths, which display pheromonal-
guided behaviors similar to the moth discussed above, were subjected to an-
tennal transplants (Schneiderman et al. 1986). In these experiments, male
antennae were grafted onto Manduca females and allowed to innervate the
antennal lobe. Normal Manduca females are unresponsive to female chemo-
attractants, but in response to the odor of tobacco leaves, they display a stereo-
typed approach and ovipositing behavior. In the transplanted females, chemo-
attractant pheromones now elicited approach and ovipositing behavior. These
results suggest that in this invertebrate system the peripheral olfactory recep-
tors respond to specific physicochemical stimuli, and when excited can ac-
tivate stimulus-specific behavioral programs. Discrimination of the appro-
priate stimulus for pheromone-guided behavior from other stimuli is largely
driven by the selectivity of the peripheral receptors and the physicochemi-
cal features of the stimulus. That is, stimuli with different physicochemical
features either bind to different receptors that activate different behavioral
responses or are ineffective at binding to any receptors and are thus not
perceived. Vertebrates may use a similar physicochemical process for iden-
tification of pheromones (Leinders-Zufall et al. 2000). Thus, pheromones
or pheromone mixture components can be detected and discriminated
from different chemical stimuli by a highly selective peripheral receptor
mechanism.

Finally, some species of fish can also serve as examples of olfactory/
chemosensory systems that discriminate stimuli largely through highly selec-
tive receptors and the physicochemical features of the stimulus. Channel cat-
fish (Ictalurus punctatus) and similar species use amino acids as olfactory
stimuli to signal the presence of food (Valentincic and Caprio 1994). Expos-
ing a passively resting catfish to a mixture of amino acids can cause search-
ing behavior, as if food is nearby.

However, individual recognition is more complex and requires substan-
tially greater processing capacity. The signal complexity (variation between
individuals) required for discriminating one individual from another is sub-
stantially greater than that required for discriminating species, sex, or even re-
productive status. Similarly recognizing and discriminating novel stimuli,
such as food odors and unique home range and foraging site odor cues, pre-
sent substantial difficulties for the physicochemical labeled-line process that
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works well for more evolutionarily stable signals. Individual chemical signa-
tures and novel food and homing cues must be learned through experience.
This learning not only results in association of meaning with the stimulus,
but also teaches that a unique combination of odorants in specific relative
concentration ratios represents a single perceptual odor object.

A Memory-based System

As described above, most animals, invertebrates and vertebrates, appear to
possess both a physicochemically driven olfactory-processing mode special-
ized for dealing with evolutionarily controlled, relatively stable odor stimuli,
and a more dynamic, synthetic processing mode specialized for novel, less
predictable, perhaps more complex stimuli. The latter, memory-based mode
begins with odorant analysis by figuratively breaking stimuli hitting the re-
ceptor sheet into submolecular features, and then synthesizing them back to-
gether again, perhaps along with multimodal and contextual components, to
result in a single-odor percept. A memory-based mode such as this enhances
flexibility in dealing with novel, variable, and less predictable stimuli, though
it requires more processing components and requires experience to maxi-
mize its effectiveness.

A memory-based olfactory mode should display several defining charac-
teristics. First, odor discrimination should improve with experience as per-
ceptual odor objects are synthesized. This improvement should be most 
evident for discrimination of molecularly similar odorants. Second, discrim-
ination of simple odor mixtures from their components should improve with
experience, as odor mixtures are synthesized into single-odor percepts unique
from their components. Third, and related to the second point, discrimina-
tion of odorants from background should improve with experience again as
odor objects are synthesized which could help in perceptual grouping
needed for discrimination of objects from background. Fourth, one of the
consequences of forming perceptual objects from multiple components is
that those objects can be more easily recognized even if they are degraded or
slightly altered in some way. For example, in vision, a familiar face can be
easily recognized even if partially obscured by dark glasses or modified by a
change in hairstyle. Less familiar faces may not be recognized under those
circumstances. Similarly,* once an odor perceptual object is learned, slight
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changes in components, component ratios, or intensity may be processed in
such a way as to allow recognition. This ability to deal with degraded or mod-
ified inputs could contribute to perceptual constancy over wide changes in
stimulus intensity where it occurs. Finally, experience-dependent formation
of odor objects may create multimodal, contextual, or hedonic components
of the odor perception and potentially of the information encoded by olfac-
tory system neurons.

Odor Acuity Is Experience Dependency

What is the evidence that olfaction in animals includes a memory-based pro-
cessing mode? First, odor discrimination of similar odorants (odor acuity) can
improve with experience. Christiane Linster, Thom Cleland and colleagues
have demonstrated that rats’ ability to express successful discrimination of
similar odorants depends on the nature of the behavior task (Cleland et al.
2002). For example, in a habituation/cross-habituation task rats had some 
difficulty displaying discrimination of aliphatic acids differing by a single un-
branched hydrocarbon (e.g., acetic acid from proprionic acid) but discrimi-
nated longer-chain-length differences well. In contrast, using a generaliza-
tion task, where acetic acid was paired with a reward and the generalization
responses to similar odors determined, rats showed significantly better dis-
criminatory performance. Similarly, Linster and colleagues have demon-
strated that the ability to make discriminations between enantiomers can im-
prove with training. Thus, mice will not spontaneously discriminate between
enantiomers of limonene or terpinen-4-ol, but within 10 trials of odor dis-
crimination training involving differential association of one isomer with re-
ward and the other nonreward, rats will discriminate (�)-limonene from 
(+)-limonene and within 20 trials will discriminate (�)-terpinen-4-ol from
(+)-terpinen-4-ol. This suggests that experience can change odor acuity and,
thus, that odor perception is not entirely based on the physicochemical na-
ture of the odorants.

In a more direct assessment of the role of memory in odor discrimination,
Fletcher and Wilson (2002) assessed discrimination of similar ethyl esters in
untrained, odor-naïve rats using a habituation/cross-habituation task involv-
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ing bradycardiac orienting responses to odors. In this paradigm, rats did not
discriminate between ethyl esters varying by a single carbon but did discrim-
inate between larger differences. The rats’ odor acuity was also assessed, us-
ing the same habituation/cross-habituation paradigm, but 24 hours after one
of the odors had been paired with footshock. These animals, using the same
behavioral bradycardiac paradigm as the naïve animals, could now discrimi-
nate odors varying by a single-hydrocarbon group. This suggests that famil-
iar, perhaps meaningful odors are more easily discriminated, and that odor
acuity is memory dependent. In the final phase of this experiment, additional
animals were injected with the acetylcholine antagonist scopolamine prior
to the odor shock conditioning to disrupt odor memory and olfactory system
plasticity (Saar, Grossman, and Barkai 2001; Linster et al. 2003). Twenty-four
hours later (in the absence of scopolamine), these animals showed odor acu-
ity similar to completely naïve animals, again suggesting that olfactory expe-
rience and memory are critically involved in odor discrimination of similar
odorants.

Olfactory sensory physiology also provides evidence of a strong experi-
ence-dependent component to odor processing in both invertebrates and ver-
tebrates. Simple odor exposure can modify spatial patterns of olfactory bulb
glomerular activity, temporal patterns of activity in ensembles of olfactory sys-
tem neurons, molecular receptive fields of olfactory bulb output neurons,
synaptic efficacy between the olfactory bulb and piriform cortex neurons, and
odor discrimination ability of single piriform cortical neurons. Associating an
odor with a biologically significant event such as food or footshock produces
a whole host of additional changes in widespread regions of the brain. For
this discussion, we will focus specifically on changes in sensory physiology of
primary olfactory system neurons as odors become familiar.

As noted elsewhere in this volume, one of the remarkable characteristics
of olfactory systems is the odor-specific spatial patterns of evoked glomerular
activity across the antennal lobe and olfactory bulb. Each odorant evokes a
unique spatial pattern of glomerular activity, presumably reflecting the
unique pattern of olfactory receptor neurons activated by the odorant. The
most thorough studies of glomerular spatial patterns have been performed us-
ing radiolabeled 2-deoxyglucose autoradiography, which involves prolonged
exposure to a given odor over about 45 minutes ( Johnson, Woo, and Leon
1998). The olfactory bulbs are then removed, sectioned, and exposed to x-ray
film for analysis. Although these studies have provided important insight into
olfactory bulb functional organization and odor coding, more recent imag-
ing studies suggest that, at least during the first few inhalations of an odor in
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mice, the spatial patterns are not stable. Rather, on sequential inhalations of
an odor, the spatial pattern is refined, becoming more focused as some
glomeruli are lost from the activated pattern (Spors and Grinvald 2002). The
reader is reminded that behavioral odor discrimination can be achieved 
in a single inhalation (Uchida and Mainen 2003), thus the shifts in spatial
glomerular activity patterns would largely influence subsequent perception
or may reflect a component of adaptation. Olfactory classical conditioning
can enhance odor evoked activity within the glomerular spatial pattern, with-
out changing the pattern itself, although these changes appear to only occur
during early postnatal development (Wilson and Sullivan 1994). Nonethe-
less, these two series of studies suggest an experience-induced adjustment in
spatial extent and/or intensity of glomerular activation in response to previ-
ously experienced odors.

Two experience-dependent changes have been observed in odor evoked
activity patterns of olfactory second-order neurons, which receive input from
the olfactory receptor neurons through synapses within the glomeruli and
send their axons to more central circuits. In invertebrates such as locusts and
honeybees, it has been argued that temporal synchrony of antennal lobe pro-
jection neuron firing is a critical component of odor identity coding by this
circuit (Laurent 1996). In the strongest statement of this hypothesis, spatial
activity patterns in the antennal lobe are largely epiphenomenal and odor
identity is entirely dependent on which projection neurons are coactive 
and in which temporal order.* The specific synchrony pattern evolves over
time during brief, approximately 50-millisecond epochs (observed as beta-
frequency oscillations in the local extracellular field potential), thus as the
odor becomes more familiar, the representation of that odor changes. The
temporal synchrony facilitates odor-selective responding in target cells in 
the mushroom body. Similar results have been observed in the zebrafish ol-
factory bulb, where over the course of a 1- to 2-second odor stimulus the tem-
poral patterning of activity within an ensemble of mitral cells changes to 
enhance the distinctiveness between representations of different odors (Fried-
rich and Laurent 2001). These results demonstrate that odor coding is dy-
namic and shaped by experience, even in the invertebrate antennal lobe and
nonmammalian olfactory bulb. At present it is unclear if these short-term dy-
namics in temporal patterns are retained over repeated stimuli, or if each rep-
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etition of the stimulus induces a resetting of the pattern. If the latter is the
case then it has been argued that some of the ensemble dynamics in this case
may be related to stimulus dynamics in intensity or structure of the odor
plume (Heinbockel, Christensen, and Hildebrand 1999; Christensen, Lee,
and Hildebrand 2003).

In rats, mitral cell molecular receptive fields can be shifted by odor expo-
sure. Mitral cells have excitatory molecular receptive fields spanning three 
to five carbons along the carbon-chain-length dimension, generally with a 
single carbon chain length evoking the largest response (best odorant). In 
urethane-anesthetized rats, prolonged exposure (50 seconds, approximately
100 inhalations) to an odor with a carbon chain length slightly longer than
the best odorant produces a shift in the molecular receptive field toward that
exposure odorant (Fletcher and Wilson 2003). The shift is not observed im-
mediately, but rather builds over at least 60 minutes. In some cells, this shift
is sufficiently strong to cause the exposure odorant to become the new best
odorant for that cell. Given the relatively brief induction period and the rel-
atively short time course between exposure and expression, it seems unlikely
that there is a change in olfactory receptor expression or glomerular inner-
vation. Rather, these results have been interpreted as due to a shift in efficacy
of intra- or interglomerular synapses, or potentially changes in cortical feed-
back to the olfactory bulb circuit. The latter hypothesis is appealing because
of the extensive feedback to the olfactory bulb from olfactory cortical regions,
and because of the well-documented role of centrifugal input on olfactory
bulb excitability and odor responsiveness (see Multimodal Odor Perception,
below).

Whatever the specific mechanism, an experience-dependent shift in mi-
tral cell molecular receptive fields toward familiar odorant features should re-
sult in enhanced representation of those features. Shifts in receptive fields
and cortical representations in other sensory systems are correlated with
changes in sensory acuity, and thus could be assumed to similarly correlate
with, or contribute to, the observed experience-dependent changes in be-
havioral odor acuity described above. Increased numbers of mitral cells en-
coding familiar features could enhance contrast of those features from un-
familiar ones, and/or enhance the intensity of or reliability of transmitting
information about those features to olfactory cortical neurons.

In addition to changes in projection neuron response patterns, odor ex-
posure and odor learning have also been shown to influence survival of both
juxtaglomerular (Woo and Leon 1991) and granule cell interneurons (Roche-
fort et al. 2002). This experience-dependent effect on interneuron number is
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odor specific in that cell counts are only affected near or underlying glo-
meruli specifically activated by the familiar odorant. Increases in numbers or
efficacy of olfactory bulb interneurons can have a variety of effects that influ-
ence odorant feature encoding. For example, Laurent and colleagues have
demonstrated that disruption of inhibitory action of antennal lobe interneu-
rons in honeybees, and enhancement of inhibitory action of olfactory bulb
interneurons in transgenic mice impair and enhance odor acuity respec-
tively. Thus, if experience itself can influence interneuron number or effi-
cacy, then odor acuity becomes experience dependent and is memory based.

Finally, several lines of evidence suggest that neurons in the piriform cor-
tex serve as sites of anatomical convergence of multiple odorant features ex-
tracted by the periphery and olfactory bulb and that piriform cortical circuitry
is ideally suited to learn familiar patterns of input. These patterns may in-
clude both olfactory and nonolfactory information, contributing to complex,
multimodal odor perceptions, but the discussion here will focus on olfactory
input only (see below for multimodal representations).

Linda Buck and colleagues have demonstrated that mitral cells conveying
activity from different types of olfactory receptors (and thus, presumably con-
veying information about different odorant features) terminate in small over-
lapping patches within the anterior piriform cortex (Zou et al. 2001). Thus,
single piriform cortical neurons can receive convergent feature input and
therefore begin the process of feature synthesis and formation of perceptual
odor objects. However, in addition to convergence of afferent input, the pir-
iform cortex includes an extensive intracortical association fiber system,
where a single piriform cortical pyramidal cell may have excitatory associa-
tive connections with over 2,000 other cortical cells ( Johnson et al. 2000;
Yang et al. 2004). It is these associative connections that are hypothesized to
be critical for synthetic processing of odor input, and it is these associative
connections that are most expressive of use-dependent associative plasticity
such as synaptic long-term potentiation (Barkai et al. 1994; Haberly 2001). Af-
ferent connections are also plastic and may contribute to behavioral habitu-
ation, adaptation to background, and other forms of odor memory (Best and
Wilson 2004).

The intracortical association fiber system has been hypothesized to allow
the piriform cortex to function as a combinatorial array, with individual, po-
tentially scattered cortical neurons dynamically synthesizing combinations of
odorant features. The Hebbian, use-dependent plasticity of association syn-
apses then allows the circuit to remember previous patterns. The cortical
memory adds a significant increase in the power of the olfactory system to
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recognize and discriminate odors over simple coincidence detection. The
cortical memory embodied in modified efficacy of association synapses can
allow the cortex to fill in missing components of degraded inputs, conceptu-
ally in much the same way that the visual system allows you to recognize a fa-
miliar face even if the face is partially obscured from view. Dealing with de-
graded inputs is critical for a system that must discriminate patterns of
overlapping inputs, such as when an odor is presented against a background
of odorants. If the target odor object shares submolecular features with the
background, then habituation to the background (and thus the overlapping
features) could obscure recognition of the target odor. However, once the tar-
get odor has been learned by the piriform cortex, habituation to a few fea-
tures shared with the background could be compensated for by the asso-
ciation fiber synapse memory, and the odor object perception allowed to
complete. A similar process could allow enhanced discrimination of familiar
odors from each other compared to novel odors. Neural network modeling
by James Bower and Michael Hasselmo has elegantly demonstrated the
power of the piriform to complete degraded patterns of input. This process,
however, can only occur with familiar input patterns, i.e., familiar odors.

An effective visual analogy here is perceptual grouping (fig. 5.3). On first
examination, it is unclear which features belong to the target figure and
which belong to the background or other figures. After appropriate experi-
ence, which could include coherent spatial movement of visual objects or
changes in contrast or past experience with the specific object, however, it
becomes possible to discriminate, in this case a Dalmatian dog, from the
background. The visual system learns which features to group into percep-
tual objects. Furthermore, once the pattern has been learned, it becomes easy
to discriminate the Dalmatian from other objects in the scene and even 
recognize it when partially obscured. This in brief, is the function of the
memory-based olfactory system.

In accord with this model, neurons in the anterior piriform cortex improve
at discriminating similar odorants with experience (Wilson 2001b). Using a
habituation/cross-habituation paradigm to analyze rat piriform cortex single-
unit discrimination of odorants varying in carbon chain length, we have
found that prior experience and neural plasticity play a critical role. After a
50-second exposure to a novel odorant such as heptane, piriform cortex sin-
gle units can discriminate (show minimal cross-habituation to) pentane. In
contrast, mitral cells show strong cross-habituation, as would be expected if
mitral cells respond to multiple odorants simply because they share a single
common feature. Habituate to that feature and responses to all odorants
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Fig. 5.3. An example of experi-
ence-dependent perceptual
grouping. Coherent spatial 
movement of some of the black
splotches can lead to grouping 
of those splotches into a visual
object, in this case a Dalmatian
dog against a background. Once
this grouping is learned, it is 
easy to see the dog against the
background even without the
movement cues.



should decrease. But anterior piriform cortex neurons show minimal cross-
habituation to similar odorants after 50 seconds of exposure (familiarization).
If we assume that the cortical circuit is learning the input pattern for heptane
during the 50-second exposure, and it is that learning that allows good dis-
crimination between heptane and other patterns, then disrupting that learn-
ing (and its underlying synaptic plasticity) should impair the ability of the cor-
tex to perform perceptual grouping and thus impair odorant discrimination
by its neurons. This is precisely what was found. Disruption of normal plas-
ticity by the cholinergic receptor antagonist scopolamine (the same drug that
prevents behavioral odor perceptual learning, described above) disrupts odor
discrimination by piriform cortical neurons, leaving them functioning largely
similarly to mitral cells (Wilson 2001a). These results suggest that without nor-
mal synaptic plasticity, the cortex functions largely as a passive coincidence
detector and loses its ability to deal with degraded input patterns.*

Odor Mixture Synthesis and Analysis Is Experience Dependent

As described earlier, simple odor mixtures can be perceived either in an an-
alytical manner, as a sum of their individually identifiable parts, or in a con-
figural or synthetic manner where the mixture has unique perceptual prop-
erties distinct from the components, which can not be individually identified.
Configural processing seems to be the default condition for complex mix-
tures of more than three or four components. Discrimination of mixtures
from their components and, to some extent, analysis of mixtures into com-
ponents should be improved with experience in animals. This kind of 
experience-dependent mixture synthesis and analysis would influence both
odor olfactory perception and figure-background separation. Given the na-
ture of peripheral odor processing—essentially highly analytical recognition
of submolecular features—the ability to synthesize and/or analyze odor mix-
tures is essentially a perceptual grouping problem. One set of features should
be processed as a unitary object different from another, potentially overlap-
ping set of features. Simple recognition of the physicochemical features of
odorants hitting the receptor sheet and subsequent anatomical convergence
of those features in central circuits is insufficient to account for perceptual
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grouping of mixtures or odors against a background. As memory and experi-
ence are added to the system, features that frequently co-occur can be learned
and synthesized into unique objects. This can facilitate identification of ob-
jects within a mixture or against a background under some circumstances,
and in others, when the components themselves are synthesized into a sin-
gle perceptual object, may reduce mixture analysis.

Prior experience with odor mixtures and their components can affect odor
mixture analysis or synthesis in animals. This work has primarily focused on
binary mixtures that can be processed either analytically or synthetically, al-
though in some cases more complex mixtures have been examined. As mix-
tures become more complex, the ability of animals to identify individual
components decreases and synthetic processing increases (e.g., invertebrates
[Derby et al. 1996], primates [Laska and Hudson 1993]). If spiny lobsters (Pan-
ulirus argus) are conditioned by pairing a binary mixture of food odorants
with a visually aversive unconditioned stimulus, they show very little gener-
alization to the individual components of that mixture, suggesting formation
of a unique synthetic percept of the mixture. However, if the lobsters are in-
stead trained in a differential conditioning task where mixture AX is paired
with the aversive unconditioned stimulus and mixture AY is selectively un-
paired with the unconditioned stimulus (thus components X and Y are dif-
ferentially conditioned) the animals do generalize between AX and compo-
nent X and AY and component Y in an analytical manner (Livermore et al.
1997). Thus the context and differential reward conditions can influence
whether binary mixtures are treated synthetically or analytically. Similar re-
sults have been obtained in the terrestrial slug Limax marginatus and the
honeybee (Apis mellifera).

The Limax data are particularly interesting in that they suggest that pre-
vious experience with the components alone enhances the ability to identify
them in a mixture, whereas mixtures of unfamiliar components are more
likely to be processed synthetically (Sekiguchi et al. 1999). These data fit with
the model described earlier wherein central circuits familiar with a particu-
lar input pattern should be more successful at perceptually grouping and
identifying that pattern against a background. In this case, if the central cir-
cuits have had experience with odorant A and odorant B individually, it
should be easier to identify those components when they are presented in a
binary mixture. Conversely, without prior experience with A or B alone, iden-
tifying them within a mixture should be difficult, as was the case in Limax.

Similar to the behavioral data above, there are good sensory physiology
data supporting both configural processing of odor mixtures and the effects
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of experience on this configural processing. Odor mixtures have opportuni-
ties for interaction and thus creation of novel percepts, at the receptor, within
olfactory bulb circuitry, and within cortical circuitry. Interaction at any of
these levels that results in a spatiotemporal pattern of activity different from
that evoked by the algebraic summation of the components presented indi-
vidually may result in a unique configural perception of the mixture and loss
of information about the individual components.

Similar to ligand-receptor interactions in pharmacology, odorants in a
mixture can interact at the receptor. Effective ligands for the I7 receptor in
rodents include octanal and citronella. Citral appears to act as an antagonist
at this receptor, reducing effectiveness of octanal to evoke responses in re-
ceptor neurons expressing the I7 receptor. Based on functional imaging of ol-
factory bulb glomeruli, octanal activates other odorant receptors in addition
to the I7 receptor. However, if octanal were presented in a mixture with cit-
ral, one piece of the normal octanal spatiotemporal pattern would be miss-
ing. This interaction at the receptor, therefore, could disrupt recognition of
the octanal as a component of the mixture and result in a unique, synthetic
percept of the mixture. Recent work by Leslie Kay and colleagues has, in fact,
demonstrated this in rats (Kay, Lowry, and Jacobs 2003).

Components of mixtures can also interact through circuitry in the olfac-
tory bulb or antennal lobe. In both Manduca and honeybees, binary odor
mixtures can evoke activation of unique glomeruli that are not evident in re-
sponses to the components alone. This could be due to interactions at the re-
ceptor as above, or could be due to lateral inhibitory and excitatory circuitry
within the bulb itself, modulating glomerular activity. In either case, activa-
tion of unique, mixture-specific glomeruli results in unique spatiotemporal
patterns of projection neuron activity that third-order neurons in the mush-
room bodies or piriform cortex must process. This spatiotemporal pattern
may or may not include the complete patterns of the individual components
and thus, as above, synthetic processing with a unique mixture percept and
limited identification of components results.

Finally, the more complex the odorant mixture is, and the more overlap-
ping in features and corresponding patterns of olfactory receptor activation
the components are, the more difficult the task of perceptual grouping fac-
ing the piriform cortex. We hypothesize that it is the limit in perceptual
grouping or pattern recognition abilities of the piriform cortex that places 
the upper bound on mixture analysis at three components. Beyond that limit,
individual component analyses become faulty and odorant mixtures are pro-
cessed as a single perceptual gestalt.
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Although odorant mixture interactions as described above can occur even
to novel, unfamiliar odorants, experience can shape cortical mixture pro-
cessing (Wilson 2003). Single units in the rat anterior piriform cortex can dis-
criminate (show minimal cross-habituation) between binary mixtures and
their components, if the mixture is familiar. With novel binary mixtures (less
than 20 seconds of experience) anterior piriform cortex neurons are unable
to discriminate the mixture from its components. In other words, when mix-
tures are familiar, cortical neurons treat them as unique objects, different
from their components. Without experience, cortical neurons appear to treat
mixtures and their components as more similar, consistent with the notion
outlined above of neurons simply functioning as coincidence detectors, with-
out synthetic memory or the ability to complete partial inputs. With habitu-
ation to a novel mixture, the cortex is unable to complete the degraded pat-
terns that constitute the mixture components, and discrimination fails (i.e.,
strong cross-habituation). After experience, the cortex has learned to treat the
combinations of features constituting the mixture as a unique, complete, syn-
thetic object, distinct from the patterns of features constituting their compo-
nents.

Odor Perception and Coding Can Be Multimodal 
and Experience Dependent

One of the remarkable characteristics of the mammalian olfactory system is
the extensive centrifugal input providing direct or indirect multimodal 
information to even the earliest stages of the pathway. The olfactory bulb re-
ceives a large feedback projection from the olfactory cortex, as well as mod-
ulatory inputs from the cholinergic basal forebrain and monoaminergic
brainstem nuclei. In addition to this convergence of olfactory and multisen-
sory activity directly within the primary olfactory pathway, olfactory system af-
ferents project to sites of multisensory, contextual, and hedonic convergence.
For example, as noted elsewhere, the olfactory bulb and piriform cortex pro-
ject to the amygdala, hippocampus, orbitofrontal cortex, and hypothalamus.
Thus, within very short pathways olfactory inputs become connected to he-
donic, contextual, gustatory, and feeding centers. Single neurons in the or-
bitofrontal cortex of primates express both olfactory and gustatory response
properties. In rats, single neurons in the amygdala respond to both olfactory
and aversive somatosensory stimuli. Furthermore, in rats, neurons in the pir-
iform cortex respond to olfactory stimuli and nonolfactory components of
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complex tasks, including stimuli predictive of odor sampling and reward con-
summation. This early multisensory convergence combined with the role of
memory in odor processing, may enhance the inclusion of nonolfactory com-
ponents into odor object percepts, thus creating odor percepts with inextri-
cably linked hedonic, contextual, and multisensory features.

An interesting example of this is in the work of Jeanne Pager and col-
leagues. They reported that rat olfactory bulb unit responses to food odors
were modulated by the hunger or satiety of the animal (Pager 1978). Thus,
olfactory bulb units were hyperresponsive to food odors if the rat was hungry,
compared with when the animal was satiated. The magnitude of responses of
the same cells to novel nonfood odors were not similarly dependent on the
internal state of the animal. This suggests that meaning of the odor influ-
enced how it was processed, even at the very earliest stages of the olfactory
system. If the animals had a novel nonfood odor associated with food when
they were young, then responsiveness to that odor became under the control
of hunger when the animals were adult. This suggests that past experience
shapes the meaning (hedonic, contextual components) of an odor and that
those components become tied to the physicochemical feature representa-
tion.

Similarly, both olfactory bulb mitral cell and piriform cortical cell single-
unit responses to odors can be shaped by previous associative experience. For
example, the piriform cortical single-unit response to an odor associated with
reward is different than the response to novel odors (Zinyuk, Datiche, and
Cattarelli 2001), suggesting that these cells may not only encode the physico-
chemical nature of the stimulus but also its nonolfactory associations.

As noted above, centrifugal inputs to the olfactory system are the primary
source of information concerning behavioral state and biological signifi-
cance. Cells in both the olfactory bulb and piriform cortex in rats respond in
a variety of non-odor-sampling components of behavioral tasks. For example,
Schoenbaum and Eichenbaum (1995) have demonstrated that neurons in
the piriform cortex respond not only to odor sampling, but also during ap-
proach to the odor-sampling port, approach to the water reward-sampling
port, and during reward consumption. Some of this apparently non-odor
evoked activity could reflect changes in sensitivity of the olfactory system with
changes in arousal, and thus are not true multisensory responses. Thus, for
example, activation of the noradrenergic nucleus locus coeruleus, as might
occur during arousal or vigilance, can increase mitral cell responsivity to ol-
factory nerve input ( Jiang et al. 1996). In this case, therefore what might ap-
pear to be a multisensory response to task contextual stimuli could actually
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be a response to background odor cues that is unmasked by changes in nor-
eprinephrine release in to the olfactory system. Activation of noradrenergic
b-receptors has also been shown to reduce activity-dependent depression at
the mitral cell–piriform cortical pyramidal cell synapse that has been linked
to cortical odor adaptation (Best and Wilson 2004). Schoenbaum and Eichen-
baum’s data however, suggest that different cortical cells are responsive to dif-
ferent multisensory aspects of the task which argues that not all of this activ-
ity is simply arousal mediated, and allows for the formation of complex,
multisensory and contextual representations of odor objects (Haberly 2001).
Network modeling and neuroanatomical analyses of association fiber con-
nections suggest that the posterior piriform cortex may be most involved in
this multisensory aspect of odor percept formation.

The other important component of multisensory processing of odors is the
nature of olfactory structures beyond the piriform cortex, including the amyg-
dala, orbitofrontal cortex, and hippocampus. Extensive reviews exist of these
three structures and their role in memory, emotion, and perception, thus only
a few examples specific to olfaction will be included here. Single units in the
lateral nucleus of the amygdala respond to both odor stimulation and foot-
shock in rats (Rosenkranz and Grace 2002). Single neurons in the amygdala
can thus serve as convergence sites for odors and their biological significance
and presumably contribute to the hedonic aspects of odor percepts. Neurons
in the cortical nucleus of the amygdala project back to the olfactory bulb,
thus providing another opportunity for state-dependent modulation of odor
coding as early as the second-order neurons.

The orbitofrontal cortex receives direct and indirect projections from the
piriform cortex, as well as nonolfactory inputs including gustatory and so-
matosensory inputs. The orbitofrontal cortex has been shown in both rats and
primates to include multisensory neurons, for example, single neurons that
respond to both odors and tastes. Orbitofrontal cortex neurons, similar to pir-
iform cortex neurons, also respond to many nonodor aspects of behavioral
tasks, such as during approach to odor or reward-sampling ports or reward
consumption. Furthermore, the response properties of these neurons can be
shaped by past experience (Rolls, Critchley, and Treves 1996). As in the piri-
form cortex, therefore, and perhaps to an even greater degree, opportunities
exist for single neurons to acquire complex, multisensory representations of
odor stimuli.

Finally, the hippocampus has long been recognized as a site involved in
memory and representations of complex stimulus relationships, including
representation of spatial maps and representations of simultaneously present
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stimuli. Gary Lynch and colleagues had hypothesized in fact that the com-
binatorial array circuitry begun in the piriform cortex is extended in the hip-
pocampal formation to assist in synthesis of complex odor mixtures into per-
ceptual odor objects (Lynch 1986). Damage to the hippocampal formation
and/or its afferents impairs performance in odor memory tasks requiring
comparisons of odor cues presented simultaneously. The hippocampus re-
ceives extensive multisensory inputs and thus could also serve as an impor-
tant site of formation of higher-order multisensory odor memories.

Summary

This section argues that olfaction can be functional in either a physico-
chemically driven mode, largely hard wired to detect specific physico-
chemical features of stimuli and drive labeled line central pathways, or a
memory-based mode, relying on a highly analytical periphery and experi-
ence-dependent, synthetic central processing of perceptual odor objects built
of those peripherally extracted features.

The parallels between the two olfactory processing modes described here
(physicochemical and memory based) and processes used in visual systems
is striking. In invertebrate predators such as dragonflies and in some verte-
brates such as frogs and toads, visual systems include feature-detection sys-
tems similar to the physicochemical olfactory mode. Toads, for example as
described above, have worm detectors as a component of their relatively 
simple visual systems wherein visual stimuli with the appropriate spatial char-
acteristics (long and thin and moving parallel to the long axis) evoke a worm-
catching-and-consuming reflexive behavior. Thus, this specific spatial stim-
ulus that matches an internal template activates a highly adapted response,
which, away from scientists with projectors and fake visual stimuli, helps feed
the toad. This is an unlearned response to a specific pattern of receptor and
central activation, very similar to the physicochemically driven olfactory pro-
cessing mode. Other animals have similar visual detection systems, such as
fly detectors in dragonflies.

More complex visual behavior, however, requires more complex and flex-
ible processing. A human visual system would probably not be fooled into
thinking (under normal circumstances) that a pencil is a worm. Our visual
system begins by breaking down a visual field into tiny bits and then puts the
bits back together again into perceptual objects. Innate or learned biases and
context may influence the synthetic process (its easier to see, or imagine we
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see some kinds of objects, such as faces, than others), but the breakdown into
components and reassembly into objects enhances the flexibility of our vi-
sual perception. However, the synthesis of visual objects in the higher-order
visual cortex requires experience.

This process is quite similar to that described for the memory-based ol-
factory processing mode, although there are important differences. Primary
among these differences is that once an odor perceptual object is learned
from a complex mixture of components, perceptual analysis of the mixture
into its components is not possible, while in vision, even after a face has be-
come very familiar we can still describe its individual features. This differ-
ence between analytical abilities in vision and in memory-based olfaction
may be a consequence of the lack of spatial dimension in the odor stimulus
that is a primary feature of the visual stimulus. For example, being able to se-
quentially scan a visual image may greatly facilitate the analytical process in
a way that is unavailable to the olfactory system.

Alternatively, the inability to analyze learned odor objects may simply re-
flect a limitation of the processing capability of the system. A similar limita-
tion appears in the visual system of some desert ants. These ants learn to home
toward the nest based on visual cues acquired on earlier trips. Thus, for ex-
ample, an ant may learn that the nest is surrounded by a triangle of three
stones of a particular size. The ant appears to learn this visual landmark as a
template in its visual system, not as a complex of different visual features. If
the ant learns the landmark with the upper half of its compound eye while
the lower half is experimentally occluded, it cannot recognize the pattern
with the lower half of its eye after the occluding mask is moved (Wehner,
Michel, and Antonsen 1996). Furthermore, it successfully finds its nest if the
stones are moved more distant from the nest, as long as the size of the stones
is increased proportionately to the distance to create the same size visual pat-
tern on the eye. These results suggest that the ant learns a visual perceptual
object (in this case the landmark around its nest) as a template, and once
learned, it cannot be analyzed into its components. This is, at least superfi-
cially, similar to the case in memory-based olfactory processing.

Constraints Imposed by This Solution

The two-mode olfactory system described here maximizes fidelity of re-
sponses to highly evolved chemical cues such as odors and maximizes flexi-
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bility of response to novel odors composed of complex mixtures. As described
elsewhere, this combination of a hard-wired processing mode driven by spe-
cific stimulus features, and a memory-based synthetic processing mode ca-
pable of responding to novel stimuli, is a common feature of many sensory
systems, including visual and auditory systems in many species. At two ex-
tremes, there may be examples of organisms with only one or the other sys-
tem. Bacteria, for example, have the physicochemical processing mode
alone. (In more complex organisms, it is important not to confuse the di-
chotomy of a physicochemical processing mode and memory-based process-
ing mode as necessarily implying a particular anatomical separation.)

Note that a single odorant may be processed by both modes. Thus, phero-
mone molecules can be recognized by the physicochemical mode as complete
stimuli, evoking activation of a specific central pathway. However, features of
those same molecules may be processed within the memory-based mode.

Together, these two modes produce a powerful tool for analyzing chemi-
cal stimuli. However, they also imply or impose some constraints on pro-
cessing. These constraints are beyond those already outlined of the individ-
ual systems themselves, such as the lack of flexibility and potentially limited
response breadth of the physicochemical system. Here, we will focus on po-
tential or evident constraints on the memory-based mode. These constraints
include or may include limitations in odor mixture analysis, confusion in
multimodal odor perceptions, and biases in synthesis of odor objects.

Limitations on Identifying Parts

First, although the memory-based processing mode begins with feature
analysis, it rapidly starts the process of synthesis, and it is that memory-based
synthesis that results in synthetic perceptual wholes. This synthetic process-
ing limits conscious or behavioral analysis of mixtures. Behavioral identifi-
cation of components in complex mixtures and, in some cases, even binary
mixtures is highly limited. We hypothesize that this is the case because odor
discrimination depends on piriform cortex output, and the piriform cortex
functions as an experience-dependent combinatorial array whose output ob-
scures the identity of individual component inputs. Familiar or highly dis-
tinct components will be easier to extract from simple mixtures because of
the ability of piriform cortical circuitry to recognize even partially degraded
or obscured familiar input patterns. However, if the component odorants are
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highly similar and thus produce overlapping inputs, or if there are a large
number of component odorants, the cortical circuitry will be unable to iden-
tify the components, but it will still produce a unique perceptual whole.

Most studies in animals, namely bees, lobsters, and rats, have been con-
fined to studying generalization between single odorants and mixtures. Rel-
atively few studies have examined generalization to multicomponent mix-
tures. For generalization to binary mixtures the findings from different phyla
are similar, namely that the experimental task primarily dictates whether the
animal treats the odor mixture elementally or as a unique configuration. For
example, in vertebrates, rats tested on a habituation paradigm treat mixtures
of similar smelling odorants as unique entities, in that they show responding
when subsequently exposed to the mixture elements, but not when dissimi-
lar odors are mixed together (Wiltrout, Dogra, and Linster 2003; experiment
1). Thus under these conditions animals treat similar smelling odors mixed
together as unique entities and dissimilar smelling odors mixed together as
two discrete components. However, under different conditions, namely those
pertaining to a blocking experiment, the similarity or dissimilarity of the com-
ponents used in the blocking mixture has no effect on the demonstration of
blocking. That is, here, animals must perceive the elements in both the sim-
ilar and dissimilar mixture for the blocking effect to occur (Wiltrout, Dogra,
and Linster 2003; experiment 2).

This interpretation of blocking experiments is not universally shared.
Pearce (1997) has argued that configural theories may also predict blocking
and that summation may provide a better test to distinguish between ele-
mental and configural accounts. To our knowledge this has not yet been
tested in rats using odor mixtures in a sensory preconditioning procedure.
However, in honeybees it has and they can show summation indicative of el-
emental processing (Hellstern, Malaka, and Hammer 1998). On the other
hand bees can also show evidence of configural processing, in that optimal
acquisition of an odor mixture in a sensory preconditioning paradigm occurs
after just one exposure. Elemental theories predict that multiple exposures
will enhance this further, but they do not (Muller et al. 2000). Thus under
certain conditions the components of a binary mixture may be identifiable,
but not under other conditions.

Similar results have also been obtained in lobsters. Livermore and col-
leagues (1997) found that when a lobster was aversively conditioned to the
odor mixture AX, no generalization to A, X, AY, or Y could be obtained. How-
ever, when animals were aversively conditioned to the odor mixture AX and
the odor compound AY was used to signal the absence of aversive reinforce-
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ment, generalization from AX to X and from AY to Y was observed. Again, dif-
ferent experimental conditions led the animals to treat the odor mixture as
either a unique configuration or a set of elements.

Whether animals, like humans, have limitations on the number of com-
ponents in a mixture that they can identify, has not been extensively explored
and only three studies address this question. Derby and colleagues (1996) 
examined generalization in lobsters from: (1) an aversively conditioned 
odor A, to single odorants (A) and mixtures (AB, ABC, ABCD, ABCDE,
ABCDEF, ABCDEFG); (2) an aversively conditioned odor mixture ABCD,
to single odorants (A) and mixtures (AB, ABC, ABCD, ABCDE, ABCDEF,
ABCDEFG); and (3) an aversively conditioned odor mixture ABCDEFG to
the same stimulus set described in conditions 1 and 2. They found that there
was little generalization from A to the other mixtures. When the ABCD mix-
ture was the conditioned stimulus, generalization to A occurred, but not to
any other mixture. When the seven-component mixture was the conditioned
stimulus, generalization was obtained to ABCD, ABCDE, ABCDEF, but not
to any other single compound or mixture. Obviously the results from this ex-
periment are not directly analogous to the human studies reported in the next
chapter, but these findings do show that generalization was typically limited,
suggesting that under these conditions (an important caveat as indicated by
the experiments described earlier) the odor elements were not readily de-
tected. On this basis then, lobsters do not appear to be that different from hu-
mans.

Similar results have also been obtained in squirrel monkeys (Laska and Hud-
son 1993). Three animals were trained to discriminate a twelve-component
odor mixture from carvone. After learning this discrimination, they were then
tested to see whether or not their ability to respond to the S� (the twelve-
component odor mixture) would be retained, when various sub-mixtures
were substituted for the carvone S�. When three-component mixtures were
used (with the components drawn from the twelve odors used in the twelve-
component mixture) the monkeys were readily able to select the food rein-
forced S�. The same held true for six-component mixtures. Performance
largely dropped to chance level, however, when 9-component and 11-com-
ponent mixtures were used. These results suggest that squirrel monkeys treat
the 3- and 6-component mixtures as discrete objects because little general-
ization occurs between them and the 12-component mixtures. Only when the
mixtures differ by between one and three components do the animals gener-
alize and thus fail to learn the discrimination.

The most compelling data are from a study using rats (Staubli, Fraser, et
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al. 1987). These animals were required to learn that the odor mixture ABC
indicated the presence of food in one arm of a radial maze. The same ani-
mals were also presented with another odor mixture ABD, which indicated
the absence of food in another arm of the maze. Once these relationships
were acquired animals were then trained with a new set of odors. In this re-
training phase odor D now predicted food in one arm of the maze and odor
C its absence. The extent of generalization from a mixture to its component
is evident here by the degree to which it interferes with learning of the new
relationships. Under the conditions described above, the animals acquired
the new relationships as rapidly as the old ones, indicating little interference
and thus little generalization between the mixtures and their elements. Thus
under these conditions the animals did not identify the mixture components.
Several other conditions were also tested. When the initial training odors
were binary mixtures, some generalization was obtained, suggesting that in
this case the animals could detect the components. Not surprisingly, when a
condition using four-component mixtures was used, no generalization was
found. Yet again, the earlier studies with binary mixtures demonstrate that the
experimental conditions can affect whether the animal treats the mixture in
a configural or elemental manner. Nonetheless, these findings in rats and
those in lobsters suggest that they too are poor at identifying the components
in more complex mixtures.

Constraints on Forgetting

Many animals show impressive long-term retention of olfactory material.
Rats, trained to discriminate 36 odor pairs, were able to successfully discrim-
inate odors drawn from this set 24 hours after training was completed (Slot-
nick, Kufera, and Silberberg 1991). Longer retention intervals for smaller sets
have also been observed in rats, with 5 of 7 animals retaining an olfactory dis-
crimination between a pair of odors when tested 53 days after training. Mice
show similar abilities. When trained with larger stimulus sets (16 odor pairs),
they were able to retain successful discrimination between pairs drawn from
this set up to 4 weeks after training (Larson and Sieprawska 2002). On sim-
pler problems, where one odor is paired with sucrose and another with wa-
ter, mice spend more time digging in a cup scented with the sucrose-paired
odor, even when this test is given 60 days after training. In fact performance
in these animals was considerably better than mice tested 24 hours after test-

Learning to Smell126



ing was complete (Schellinck, Forestell, and LoLordo 2001). Similar findings
have also been obtained using different discrimination procedures, with sim-
ple two-odor problems being successfully retained by mice for at least 32 days
(Bodyak and Slotnick 1999). Other mammals also show the same general pat-
tern. Rabbit pups, briefly exposed to juniper scent prenatally, demonstrate
a preference for juniper when tested one month after exposure (Bilko, Alt-
backer, and Hudson 1994). Guinea pigs retain a memory of another individ-
ual’s urine odor, following a brief exposure, when tested 4 weeks later (Beau-
champ and Wellington 1984). Likewise, hamsters habituated to the flank
scent of a male conspecific show more interest in the smell of a novel male
conspecific when tested 21 days later. Finally, Laska and colleagues (2003)
trained three spider monkeys on an odor discrimination problem and then
tested the retention of this discrimination 4 weeks later. The monkeys still
successfully performed following this interval. In sum, mammals appear well
able to retain olfactory information for periods extending to several weeks,
even when the stimuli are drawn from initially large sets.

Few animal studies have directly examined extinction or interference pro-
cedures. Laska, Alicke, and Hudson (1996) trained several squirrel monkeys
on an odor discrimination problem. During the interval between the original
training period and the retention test (conducted seven months later), the an-
imals were trained with a new odor discrimination problem during the last 15
weeks of the retention interval. Although not expressly designed to investigate
interference, the rate at which the monkeys learned the new odor discrimi-
nation problem provides some insight into the degree to which the old learn-
ing interferes with the new learning. The monkeys both acquired the new
problem as rapidly as they had the old one, indicating little proactive inter-
ference. Moreover, their performance on the retention test of the old learning
conducted seven months after initial training revealed that the old problem
was at least partially retained, as it was rapidly relearned. These findings sug-
gest little proactive or retroactive interference for this type of odor learning.

Sensory preconditioning is the animal analogue of odor-odor and odor-
taste learning in humans (see chapter 6). Unfortunately most sensory pre-
conditioning experiments have not explored the effect of extinction on odor-
odor associations, but some data are available for odor-taste associations.
These data reveal a dissociation between what appear to be two different
forms of odor-taste learning. Harris, Shand, Carroll, and Westbrook (2004)
found that rats exposed to an almond-sucrose mixture rapidly acquired a pref-
erence for almond-scented water after training. However, the resistance of
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this preference to extinction is mediated by the motivational state of the an-
imal at test and during acquisition. Rats trained and tested while sated do not
show extinction, that is, a preference for almond-scented water over water
alone is retained following exposure to almond-scented water unflavored by
sucrose, posttraining. Rats trained food deprived or tested when hungry do
show extinction, suggesting that animals can acquire either (or both) an odor-
calorie association which is not resistant to extinction and an odor-sweet taste
association which is. The latter finding is remarkably similar to that observed
in humans where the dependent variable is odor sweetness ratings. This too
is presumably an odor-taste (rather than calories) association, and this too is
resistant to extinction.

Honeybees also show a remarkably similar effect (Abramson et al. 1997).
Following proboscis conditioning using a sucrose-paired odor, extinction is
readily obtained when only the odor is presented, but when the odor and su-
crose are presented in an unpaired format, after training, the animals con-
tinue to respond to the odor. This is similar to the results obtained in rats be-
cause, when the sucrose is presented, the animals are allowed to consume
the sucrose for three seconds. Thus, during the unpaired extinction proce-
dure animals can be considered as sated, unlike the extinction condition in
which the odor is presented without any sucrose feeding.

The degree to which odor learning is context specific has also been ex-
plored, but again in a rather limited way. Humans may be relatively context
insensitive with odor-learning phenomena, although little direct evidence is
yet available. Rats trained on an odor habituation task to a male conspecific’s
odor show as much interest to a novel conspecific’s odor when tested in a new
context, as they do when tested in the original training context, suggesting
that retention and recollection of this material is relatively independent of
where it was acquired (Burman and Mendl 2002). Similarly, sensory precon-
ditioning using almond odor in saline is context insensitive, because testing
preference for almond under conditions of salt deprivation can manifest both
in the training context and in a novel context as well (Westbrook et al. 1995).

Although the literature on forgetting is limited in animals, what there is
appears similar to findings in humans. Animals can retain olfactory informa-
tion for long periods, this information can be retrieved in contexts different
from the one in which it was learned, and the information, at least some
forms, is insensitive to extinction or interference. Information that is sensi-
tive to extinction-like procedures appears to be related to calorie learning, in
other words this allows animals to recalibrate the usefulness of an odor as a
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predictive cue. Recalibration would appear to have little value in informa-
tion that is insensitive to extinction and to change in context.

Redintegration

Another constraint, and largely a function of the first, is that odor perceptions
will include integral multimodal components, and, in the correct circum-
stances, a reduced subset of these various components may be sufficient to
recall the whole (redintegration). Given the synthetic and experience-
dependent nature of odor processing described, and the opportunities for
multimodal, contextual, and hedonic input to that processing, odor percep-
tual objects will contain nonextractable multimodal, contextual, and hedo-
nic components. The clearest example of this comes from human intro-
spection and research demonstrating sweet odors. However, animal behavior
also suggests strong ties between odors and the associations and learned out-
comes. Odor memories may be so robust because the associated memories
are components of the odor perception itself.

However, there is currently little evidence available in animals to suggest
that a part can recover the whole. One possible line of evidence emerged
from bulbar lesion studies, in which an odor’s 2-deoxyglucose (2-DG) focus
was selectively lesioned. Such lesions have little effect on subsequent ability
to discriminate that odor—propionic acid (Lu and Slotnick 1994)—suggest-
ing that the remnant portion of the pattern generated by the glomerular layer
is sufficient to activate a representation of the original odor and thus an ap-
propriate behavioral response. This interpretation appears unlikely, however,
because animals who have never been exposed to propionic acid, yet who
have medial bulb lesions that excise the primary 2-DG focus, are as quick in
learning a propionic acid discrimination task as animals that have had no le-
sion or sham surgery (Slotnick et al. 1987, 1997). These latter findings are en-
couraging for a different reason, because they suggest that it is the bulb’s over-
all output, rather than output from specific receptor types located on one area
of the bulb, that is important.

Finally, we expect that biases may exist within the memory-based mode
such that some feature combinations or receptor inputs may be easier to learn
or more influential in forming associations than others. Just as there are evo-
lutionarily controlled, biological biases in tuning of the physicochemical
mode, there may be evolutionarily controlled, biological biases in feature
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synthesis within the memory-based system. This may be especially true when
including multimodal or hedonic components to the odor perceptual object.
For example, olfaction and taste appear to have a special relationship wherein
the combinations provide a unique perception called flavor. This relation-
ship may be similar to the special relationship between vision and audition
in many animals where spatial maps of visual object location and of auditory
object location physically overlap in the superior colliculus, allowing sounds
to help orient our visual system. The interaction between these systems can
be more than just simple convergence, but actually instructive wherein the
visual input to the map can be used to calibrate the auditory map (Feldman
and Knudsen 1997). Both the olfactory-gustatory and visual-auditory rela-
tionships represent biological biases in multimodal interactions.

Conclusions

For many, perhaps most animals, olfaction appears to be processed in two 
different modes. One mode functions as a hard-wired, physicochemical de-
tector, driven by specific chemical stimuli capable of evoking stereotyped,
though not necessarily reflexive behaviors. This processing is under evolu-
tionary selection pressure to deal primarily with communication signals such
as pheromones. The stimuli may consist of single molecules or highly spe-
cific, invariant mixtures. This physicochemically based processing mode al-
lows rapid, low-threshold responses to relatively predictable stimuli, with pre-
cise, consistent meanings, that have been stable over evolutionary timescales.
The primary disadvantage of this mode is its necessarily limited breadth and
flexibility in responding to novel stimuli. In contrast, the second processing
mode functions in a memory-based, synthetic manner involving peripheral,
submolecular feature extraction and central experience-based synthesis of
those features into perceptual odor objects. This mode allows recognition of
less predictable, potentially more variable and dynamic stimuli whose be-
havioral meaning may change with experience. The disadvantages of this
mode include required additional processing circuitry and limitations of per-
ceptual analysis of odor objects once they are learned.

Individual stimuli may be processed in both modes. These two modes
need not be anatomically segregated. Although in mammals the physico-
chemically based system fits more closely with the vomeronasal-accessory ol-
factory system and the memory-based system fits more closely with the main
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olfactory system, the main olfactory system may include physicochemically
based subunits. The mammary pheromone in neonatal rabbits, 2-methylbut-
2-enal, is an excellent example of a physicochemically based process pro-
ducing stereotyped behavior, yet being processed by the main olfactory sys-
tem (Schaal et al. 2003). In addition, the two processing modes may directly
interact with, for example, the physicochemical mode functioning to instruct
the memory-based mode. Chemosensory control of male hamster mating
provides an example of this instructive role. Similarly, association of novel
odorants with pheromones in neonates can provide meaning (and thus mod-
ify subsequent behavior) to those novel odorants (Sullivan, Hofer, and Brake
1986).

The memory-based processing mode provides a powerful method of 
dealing with unpredictable, dynamic, highly complex mixtures experienced
against similarly complex chemical backgrounds—precisely the conditions
under which much of olfactory behavior occurs. In addition to allowing for
experience-based synthesis of complex mixtures into unique perceptual ob-
jects, the cortical circuitry on which the memory-based processing relies also
enhances stability of responses to degraded inputs (Barkai et al. 1994). The
ability to recognize partially degraded input patterns enhances recognition of
familiar objects from highly similar patterns, enhances detection of those ob-
jects against complex backgrounds, and may contribute to perceptual con-
stancy with variations in intensity. The experience-dependent synthesis of
odor objects appears to also create complex, multidimensional odor percep-
tions, which may include inextractable contextual and multimodal compo-
nents. Synthetic odor objects of complex odorant mixtures become highly
distinct percepts with integral learned meanings.

As opposed to the physicochemical mode in which a single component
within a complex mixture can be detected and drive behavior, synthetic
memory-based processing obscures perception of mixture components. This
can have the effect of broadening the information content of an olfactory
scene. In physicochemical processing, the presence of odorant A evokes a
particular behavior, potentially regardless of the other components of the ol-
factory scene. In memory-based processing, odorant A may have one mean-
ing if sensed alone or contribute to any number of distinct percepts de-
pending on the combination of other odorants with which it is mixed. This
combinatorial processing, while limiting mixture analysis, dramatically en-
hances the information available to be extracted from the chemical environ-
ment.
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The combination of physicochemical and memory-based olfactory modes
of processing occurs to some extent in most invertebrate and vertebrate
species examined to date and has close conceptual parallels in other sensory
systems. The presence of dual processing modes in olfaction across the ani-
mal kingdom and across sensory systems suggests this is a powerfully adaptive
way of dealing with information processing in general.
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6

Odor Quality Discrimination 

in Humans

The Function of Human Odor Perception

One way to assess the function of olfaction in humans is to examine the con-
sequences of its loss. Humans rely primarily on vision and audition, and so
the sense of smell assumes far less importance relative to many other animals.
Thus, although blindness or deafness are serious disabilities, anosmia exerts
more subtle effects. These include (1) vocational problems where the sense
of smell is required professionally (e.g., chefs, bakers, firemen, etc.; Callahan
and Hinkebein 1999); (2) depression, especially with parosmia (Deems et al.
1991); (3) weight loss through decreased appetite (Deems et al. 1991); (4) safety
issues concerning the identification of smoke, natural gas, and other such
odorants (Mann 2002); (5) problems with personal and food hygiene (Calla-
han and Hinkebein 1999); and (6) reduced libido (Costanzo and Zasler 1991).
Notwithstanding these practical consequences, the aesthetic loss of no longer
being able to enjoy eating and drinking, where olfaction is the primary sense,
and the inability to experience pleasant natural odors is reflected by lower
quality-of-life scores reported in anosmic individuals (Miwa et al. 2001).

The effects of anosmia point to a number of functional roles for human
olfaction, namely, ingestion, disease avoidance, sex, and hazard warning.



Each of these functions is examined in turn with the aim to understand what
the olfactory system needs to accomplish to fulfill that function. Finally, the
issue of perceptual expertise in olfaction is touched upon as this too falls
within the bailiwick of function, albeit of a highly specialized sort.

Ingestion

Mammalian olfaction is uniquely configured, in that there are two discrete
means of stimulating the same set of receptors. The first, sniffing or orthonasal
olfaction, is clearly experienced as a distinct sensory channel relative to vision,
touch, and hearing. This is suggested both by common experience and by the
general tendency to identify the sense with the sensory channel (Abdi 2002).
The second route is retronasal olfaction. This involves the diffusion of volatiles
during eating and drinking, via the nasopharynx, to the olfactory receptors.
Here too, the sense and sensory channel are perceived as one, so that many
participants mistakenly regard the sensations evoked by food or drink in the
mouth as taste, not smell (Murphy and Cain 1980). Several lines of evidence
suggest this. First, patients reporting loss of their sense of smell typically report
loss of smell and taste, even though their sense of taste is usually intact (Deems
et al. 1991). Second, healthy participants are often surprised at the dramatic ef-
fect of pinching their nose while eating or drinking (Stevenson 2001a). This
simple expedient prevents the diffusion of volatiles via the nasopharynx, leav-
ing just the taste and somatosensory components of flavor (Lawless 1996).
Third, the tendency to treat taste and smell as one sense during ingestion is
reflected linguistically. Rozin (1982) found that, of the ten languages he sur-
veyed (English, Czech, French, German, Hebrew, Hindi, Hungarian, Man-
darin, Tamil, and Spanish), none had terms distinguishing between the ol-
factory and taste components encountered during ingestion.

A variety of functions are subsumed to the olfactory system during inges-
tion. Prior to ingestion, these functions include identifying stimuli that are
foods, identifying whether they are fit to eat and whether they are likely to be
pleasant. Clearly, such functions do not occur without the participation of
the other senses, especially vision. Nonetheless, as the anosmia literature in-
dicates, detecting rotten food and judging palatability, in particular, may be
adversely affected if olfaction is absent. Once food (or drink) is placed in the
mouth, the olfactory component of flavor again contributes to the decision
as to whether or not to ingest. In addition, olfaction plays an important role
in the regulation of intake, mediated primarily by motivational changes that
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manifest as alterations to the odor’s hedonic attributes. Each of these func-
tions is now explored in more detail.

Children learn relatively early the distinction between foods and non-
foods, a process that does not initially appear to be under the control of the
sensory properties of the stimulus (Rozin et al. 1986). This changes with age,
such that the stimulus properties, especially smell, come to govern whether
an item is classed as food and thus fit for ingestion (Fallon and Rozin 1983).
In adults, there is a marked reluctance to try novel foods, expressed as a gen-
eral but mild expected dislike for all new flavors (Pliner and Pelchat 1991).
Elisabeth Rozin has suggested that this tendency to only consume familiar
flavors may dictate culinary style, given that many food cultures can be re-
duced to a set of flavor principles (E. Rozin, S. Rozin, and E. Rozin 1992).
For example, tomato and oregano in Italian food, or garlic, cumin, and mint
in Northeast African food, typify the flavor principles at work in these cui-
sines. Flavor principles then may allow the introduction of new foods, by fla-
voring them with a combination that is already familiar, thus rendering the
food as edible and bypassing the neophobic response (Rozin 1978).

The expected palatability of food again involves more than one sensory
channel. For some foods, smell is important in determining whether the food
is ready to eat (e.g., ripeness). Not only is this controlled by knowledge and
experience with that particular food type (i.e., hung venison), but also by im-
mediate and delayed consequences from eating the food on previous occa-
sions. Experiences that act to enhance palatability in this way include the
food’s caloric density (e.g., Booth, Mather, and Fuller 1982) and protein con-
tent (e.g., Gibson, Wainwright, and Booth 1995). Those acting to reduce it
include whether the food previously made you sick (e.g., Cannon et al. 1983).
Once the food is prepared and eating starts, olfaction again serves to detect
whether the food should be eaten—the last chance before it is incorporated.

The final function of olfaction in this context is in its contribution to gov-
erning meal size. This occurs through two principle mechanisms. The first,
sensory-specific satiety, is particular to the type of food being eaten and re-
sults in a selective reduction in palatability for that food (Raynor and Epstein
2001). This occurs independently of caloric load, so that intake can be con-
trolled prior to the delayed signals resulting from ingestion. The second, a
more delayed effect based on caloric load, renders food odors, in general, as
less pleasant postingestion, reaching a peak shortly after a meal and lasting
for a number of hours beyond (Duclaux, Feisthauer, and Cabanac 1973).
These mechanisms, although not the only ones governing intake, act via an
odor’s hedonic attributes.
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The subjective experience of olfaction during ingestion (i.e., retronasal ol-
faction) apparently is similar to what most participants think of as smelling
(i.e., orthonasal olfaction), because, as noted earlier, both pathways stimulate
the same set of receptors (Pierce and Halpern 1996). What will modify
retronasal sensation, however, is the taste and somatosensory information that
accompany eating and drinking. Although this makes for a more complex
sensation, all olfactory experience, irrespective of orthonasal or retronasal ori-
gin, still seems to be characterized by three dimensions: intensity, hedonics,
and quality. This observation is based on findings from multidimensional
scaling of pairwise similarity ratings of sets of olfactory stimuli (e.g., Schiff-
man 1974; Schiffman, Robinson, and Erickson 1977; Carrasco and Ridout
1993). Intensity is (relatively speaking) the simplest dimension and appears
constrained to the unipolar dimension of barely perceptible through to over-
whelming. The hedonic dimension is continuous, but bipolar, with positive
and negative poles. The qualitative dimension is by far the most complex and
has resisted any attempt at categorization (Lawless 1996). In the main, food
odors appear to be characterized by their idiosyncratic resemblance (redo-
lence) to other odors, rather than by some underlying system of organization
as evident for color or pitch. Although intensity, hedonics, and quality are psy-
chologically discrete, they clearly interact. For example, departures from op-
timal (i.e., expected) levels of intensity or quality both result in ultimately
greater dislike for a food or drink (Cardello et al. 1985).

Decisions to consume appear to be based on the resemblance of the stim-
ulus to other foods or drinks (i.e., quality/intensity) and whether prior expo-
sure to it had positive or negative outcomes (i.e., hedonics). Continued in-
gestion appears to be governed, at least in part, by reductions in palatability
of the stimulus (i.e., hedonics) over time. In all of these cases the focus of at-
tention is on the overall object (the food or drink in question) and its prior
consequences. Focus is not on its specific components nor on other inci-
dental odors that may be present at the time (e.g., the smell of perfume, table
polish, etc.). Thus, two key functional aspects of olfaction, in this context, are
identifying olfactory food objects and their consequences and discriminating
them from the background of other concurrent olfactory stimulation.

Our experience of food and drink odors appears to be a unitary one. That
is, foods such as cheese, chocolate, coffee, and wine are not experienced as
a series of discrete components but as discrete entities (Livermore and Laing
1998a). This is strongly indicated by laboratory-based research described later
on and by our use of object level labels to describe odors (Dravnieks et al.
1986). Not only is treating a food odor as an object logical from a behavioral
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perspective, the nature of olfactory stimuli themselves may demand it. Nearly
all olfactory stimuli that we encounter during ingestion (and more generally)
are not pure odorants, but complex mixtures composed of tens or hundreds
of volatile chemicals, each contributing in varying degrees to the overall
aroma (see table 6.1; compiled from Maarse 1991). Moreover, different brands
or varieties of the same food or drink will have diverging combinations and,
at least for natural food products, such as vegetables, fruits, and meat, there
is likely to be considerable variation in the relative abundance of different
volatile components both over longer periods (e.g., as a consequence of
drought) and in the short term as well (e.g., as a consequence of senescence).
Consequently, the olfactory system has to identify a food that is composed of
multiple volatiles that may change over time, against a changing background
of other odors. Thus, global resemblance is a more useful heuristic than a
careful analysis of features.

Disease Avoidance

Adults go to some lengths to avoid certain types of smell, especially fecal, uri-
nous, and organic decomposition odors (Rozin, Haidt, and McCauley 2000).
Such odors engender a markedly negative hedonic reaction that is charac-
terized as the emotion of disgust. Several types of explanation have been ad-
vanced as to the origins of this response, many with a psychodynamic bent
(e.g., Miller 1997). Nonetheless, there is contemporary agreement that re-
pulsion to such odors is typically acquired during childhood (Peto 1935; Mon-
crieff 1966; Stevenson and Repacholi 2003) and that the stimuli that most
readily engender such responses are those associated with pathogens (Curtis
and Biran 2001). In sum, it pays to stay away from decomposing animals and
bodily excretions, as these may be potent vectors of disease.

Disgust is clearly important to ingestion, because a foul-smelling food
would likely be an indication of microbial contamination (Rozin and Fallon
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Table 6.1 Number of Volatiles Identified in Different Foods and Drinks

Coffee 655 Cocoa 462 Tea 467
Whisky 57 Cognac 68 Milk 49
Bread 296 Rice 100 Potato 140
Fried onion 120 Tomato 400 Carrot 95
Banana 350 Grapefruit 206 Strawberry 360
Ginger 146 Vanilla 190 Pepper 122

Source: Maarse 1991



1987). Likewise, inhalation, or later oral incorporation by touch, could lead
to parasitic or microbial infection (Cousens et al. 1996). Such reactions are
clearly not monolithic. If they were, then it would be very difficult to deal
with our own intimate odors, those of sexual partners, babies, or pets and
there is evidence that hedonic responses in exactly these circumstances are
modulated by knowledge of the odor’s source (e.g., Kalogerakis 1963; Flem-
ing et al. 1993; Stevenson and Repacholi 2005).

The stimuli that evoke these responses are again composed of a vast array
of volatiles (e.g., feces; see Pollien et al. 1997), and the same argument that
was applied to the identification of odorous food objects applies with equal
force here. Object level identification and rapid hedonic reaction should re-
duce the likelihood of contact, inhalation, and ingestion.

Sex and Attachment

Clearly odor does not play the key role in mate selection and infant attach-
ment that it does in many mammals. However, at a minimum there is some
residual function for olfaction in several aspects of human sexuality and in
the relationship between kin. At a psychological level, women report that a
man’s smell is the most important determinant of attraction, and, not sur-
prisingly given this emphasis on smell, women spend something approach-
ing 3.4 billion U.S. dollars per year on scented products (Herz and Cahill
1997). Behavioral evidence is somewhat more equivocal. Although some data
suggest that women are attracted to the putative male pheromone andro-
stenone found in male axillary secretions (Cutler, Friedmann, and McCoy
1998; Cowley and Brooksbank 1991; Kirk-Smith and Booth 1980), the research
evidence is too weak to make any definitive statements in this regard (see
Wysocki and Preti 1998; Doty et al. 1985).

Whether mate choice is actually influenced by smell has been investi-
gated, but only in the most preliminary way. In one closed religious com-
munity in the United States (the Hutterites), mate selection does appear to
be governed by the choice of partners who have dissimilar human leukocyte
antigen (HLA), as in rodents (HLA is equivalent to major histocompatibility
complex [MHC] in rats and mice; Ober et al. 1997). These effects appear to
be mediated by olfactory cues, at least in rodents (Ehman and Scott 2001),
and humans too can discriminate between the smell from rodent urine com-
ing from different MHC strains (Beauchamp et al. 1985). This suggests that
HLA-based human olfactory mate selection may occur.
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Although at least one failure to obtain evidence of HLA-based mate pref-
erence in humans has been reported (Hedrick and Black 1997), people do
seem to prefer dissimilar HLA types when smelling sweat (Wedekind et al.
1995). Others have found that HLA similarity is typically higher in couples
not achieving pregnancy through in vitro fertilization (Weckstein et al. 1991).
In mice at least, and probably also in humans, MHC/HLA is detected by the
olfactory system; thus, in this respect odor may contribute to both choice of
a mate and ultimately to breeding success.

Another currently controversial issue is whether olfaction can mediate
menstrual synchrony in women. McClintock’s (1971) study suggested that
women who have relatively frequent contact with each other have more syn-
chronized menstrual cycles than women who do not. More recent work, con-
ducted in various countries, has explored the generality of this effect and has
been largely supportive of her original finding (e.g., Weller, Weller, and Roiz-
man 1999). Such work has also demonstrated that synchrony results from ol-
factory cues (Stern and McClintock 1998). Nonetheless, a critical review by
Schank (2001) suggests that some of the reported synchrony effects may be ar-
tifacts of the recording procedure and that synchrony may not confer any ben-
efits with respect to reproductive success.

Following birth, breastfed infants appear to develop a preference for the
smell of the mother’s breast pad over that of another lactating mother (Rus-
sell 1976). The converse also appears true, that mothers rapidly acquire the
ability to discriminate the body odor of their baby from that of other babies
of a similar age (Porter, Cernoch, and McLaughlin 1983). Moreover, fathers,
grandmothers, and aunts can also recognize the smell of their adult kin
(Porter et al. 1986). All of these processes seem to result from mere exposure.

Although in humans many other sensory channels contribute to the for-
mation of a secure attachment between mother and infant, rapidly acquired
odor preferences may reflect the vestiges of a process seen at work in other
mammals (Sullivan et al. 1991). Because olfaction is a highly emotive sense,
the positive affect generated by such smells may be one factor in maintain-
ing attachment.

The olfactory stimuli that are involved in these various processes are, as
with the other stimuli already discussed above, typically complex and vari-
able. Thus, for example, the axillary odor of men will vary as a consequence
of diet, anxiety, and exercise but will still retain a unique signature for that in-
dividual (Kalmus 1955; Doty et al. 1985). In the same manner, the smell of ba-
bies’ skin, mothers’ skin, breast milk, and female sexual secretions are also
composed of multiple volatiles, which may vary over time (Nicolaides 1974).
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Thus the ability to identify an individual’s unique odor, as humans clearly can,
must also depend on characteristics of the whole stimulus, the odor object.

Hazard Warning

Apart from disease avoidance, olfactory cues, especially orthonasal ones, can
serve to warn of danger. Burning smells are a ready example, but other odor-
ants too can function in this way by virtue of their association with potentially
hazardous situations. These include methyl mercaptan, which is added to
odorless natural gas and is regarded as the smell of gas (Russel et al. 1993).
Likewise, the odors of musty hay, onions, and geraniums, signaled gas attacks
with, respectively, phosgene, mustard gas, and lewisite, in the trenches of the
First World War (Moncrieff 1951). More recently, tobacco smoke has been
similarly categorized and is regarded by many as a trigger for asthma and as
a toxic and disgusting chemical cocktail (Rozin 1999). As noted in all the
other functional cases above, identification at the object level again appears
the norm.

Perceptual Expertise

So far the focus has been on the function of olfaction in healthy individuals.
There are certain groups, however, who are more dependent on olfaction.
These include perfumers and flavorists, organic chemists, sensory evaluation
panels, dairy, beer, and wine manufacturers and judges, expert panels (e.g.,
detecting taints), blind and deaf-blind people, and olfactory scientists. In all
cases, these individuals have considerable exposure to odorants and have 
access to varying degrees of training, which usually involves learning odor
names. Because the ability of these groups may tell us to what extent human
olfactory ability can be improved and how, a discussion of the relatively lim-
ited literature in this area is postponed until later in this chapter.

What Function Implies about Process

The fundamental task faced by the olfactory system involves the identifica-
tion of a complex mixture of chemicals (the odor object), which may vary
over time, against a continuously shifting olfactory background. Behaviorally,
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meaningful events in the world occur at the level of the odor object. This
level is typically equivalent to the object’s visual referent and to its verbal la-
bel. Things happen as a consequence of either eating the object (e.g., get sick,
feel replete) or contemporaneously with smelling it (e.g., discovery of a fire,
dinner cooking). Therefore experientially, the object level description of an
odor would seem to be the most useful form of representation.

To enable the identification of an odor object, the olfactory system needs
to be able to acquire and bind new patterns of stimulation generated by mul-
tiple chemical stimuli—new odor objects—consequently olfactory percep-
tion should be heavily reliant upon learning. A large number of predictions
about the nature of the olfactory system flow from this ecological perspective.
(1) Where variation in exposure to odors occurs, either deliberately through
manipulation in the laboratory or by natural experiments such as between
cultures, one should find differences in olfactory perception for the same
stimulus. That is, those familiar with a particular odor object should be bet-
ter able to discriminate it from other odors and should describe it in a more
specific way, relative to those unfamiliar with it. (2) Not only should objec-
tive and subjective perceptual characteristics be affected by experience, but
so should the affective component of olfactory experience, as this represents
the consequences ensuing from previous encounters with it. (3) A heavy re-
liance on learning must imply a heavy reliance on memory both for odor 
object recognition and hedonics. Consequently, any damage to olfactory
memory—however it is instantiated in the brain—should result in significant
deficits in odor discrimination and in appropriate hedonic responses as well.
(4) Reliance on learning also implies developmental changes in the ability
to discriminate odors as experience is accrued; consequently, developmental
changes in olfactory perceptual abilities such as discrimination (improve-
ment over childhood) and olfactory hedonics (increase in variance over
childhood) should be expected. (5) Many of the processes that take place in
healthy individuals as they acquire odor objects (e.g., predictions 1 and 4)
should be accentuated in people with olfactory expertise. Such individuals
should be especially good at odor discrimination within their respective do-
mains. The experimental evidence pertinent to all of these points, especially
the role of learning, is examined in the next section.

Finally, olfactory experience, in healthy participants, does not occur in iso-
lation. Other sensory modalities, especially taste, somatosensation, vision,
and, to a lesser extent, touch and audition, impact both upon how an odor is
perceived and whether it is liked or disliked. Likewise, language probably
plays an important role in how we respond to odors and possibly in how we
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perceive them, as the motivational state also does. Therefore any complete
view of olfaction, especially in humans, must take into account the often sub-
ordinate nature of olfaction relative to language and the other senses and, as
in animals, the organism’s motivational state. These issues are discussed at
the end of the next section.

Is What We Know about the Olfactory System

Consistent with This?

Learning

At least two putatively different types of learning process have been identified
in human olfaction. The first involves quality and the second hedonics, but
whether these need to be viewed as independent systems is not yet fully es-
tablished. For clarity of exposition we deal with each separately and examine
the issue of independence in the hedonic section.

Sensory Systems

Mere exposure to a set of unfamiliar odors results in greater discriminability
between the members of that set. Rabin (1988) exposed participants to a set
of seven odors, twelve times, after which participants were given a series of
paired discrimination trials. On each trial pairs were either composed of two
identical odors or two different odors. Participants who had received either of
the two control conditions—no preexposure or exposure to a different set of
odors—were significantly worse at discrimination relative to the preexposed
alone group. A similar finding was made by Jehl, Royet, and Holley (1995),
who exposed participants to targets or distractors either not at all, once, twice,
or three times in a between-group design. This was followed the next day by
paired comparisons between same and different odors pairs, some or all of
which had been preexposed during training, depending on the group. Expo-
sure enhanced discrimination. The maximum benefit was obtained follow-
ing two or three exposures (d� for zero exposure, 1.5; one exposure, 1.8; two
exposures, 3.2; and three exposures, 3.8). Although hit rate tended to increase
with exposure (p � 0.07), most of the effect manifested as a decrease in false
alarms.

One concern in these experiments is that participants are required to hold
some form of olfactory image during the interval between receiving each
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member of the pair on test. Although on the surface this would appear to
make the studies above less interesting, if anything it suggests the reverse.
This is because if the representation becomes more well defined as a conse-
quence of learning the odor object, then the representation should also be
enhanced across time improving discrimination on such comparative tasks.
Rabin and Cain (1984) demonstrated exactly this relationship. They found
that recognition memory performance (a function of discriminability) was
significantly related to the judged familiarity of the odors used in testing.
Thus greater familiarity predicted better recognition memory performance.
Similar results have also been obtained using experimental methods in
which familiarity (exposure) is manipulated within the design. Jehl, Royet,
and Holley (1997) found that exposure alone, compared with a no-exposure
control, enhanced performance on a subsequent recognition memory test.

Rabin (1988) conducted a second experiment that also suggests that fa-
miliarity enhances discriminability. The participants’ task was, as earlier, to
determine whether a pair of odors were the same or different. This time, how-
ever, the to-be-compared pairs were either composed of two identical stimuli
as before or a target followed by a mixture composed of the target and a dis-
tractor. This experiment used stimuli individually tailored to each partici-
pant, so that the familiarity of the target and the familiarity of the distractor
were manipulated (familiar vs. unfamiliar). Participants were best able to tell
two stimuli apart when both target and distractor were familiar (A� � 0.9) and
were least able to do so when both target and distractor were unfamiliar (A�
� 0.6). Yet again familiarity with the stimuli enhanced discriminability pre-
sumably via enhanced identification of the two odorants presented in the
mixture (i.e. both established as odor objects). Conversely, when both target
and distractor were unfamiliar, not only would it be harder to identify the tar-
get (as it presumably is not yet encoded as an object), but the mixture would
likely be processed and subsequently encoded as an object itself.

Mere exposure to odors results in other perceptual changes too. It has been
known for sometime that certain odors are characterized as smelling of cer-
tain tastes, most notably sweetness (Harper, Bate-Smith, and Land 1968). The
qualia of sweetness reported by participants when smelling an odor such as
cherry, caramel, or vanilla, for example, appears to resemble the qualia of
sweetness generated on the tongue by chemicals such as sucrose. Several
lines of evidence suggest this (see Stevenson and Boakes 2004, for a more de-
tailed discussion). First, many experimenters have demonstrated that when
a sweet-smelling odor is added to a sucrose solution and sampled by mouth,
the mixture is reported as sweeter tasting than judgments of the sucrose
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alone—the sweetness enhancement effect (e.g., Cliff and Noble 1990). Not
only has this effect been obtained using category scales, line ratings, and mag-
nitude estimation, it has also been observed using magnitude matching to su-
crose (Stevenson 2001b). Second, the effect is odor specific, that is, only cer-
tain odorants act to produce the sweetness enhancement effect (Frank and
Byram 1988). For example, the degree to which an odor smells sweet is the
best predictor of the degree to which that odor will enhance the sweetness of
sucrose (Stevenson, Prescott, and Boakes 1999). Third, just as the sweet taste
of sucrose acts to suppress the sourness of citric acid, so too do sweet-smelling
odors when added to citric acid and sampled by mouth (Stevenson, Prescott,
and Boakes 1999). These three characteristics all suggest considerable con-
cordance between the qualia of tasted and smelled sweetness.

One possible explanation of the sweetness enhancement effect is that it
results from the way in which participants use rating scales (van der Klaauw
and Frank 1996). Clark and Lawless (1994) have argued that when, for ex-
ample, strawberry odor is added to sucrose solution and participants rate just
the sweetness of the mixture, they dump similar perceptual characteristics
into that rating scale (e.g., strawberryness). Evidence for this has been ob-
tained. When participants who rate just sweetness, as in the example above,
are compared with other participants who rate both sweetness and strawber-
ryness, the degree of sweetness enhancement in the latter group is reduced
though not eliminated (see Clark and Lawless 1994). This is, however, not a
general consequence of adding additional rating scales. If an extra inappro-
priate scale is added (e.g., meatiness), this has little effect on sweetness en-
hancement. The question must then be asked: do sweetness enhancement
effects provide evidence for the perceptual similarity of sweet tastes and
smells?

There are two reasons to think they do. First, the dumping account of the
sweetness enhancement effect can not explain why sweet odors act to reduce
the perceived sourness of sour tastes, whereas a perceptual similarity account
can. Second, dumping provides no basis for understanding why certain odor
qualities can be dumped into sweetness ratings (e.g., strawberryness) and why
others cannot (e.g., meatiness). One explanation, which has been supported
empirically, is that in the case of odors such as strawberry, vanilla, and cherry,
for example, the frequent co-occurrence of sweet tastes with these odors (i.e.,
flavor) results in such odors acquiring a sweet smell. Consequently partici-
pants judge the two qualities of the odor (e.g., strawberryness and sweetness;
caramel and sweetness) as perceptually more alike through a process of per-
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ceptual learning-acquired equivalence. One result of this is the propensity to
show halo dumping, another is that these odors smell sweet.

The central thrust of the argument here concerns the role of learning in
odor quality perception. The discussion above of whether odor sweetness is
perceptually similar to tasted sweetness was the precursor to a series of ex-
perimental reports exploring how certain odors come to smell sweet. Not
only do these series of reports support the assumption of perceptual similar-
ity between the sweet characteristics of certain odors and sweet tastes, but
more importantly they indicate the potential plasticity of odor quality per-
ception. The first exploration of acquired sweetness utilized a rather cum-
bersome design, because the exact parameters needed to obtain the effect
were not known then. Consequently, Stevenson, Prescott, and Boakes (1995)
used a procedure which they thought might emulate the way in which odor
sweetness might arise under naturalistic conditions, namely, over many days
rather than within a single experimental session.

In this procedure participants rated the characteristics of a series of odors,
including two unfamiliar targets, lychee and water chestnut. The key ratings,
embedded in a series of other ratings, were how sweet and sour the odor
smelled. Participants then returned on a second, third, and fourth day and,
on each of these days, sampled a series of solutions, some of which contained
one odor consistently dissolved in sucrose and the other consistently dissolved
in citric acid solution. Trials were disguised as triangle tests and participants
were told that they were participating in an experiment examining olfactory
psychophysics. On the fifth day participants returned and smelled all the
odors sampled on day one, rating each again by using the same set of scales.
For the sweet-paired odor, there was a significant increase in odor sweetness
and a significant decrease in odor sourness (fig. 6.1, top). For the sour-paired
odor, the reverse obtained, it smelled more sour and less sweet, postcondi-
tioning (fig. 6.1, bottom). Participants, when questioned at the end of the ex-
periment, were unable to identify the actual aim of the experiment.

These basic effects of acquired sweetness and sourness have now been ob-
tained under a variety of different conditions; both within a single session and
with as few as three pairings, indicating that this form of learning may occur
rapidly (see Stevenson, Boakes, and Prescott 1998; Prescott 1999; Stevenson
and Case 2003). Not only do odors that have been paired with sucrose get to
smell sweeter, they also act to enhance the sweetness of a sucrose solution to
a greater extent than they did prior to conditioning and relative to control
odors (Prescott 1999). In all of these studies, considerable attention has been
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Fig. 6.1. (Top) Mean change (plus standard error) in odor sweetness (post- minus pre-
test) from experiments 1 (E1) and 2 (E2) (Stevenson et al. 1995, 1998). (Bottom) Mean
change (plus standard error) in odor sourness (post- minus pretest) from experiments
1 and 2 (Stevenson et al. 1995).



given to the issue of participants’ awareness of the experimental contingen-
cies. Using several measures, such as postconditioning tests of awareness, we
have not obtained any reliable evidence that knowledge of the procedure re-
lates to obtaining increases in perceived odor sweetness or sourness (Steven-
son, Boakes, and Prescott 1998; and for critical discussion, Lovibond and
Shanks 2002; Stevenson and Boakes 2004).

Odor-taste learning has not only been demonstrated to be rapid and to oc-
cur with minimal awareness, but it has also been shown to occur with tastes
other than sucrose and citric acid, notably bitter (sucrose octa-acetate and
quinine) and for mixtures of salt and umami. Thus the effects are not spe-
cific to sweet and sour tastes but occur more generally (Yeomans et al., sub-
mitted). Moreover, we have recently demonstrated that odors can acquire
trigeminal-like qualities too (Stevenson and Case, submitted). Three odors
were used, one of which was sniffed in combination with menthol, another
one in combination with acetic acid, and the final one on its own as an 
exposure control. On test, participants rated the menthol-paired odor as
smelling cooler and less warming than the control odor. A further posttest re-
vealed that when the menthol-paired odor was added to a dilute solution of
menthol, this mixture was judged to smell more cooling than when the con-
trol odor was added. Similarly, the acid-paired odor, when added to a dilute
solution of acetic acid, was judged to smell more pungent than when the con-
trol odor was added. Finally, we have just completed a further study in which
we explored whether odors could acquire fatlike properties (Sundqvist and
Stevenson, in preparation). Following pairings with either low-fat or high-fat
milks, an odor paired with high-fat milk was found to enhance fattiness rat-
ings of a midrange fat content milk, more than an odor paired with a low-fat
milk.

All these findings mean that odor quality can change as a result of experi-
ence. However, it could reasonably be argued that the acquisition of taste-
like, fatlike, or trigeminal-like properties is a special consequence of the 
intimate relationship between these senses during ingestion and routine
smelling. Nonetheless, there are now solid grounds upon which to argue that
the plasticity of odor perception evidenced by these studies is a general phe-
nomenon, as discussed next.

Two related sets of findings suggest that odor quality perception may
change under conditions in which only olfactory stimuli are present. The first
are laboratory-based studies of odor quality acquisition. In these experiments
participants are exposed to a purely olfactory stimulus, composed of a mix-
ture of two odors. As described below, this procedure can affect the reported
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quality of the mixture elements postconditioning, their judged similarity to
each other, and their discriminability. The second line of evidence comes
from naturalistic studies of perceptual learning, in which groups of partici-
pants presumed to differ in olfactory expertise of one form or another (though
typically of wine) demonstrate greater ability to distinguish between odors rel-
evant to their area of expertise than naïve controls. Yet again, note the basic
resemblance of all the processes so far discussed in this section—exposure
leads to a detectable change in some property of odor perception, as mea-
sured by odor quality, similarity, or discriminability.

Under certain conditions, mere exposure to a mixture of two odors can re-
sult in the elements of that mixture coming to acquire properties from each
other, smelling more alike and being less discriminable (Stevenson 2001a,
2001c, 2001d). The early experimental investigation of these effects followed
from the studies of odor-taste learning and so initially focused on the per-
ception of odor quality. In these experiments, participants smelled a series of
odors (four, termed here A, B, X, and Y) and rated them for their qualities.
That is, odor A was rated for the degree to which it smelled A-like, B-like, X-
like, and Y-like (e.g., if A was citral, then it would be how lemonlike does this
odor smell?). These odors were then combined into two sets of mixtures (ei-
ther AX and BY or AY and BX) and participants were randomly allocated to
one of these sets. Each member of the set was then smelled several times.
This was followed by a subsequent experimental session one week later in
which the four odors alone (A, B, X, and Y) were rated again, using the same
scales as in the pretest.

Three findings emerged over a series of four experiments (Stevenson
2001a, 2001c). First, changes in odor quality do occur. (1) Mixtures of L-carvone
(or cis-3-hexanol) and p-anisaldehyde (musty smelling) resulted in both of the
former smelling mustier. (2) Mixtures of terpineol (or p-anisaldehyde) and
cis-3-hexanol (green smelling) resulted in both of the former smelling
greener. (3) Mixtures of methyl salicylate (or guaiacol, or champignol) and
cherry, resulted in all of the former smelling more cherry-like. (4) Mixtures
of cherry (or citral) and guaiacol (smoky smelling) resulted in both of the 
former smelling smokier. (5) Mixture of champignol and citral (lemon
smelling) resulted in the former smelling more lemon-like.

One problem with the procedure above is that of scale definition. Al-
though most participants have a clear idea of what sweet means, their con-
cept of the odorlike qualities measured above is likely to be considerably
more varied. Consequently, a second dependent variable was also obtained
in these studies in a further posttest similarity. This dependent variable allows
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the capture of changes in quality without reliance on specifying exactly what
they may be, thus avoiding the problem of participants’ idiosyncratic use of
the odor quality scales. The similarity measure turned out to be considerably
more reliable. Whenever a change in odor quality was obtained, as described
in the preceding paragraph, consistent changes in odor similarity were typi-
cally obtained as well. These measures were also found to correlate, such that
larger changes in reported quality went along with greater increases in judged
similarity.

The second finding to emerge was that not all mixture pairs demonstrate
this effect. Following considerable unpublished pilot work, the data pointed to
at least two possible reasons why this might be so. First, when the odors are both
unfamiliar changes do not seem to occur and optimum conditions pertain
when one odor is familiar and the other unfamiliar. Second, participants who
are able (on a subsequent posttest) to identify one or both components in the
mixture, evidence greater acquisition. In this case, one possible explanation
concerns scale definition, in that learning effects are most likely to be detected
in participants who share the experimenter’s label for the odor. Thus, if they
identify the component using that label, they probably share his definition.
Notwithstanding this partial explanation, the parameters that govern odor-odor
learning have not been adequately explored and a systematic investigation
might tell us more about the processes underlying this form of learning.

The third finding to arise from the study of odor-odor learning concerns
the behavioral consequences of the conditioning procedure. The original ev-
idence of acquired odor qualities and similarity rested on self-report. Two ex-
periments have been conducted which demonstrate that mixture pairing also
results in reduced discriminability (Stevenson 2000c; Case, Stevenson, and
Dempsey 2004). The first presented participants with two odor mixtures (e.g.,
AX and BY), followed by a triangle-discrimination procedure (or oddity test),
composed of trials in which the paired odors were discriminated (e.g., A vs.
X vs. X) and trials where the nonpaired, but equally exposed odors were dis-
criminated (e.g., A vs. Y vs. Y). Discrimination was significantly poorer when
odors had been previously experienced in a mixture relative to those equally
exposed but not experienced as a mixture. Although these findings imply
reduced discriminability, this cannot be strongly inferred from the design, 
especially as it is known (see above) that exposure alone enhances discrim-
inability (Rabin 1988; Jehl, Royet, and Holley 1995). That is, the effect re-
ported in this experiment could have been obtained by changes in the non-
paired but exposed stimuli (from the example above, the A vs. Y or B vs. X
comparisons).
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As a result we ran a second study (Case, Stevenson, and Dempsey 2004)
which compared three conditions, two odors presented alone (A, X) as often
as the two other odors experienced in a mixture (BY) and a further two odors
presented only during the discrimination phase (C, Y). If experience as a mix-
ture reduced discriminability as expected, then discrimination should be re-
duced for the B vs. Y pair relative to both the exposed (A vs. X) and, crucially,
the nonexposed controls (C vs. Y). This was exactly what was observed, sug-
gesting that pairing two odors in a mixture can result in the pair being judged
as less discriminable than controls. A further feature of this experiment was
that it also included similarity ratings of the three odor pairs. These yielded
an identical pattern of findings to the discrimination data and, not surpris-
ingly, were correlated with them too.

A second line of evidence suggesting that odor perception is affected by
learning is derived from the study of perceptual learning, which more often
than not has explored differences accrued outside of the laboratory. Two is-
sues are of particular interest here. First is the discernment of whether the ef-
fect of exposure alone enhances perceptual expertise, as this is the most di-
rect corollary of the experimental findings above. Second is the examination
of the role of language, especially in experts. Clearly the training of experts
involves the acquisition of both experience with odors and the acquisition of
appropriate labels for those experiences. Label learning can increase dis-
criminability above that of exposure alone. Rabin (1988), in addition to the
experimental findings described above, also ran a further experimental group
who learned labels for the exposed stimuli. On testing, this group was signif-
icantly better at discrimination relative to the exposure-alone group. This type
of improvement could result from several mechanisms, which can be divided
into those that involve some alteration in the percept (i.e., sharpening the tar-
get, ignoring the background) and those that use the verbal label as a means
of assisting retention, both in the short term across serially presented dis-
crimination trials or longer term, over days or weeks (see Lyman and Mc-
Daniel 1986). Not only do labels benefit experts by enhancing discrimina-
bility, irrespective of mechanism, they also confer a further advantage in
facilitating cross-talk between perceptual and semantic level representations.
That is experts can better match their and other experts descriptions of wine,
to the target, than novices (see Lawless 1984; Solomon 1990).

The human olfactory perceptual learning literature is not well developed.
Most focus has been given to expertise with respect to wine, which although
involving other senses, clearly has a significant olfactory component. Unfor-
tunately, few studies have directly compared naïve participants (hereafter,
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perceptual novices) with those who regularly drink wine but who have no 
formal training (hereafter, perceptual experts) against those who have both
perceptual expertise and formal training in wine terminology (hereafter,
semantic experts). A study of central importance, which has made such com-
parisons, was reported by Melcher and Schooler (1996), who examined
whether discriminative ability differed between these three types of groups;
namely, participants who never drank wine, those who drank it regularly but
with no formal training, and those who both drank it regularly and who had
had formal training in wine terminology.

Melcher and Schooler’s (1996) study comprised three phases. In the first,
the exposure phase, participants sampled one wine. In the second phase, all
participants, irrespective of expertise, were randomly allocated to either a
condition in which they completed crossword puzzles or to a condition in
which they were asked to write a description of the wine sampled in the first
phase. In the third phase, completed by all participants, four wines were pre-
sented, one of which was the target encountered during the exposure phase.
For each wine, participants were asked to rate how certain they were that this
wine was the target encountered during the exposure phase. To clarify the
findings here, the results are reported separately for the crossword puzzle
group first, then for the wine description group second.

Novice participants, that is, those who rarely drank wine and thus had lit-
tle perceptual expertise, performed at chance level on the discrimination task
(see fig. 6.2). Participants with perceptual expertise but no formal wine train-
ing performed significantly better and above chance, as did the group who
had both perceptual and semantic expertise. These latter two groups did not
differ significantly. Thus, consistent with the general thrust of this section, ex-
posure alone significantly improved discrimination.

The participants who completed the wine description evidenced a differ-
ent pattern of findings (see fig. 6.2). The semantic experts who had both per-
ceptual experience and formal wine training performed best, at a level akin
to that in the crossword puzzle condition described above. However, at-
tempting to produce a written description exerted a markedly negative effect
on discrimination in the group who just had perceptual expertise. Their per-
formance was worse than the semantic experts and significantly lower than
their group’s performance in the crossword condition. Thus attempting to
shift from a semantic level description to a perceptual one on the test ad-
versely affected their performance. The novice group actually performed
slightly better and above chance here, as the description afforded them some
clue during the discrimination phase. In sum, these data suggest that exper-
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tise has two dissociable components, a perceptual one based on exposure and
a semantic one based on formal training linking terminology to sensory ex-
perience.

A slightly different approach to the role of perceptual expertise has been
taken by Walk (1966) and Owen and Machamer (1979), who examined the
effect of exposure and training on wine discrimination in perceptual novices.
Walk (1966) found that exposure enhanced discrimination, primarily through
a reduction in false alarms. Training (feedback and/or numeric labels) was
no more efficient at producing this effect than exposure alone. Owen and
Machamer (1979) also found that discrimination could be enhanced follow-
ing exposure to wine in novices. However, in their case, performance change
manifested as both a reduction in false alarms and an increased hit rate. A
similar approach has also been adopted in a study using beer rather than
wine. Peron and Allen (1988) compared various types of training (exposure,
terminology, both) on participants who were initially poor at discriminating
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Fig. 6.2. Mean discriminative performance (standard error) of participants with no ex-
perience of wine, experience, and experience with formal training (data adapted from
Melcher and Schooler 1996).Participants in the verbal description condition were asked
to write a description of the wine prior to the discrimination test.



different types of beer. They too found that relative to nonexposed controls,
only exposure enhanced performance on both a triangle test of discrimina-
tion and a similarity test for identical stimuli.

The examples above are probably representative for whole classes of ol-
factory stimuli; that is, the mechanisms utilized for wine and beer probably
extend to perfume and other odorous products, where the expertise is not
likely to generalize far from the specific stimuli encountered within that set.
One case where this is unlikely to be true is in participants who have lost their
sight (and in deaf-blind people too). Such individuals arguably depend more
on their sense of smell (see James [1890] for his description of Laura Bridg-
man and Julia Brace and Williams [1922] for a description of the deaf-blind
Willetta Higgins). If this is correct, then although not differing in terms of ex-
posure relative to sighted participants or in innate ability, they should pay
more attention to the olfactory domain. Several studies confirm this, in that
blind participants are significantly better at labeling a wide variety of familiar
odors relative to sighted controls (e.g., Rosenbluth, Grossman, and Kaitz
2000; Murphy and Cain 1986). Blind participants effectively have an en-
hanced terminology with which to describe odors that we all routinely en-
counter. That is, they appear to have a selective semantic expertise for day-
to-day odors.

In sum, studies of olfactory perceptual learning conform to the general pat-
tern of observations described above, namely that mere exposure affects odor
perception through the passive acquisition and storage of the odor percept.
This may result in enhanced discriminability between separately exposed
items or in reduced discriminability for items exposed together in a mixture
and encoded as an object. Such effects can occur rapidly and take place with
minimal conscious awareness. More importantly, they provide a strong body
of evidence that odor quality perception and its behavioral corollary dis-
crimination are markedly affected by experience.

Hedonic Systems

So far we have examined the effects of experience as they apply to odor qual-
ity. Changes in hedonic responses to odors can occur under some of the same
conditions examined above, notably following mere exposure and after pair-
ing with tastes. Not only are these observations important because of the plas-
ticity that they imply for odor hedonics, but also because they can be used to
explore whether olfactory hedonics and quality are in fact dissociable psy-
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chological systems. In addition to exposure- and taste-based learning, hedo-
nic responses to odors can also be modified by other associative mechanisms,
notably those involving a delay between the odor and some subsequent event.
These primarily include calorie-based learning and conditioned taste aver-
sions. These are examined in the latter part of this section.

Not only can mere exposure enhance the discriminability of odors, it also
appears to affect the liking for them too. Several studies have confirmed that
greater familiarity strongly correlates with increased liking (Engen and Ross
1973; Lawless and Cain 1975; Rabin and Cain 1989). Clearly, such studies
must depend on the selection of odors, because some familiar odors will be
judged as highly unpleasant (e.g., sweat, garbage). Whether this relationship
reflects the effects of sensory exposure or the ability to identify odors as a con-
sequence of enhanced discriminability produced by exposure is an important
question, because it points to either the similarity or difference of this effect
to the perceptual exposure results discussed above (cf. Rabin 1988). Famil-
iarity is logically correlated with nameability (e.g., Stevenson 2001c), and be-
cause nameability markedly affects liking (see Herz and Von Clef 2001 [iso-
valeric acid can be labeled positively as Parmesan cheese or negatively as
vomit, with predictable effects on hedonic evaluations] and Ayabe-Kanamura,
Kikuchi, and Saito 1997), the question remains whether the relationship be-
tween familiarity and liking is mediated by semantic knowledge about the
odor, rather than simply being a consequence of exposure.

Experimental studies of exposure, and its effect on liking suggest that mere
exposure to a pure odorant results in drifts toward hedonic neutrality rather
than toward liking. Cain and Johnson (1978) assessed the liking of a group of
participants for a range of odors, including four targets. Some participants
were then exposed to one target 55 times, with the target being pleasant, neu-
tral, or unpleasant; the remaining participants received no exposure at all.
Participants then rated liking for all the odors again, including the targets. For
participants exposed to the pleasant target, liking ratings decreased, whereas
for participants exposed to the unpleasant target, liking ratings increased.
Thus, massed exposure tended to result in indifference, rather than an over-
all trend to increase liking.

Arguably, 55 exposures in a relatively short time may not be representative
of the way in which mere exposure works under naturalistic conditions. In
this respect, several studies have found that exposures to foods, where the ol-
factory component is a significant contributor to the overall sensory experi-
ence, do show increases in pleasantness when exposures are more limited
(i.e., <10) and not massed (e.g., Pliner 1982, Birch and Marlin 1982, Crandall
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1984). In most cases exposure does appear to enhance liking purely through
sensory means, because the stimuli were readily identifiable (e.g., doughnuts
in the Crandall [1984] study) and identifiability thus remained constant
across the experiment. It seems then that both sensory experience with an
odor and ability to name it when the stimuli are masked, may both contribute
to changes in liking consequent upon exposure.

Procedures that involve pairing an odor with a taste also result in hedonic
changes. Zellner et al. (1983) presented participants with unusual flavored
teas, either with or without sugar. They found that on a posttest measuring
liking, ratings were most enhanced for the sweet-paired tea relative to the oth-
ers. Not only can pairing with a taste enhance liking, it can, with an un-
pleasant taste, decrease it. Baeyens et al. (1990) found that a fruit odor paired
with the bitter taste of polysorbate Tween-80 was liked less than a water-paired
control. As Rozin, Wrzesniewski, and Byrnes (1998) also observed, obtaining
positive hedonic conditioning with sucrose was more difficult; no significant
effect was obtained by Baeyens et al. (1990). Recent work by Yeomans et al.
(submitted) suggests that this may be because of the far greater variability in
liking for sweet tastes, relative to the high level of agreement for disliking bit-
ter or sour tastes. Consistent with this is the observation that hedonic changes
in odor liking following pairings with unpleasant taste have been replicated
many times (see De Houwer, Thomas, and Baeyens 2001), whereas hedonic
changes have been far more difficult to obtain when using sucrose (see
Stevenson and Boakes 2004).

An important feature of these studies is their methodological and con-
ceptual similarity to the odor-taste acquisition studies discussed earlier. The
principle difference is simply the dependent variable, which in the odor-taste
studies is sweetness (or other taste-related descriptor) and in the hedonic stud-
ies liking. An important and fascinating question is whether these perceptual
and hedonic changes represent separate and thus dissociable learning sys-
tems. Before reviewing the evidence, it is worthwhile reflecting on how these
two phenomena might be related. The first possibility is that they are totally
dissociable, that is, changes in liking could occur independent of any change
in say odor sweetness or bitterness. The second is that changes in an odor’s
perceptual properties result in changes in liking (the converse is equally plau-
sible). The third is that when liking sweetness or bitterness is measured, the
measures are synonymous, that is there is only one underlying process and
participants simply rate a negative hedonic change as bitter and a positive he-
donic change as sweet.

The single most important feature of odor-taste learning is its marked re-
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sistance to interference (more below). Similar findings have been obtained
when the dependent variable is changed in liking. Baeyens et al. (1995) found
that after six pairings of an odor and taste, two blocks of presentation of the
odor alone (four times on each block) did not eliminate the acquired hedo-
nic change. Baeyens, Crombez, et al. (1996) also made a similar finding. No
direct attempt has yet been made to see whether these hedonic changes are
also resistant to counterconditioning, as odor-taste learning is. However, data
from experiment 4 of Baeyens, Crombez, et al. (1996) suggest that counter-
conditioning may occur. On some trials the target odor was paired with
Tween-80. This pairing was always preceded by another odor. On other tri-
als the target was paired with sucrose and this pairing was always preceded by
water. When the target was evaluated, participants who liked sucrose now
liked the target; that is, the positive hedonic value of sucrose appeared to
countercondition the negative hedonic response induced by Tween-80. For
participants who did not like sucrose, they demonstrated a dislike for the tar-
get odor. Although not a counterconditioning experiment, these results do
suggest that hedonic changes may be susceptible to counterconditioning.
This would be consistent with findings in the hedonic conditioning literature
for stimuli other than odors, which show that counterconditioning, but not
extinction, can occur (see Baeyens et al. 1989). In sum, the interference data
suggest that changes in the taste properties of odors are resistant to extinction
and counterconditioning, whereas hedonic changes are resistant to extinc-
tion, but not to counterconditioning.

More compelling and as yet unpublished data have recently emerged
from Yeoman’s laboratory. He found that following odor-taste pairings, a
caloric preload affected participants’ hedonic judgments for the odor but had
no impact on ratings of odor sweetness. This finding provides the strongest
evidence to date that changes in odor sweetness are dissociable from changes
in odor liking.

Additional support for this conclusion comes from two further sources.
First, as described earlier, multidimensional scaling of odor similarity ratings
suggests three dimensions: quality, hedonics, and intensity (e.g., Schiffman
1974; Schiffman, Robinson, and Erickson 1977; Carrasco and Ridout 1993).
If quality and hedonics were synonymous then only two dimensions would
be expected. Second, odors that are equated for liking but differ in quality
can be discriminated (e.g., Rabin 1988). Clearly, this suggests that odor he-
donics and quality cannot be synonymous at least under these conditions.
Taken together, the available evidence points then to the first possibility, that
odor hedonics and quality represent separate learning systems.
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Changes in liking for an odor can also be obtained under conditions
where the odor stimulus is followed at some later point by a consequence.
Thus, there is both an appreciable delay of time between the two events and
both events are readily discriminable. This is in contrast to all of the exam-
ples that we have reported so far, where learning occurs under conditions of
simultaneous presentation of often hard-to-distinguish stimuli (i.e., an odor
and a taste). The most well-studied examples are conditioned taste aversions,
which are rapidly formed and are relatively easy to extinguish if the target
food/drink is ingested again (Schafe and Bernstein 1996). Surveys reveal that
these occur commonly (in about 50% of college populations; Midkiff and
Bernstein 1985) and that they can be readily obtained by pairing a preferably
novel food with any source of nausea (e.g., Bernstein and Webster 1980). Pos-
itive affect can also be conditioned by using such trace procedures. Several
studies in humans have shown that food that produces repleteness can be-
come associated with its odor, producing an increase in liking for that food’s
smell (see Capaldi 1996, for review). Finally, odors can become associated
with more proximate good or bad events. Baeyens, Wrzesniewski, et al. (1996)
found that an odor placed in an office toilet was preferred over a control odor,
but only in participants who enjoyed going to the toilet.

Experience then can affect both the perceptual and hedonic characteris-
tics of odors. The key conclusion here is that olfactory perception and hedo-
nics are highly plastic. If this is correct, then it would suggest that considerable
variation in both liking and quality for the same odors should be observed be-
tween cultures that differ in their history of olfactory exposure.

Culture

Considerable variation is evident in odor preferences between cultures. Al-
though North Americans regard wintergreen favorably, British participants
do not (Moncrieff 1966). South East Asians enjoy the pungent onionlike/
fruity odor of the Durian and the smell of fermented fish sauce, both of which
are disliked by many Europeans (Pangborn 1975). Conversely, Europeans en-
joy the off-flavor of blue cheese, the vomitous odor of Parmesan, and the rot-
ting smell of hung meat ( Jones 2000). Tibetans enjoy tea mixed with yak but-
ter (Moore 1970), whereas the pastoralist Dassanetch of Ethiopia consider all
smells associated with cattle to be good; consequently hands are washed in
cow urine, men cover their bodies in manure, and young women enhance
their attractiveness by smearing clarified butter onto their bodies (Classen
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1992). Breath odors are generally avoided in the West, yet Arabs regard it as
shameful to avoid smelling each other’s breath. On the basis of these anec-
dotes one might reasonably expect that hedonic reactions to odors, especially
ones that are not routinely encountered within a culture, should differ and
this has been confirmed in several studies (e.g., Davis and Pangborn 1985;
Schaal et al. 1997; Wysocki, Pierce, and Gilbert 1991). However, more in-
triguing is the question of whether a culturally novel odor is perceived in dif-
ferent ways too, as one might expect from the learning data presented above.

Ayabe-Kanamura et al. (1998) had German and Japanese participants smell
a range of culturally specific (e.g., marzipan for Germans, roasted tea for Japa-
nese) and international odors (e.g., peanuts, coffee). As expected, liking ratings
for culturally specific odors were higher in the group that routinely encoun-
tered that odor, but some differences, albeit smaller ones, were also evident for
the international set. The qualitative aspects of the odors varied in a similar way.
Whereas German participants judged fermented soy beans as smelling like
cheesy smelly feet, dried fish of excrement, soy sauce of fresh bread, and
roasted tea as fishy, Japanese participants judged them differently, in line with
their specific use as food products. In the same manner Japanese participants
judged marzipan as smelling oil-like or like sawdust or bees wax and Pernod
as disinfectant-like odors that were not judged so by German participants.

A further study conducted by Ueno (1993) examined whether perceptions
of 20 Japanese food odors differed between Japanese and Sharpe (Nepalese)
participants. Judgments were made by participants, arranging the odors into
groups based on their similarity. These ratings were determined by cluster
analysis, which revealed that fishlike odors were evaluated in a different man-
ner by Sharpe participants, who presumably rarely encountered such smells.
Although, for the Sharpes, fish odors did not exist as a discrete cluster, they
did for Japanese participants. Although these two studies imply the sort of per-
ceptual differences that would be expected through a differential exposure
history, the paucity of research in this area and the absence of studies using
discrimination makes a final judgment of the role of culture on odor quality
perception difficult. Nonetheless, the two studies described above are highly
suggestive.

Development

If the olfactory system is heavily reliant on learning, then two developmental
predictions flow from this proposition. The first prediction is that the ability
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to discriminate odors should improve from infancy to adulthood as a direct
consequence of the progressive amassing of olfactory experience. Second,
initially, in infancy, hedonic reactions to odors should be considerably less
marked than in adults. This is because the experience necessary to produce
a hedonic response has either not yet taken place or the infant is not yet suf-
ficiently developed to be able to understand why something like feces or
vomit, for example, are bad. As described below, there is support for both
propositions.

Processes that strongly correlate with discriminative ability (see De Wink
and Cain 1994), such as recognition and odor-naming tasks, do show the pre-
dicted pattern of improvement with age. Russell et al. (1993) used data ob-
tained from the National Geographic Smell survey. For all six odors used,
eugenol, isoamyl acetate, methyl mercaptan, rose, androstenone, and galax-
olide, identification of the most appropriate label was consistently poorer in
the youngest sample (age, 10–19; n � 80,533) compared with young adults
(age, 20–29; n � 152,886). Participant responses were also subjected to mul-
tidimensional scaling, which revealed two interesting findings. First, that
odor space (i.e., how the odors were qualitatively related to each other) re-
mained stable between 30 and 60, thus participants younger than this (and
older) perceived the odors in apparently different ways. Second, and relat-
edly, the difference in the youngest participants (age, 10–19) appeared to be
in the hedonic dimension, in that there was relatively little separation be-
tween methyl mercaptan (gas) and isoamyl acetate (banana) when compared
with all older groups. Relatedly, poorer naming ability in younger partici-
pants, relative to adults, have been obtained by Doty et al. (1984) using the
University of Pennsylvania Smell Identification Text (UPSIT), and by Lehr-
ner et al. (1999) and Cain et al. (1995), using familiar odors. In sum, as Lehr-
ner and Walla (2002) concluded in a recent review article, odor-naming abil-
ity is poorer in children than in adults. The suggestion here is that at least
some of this difference results from failures of discrimination.

The suspicion that discrimination may account for poor odor naming is
strengthened by studies of odor memory. Cain et al. (1995) conducted a fur-
ther experiment (experiment 3) in which they assessed the speed with which
younger children (mean age � 6), older children (mean age � 10), and adults
(mean age � 30) could acquire odor names to familiar and unfamiliar odors.
Both self-generated names and applied labels were used, but these did not
differ by age or odor type. The younger children had an initially lower base-
line for both familiar and unfamiliar odors, but soon acquired the names for
the familiar odors to a level equivalent to that of the older groups, suggesting
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they were as able at learning odor names as adults. Their performance was
markedly worse for the unfamiliar odors relative to the other age groups (see
fig. 6.3). This can be interpreted as a failure to discriminate between these
odors, which would have proved far less familiar to this group than to the
older participants—a conclusion also reached by Cain et al. (1995).

This position is further supported by studies of odor recognition memory.
Hvastja and Zanuttini (1989) examined odor-picture-paired associate learn-
ing in 6, 8, and 10 year olds. They included both an immediate and delayed
recognition memory test of the target set. Immediate performance was worse
in the youngest children. For delayed recognition at one month, perfor-
mance decreased most of all for the older children, but remained stable for
the youngest, suggesting a greater reliance in this group upon perceptual en-
coding rather than on both semantic and perceptual encoding in the older
group (see also Lehrner et al. [1999] for a similar conclusion). Jehl and Mur-
phy (1999) found that recognition memory was significantly worse for 7–10
year olds following a 20-min interval than for 11–15 year olds. Likewise, Lar-
jola and Von Wright also found poorer recognition memory in 5 year olds
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adapted from Cain et al. 1995).



(relative to 10 and 15 year olds) for a set of odors, both on immediate test and
at a delayed test one month later. As before, performance was worse in the
older age groups on the delayed test relative to the group’s performance on
the immediate test, although the youngest group was still poorest of all.

Direct tests of discriminative ability in children have only recently been
completed. Stevenson, Sundqvist, and Mahmut (submitted) explored olfac-
tory discrimination in 6 year olds, 12 year olds, and adults. Using a set of un-
familiar odors, and the triangle test of discriminability, they found that 6 year
olds were significantly poorer at discrimination (mean � 44% correct) than
12 year olds (mean � 62% correct) and adults (mean � 68% correct). The lat-
ter age groups did not differ. This age-related difference was obtained under
conditions in which naming probably played no effective role, as the odors
were all hard to name and an articulatory suppression task was employed (re-
peating out loud “the, the, the . . .”). These effects were not a consequence
of task comprehension, because the youngest children performed at a far-
superior level on a visual discrimination task. In a second series of studies
(Stevenson, Mahmut, and Sunqvist, in preparation), the same age-related dif-
ferences were obtained with a familiar set of odors (and replicated under con-
ditions of articulatory suppression) and with a different moderately familiar
set of odors too. The effect size of the age-related difference was significantly
larger in the latter case. Yet again, a visual control condition revealed similar
levels of performance between the 6 year olds and the adults, ruling out task
difficulty as an explanation. Overall, both studies of naming, name acquisi-
tion, recognition memory and discrimination, suggest poorer performance in
younger children, consistent with less exposure to odors and thus a more im-
poverished odor object memory store.

That there are major developmental changes in hedonic responsiveness
to odors is widely agreed (see Engen 1982; Moncrieff 1966; Rozin, Haidt, and
McCauley 2000). At birth, and unlike with taste stimuli (see Steiner et al.
2001), there is little difference in facial or autonomic responses to odors that
adults find pleasant (vanillin) or unpleasant (butyric acid; Soussignan et al.
1997). With somewhat older children (<5 years), Peto (1935) found that they
evidenced little emotional reaction to anise, perfume, lemon, camphor, car-
bol, and putrid or fecal smelling odors. This progressively changed as older
groups were examined. Engen (1974) examined odor preferences in 4 and 7
year olds and adults for a range of odors including heptanol (sickening, oily,
moldy) and safrole (licorice, sweet, aromatic). Although the rank order of
preferences for the younger and older groups were similar, the crucial differ-
ence was the hedonic range, which was considerably smaller in the 4 year
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olds (0.4), relative to the 7 year olds (0.9) and adults (2.0). That is responses
became more polarized with age. Evidence of appropriate hedonic responses
to odors that adults dislike has been observed in 3 year olds, by asking them
to point to one Sesame street character if they liked the odor (Big bird) and
another if they disliked it (Oscar the grouch). As with Engen’s (1974) findings,
rank-order preferences were substantially similar to adults, but the range was
again more restricted in children.

Developmental changes in liking have also been observed in somewhat
older children. Stevenson and Repacholi (2003) found that 8 year olds were
relatively indifferent to the smell of acrid male sweat, but that 17 year olds
strongly disliked it. This response to a large extent depended on identifica-
tion in the older age group, but cueing the nature of the stimuli (by indicat-
ing that all the smells in the study came from people’s bodies) had a large ef-
fect on the 17 year olds, but no effect on the 8 year olds. A similar observation
was made for the other odors used in the study. Identification tended to move
hedonic responses in more extreme directions, such that it led to caramel be-
ing rated as more pleasant and androstenone (identified as sweat/urine/dirty
clothes) as less pleasant. As with the other studies reviewed above, the gen-
eral observation is that with increasing age, more adultlike hedonic responses
emerge, a probable consequence of being able to learn that some odors 
are indicative of bad or contaminating substances (see Rozin, Fallon, and 
Augustoni-Ziskind 1985). Unless you know what sweat or feces mean, why
should they smell bad?

Neuropsychology

To the extent that object recognition is essential for routine odor perception
and that such objects are acquired and stored in memory, then damage to this
odor memory system should result in the following deficit. Odors should be
detected (i.e., present/absent, degree of presence), but they should have no
quality, that is, equating for intensity, two odors such as cheese and cut grass,
for example, would be indistinguishable (i.e., a qualitative discrimination
deficit). Retrospectively, as nobody has as yet specifically searched for this
deficit, it should be manifest in the extant literature in at least two ways. In
the first way, participants are able to detect odors (e.g., threshold sensitivity)
but unable to correctly name them or recognize them on a memory
test—both these tasks being reliant upon successful qualitative discrimina-
tion. Such findings would be consistent with the predicted deficit but would
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not be conclusive, because (a) odor naming/memory can be affected by a va-
riety of olfactory problems other than discriminability (see Doty 1997) and 
(b) poor performance could be evidence for generalized cognitive deficits,
such as, for example, the capacity to attend.

The second way in which the deficit could be identified is by looking for
cases where odor detection is intact, but odor quality discrimination is not in-
tact. This time concern would have to be raised about the serial nature of ol-
factory discrimination tests, in that periods of time typically elapse between
presentations, in which case it may be that participants cannot retain a rep-
resentation of the stimulus over time. Here, adequate control testing using ei-
ther odor intensity discrimination and/or discrimination testing in another
modality would argue against this conclusion. The body of evidence re-
viewed below offers support for the suggested dissociation between detection
and discrimination (i.e., between the intensive and qualitative dimensions of
olfactory experience). Unfortunately, as these studies are motivated by vary-
ing rationales, different from the one being examined here, the majority of
findings are of the first sort and relatively few are of the second. In addition,
certain studies utilize patients with unilateral damage; and, for sake of clar-
ity, we focus here primarily on the general nature of their deficits, rather than
on the extent to which olfactory functioning is lateralized.

Odor identification declines quite dramatically during normal ageing (see
fig. 6.4; Doty et al. 1984). It is also apparent that odor detection thresholds in-
crease with age too (e.g., Cain and Gent 1991; Kareken et al. 2003; Stevens
and Dadarwala 1993). Across studies, thresholds for the elderly are typically
between 2 and 15 times higher for most odors (Schiffman 1993). To what ex-
tent then can declines in identification be accounted for by changes in de-
tectability? Several studies suggest that detectability does not play a major
role. First, Cain et al. (1995) examined both threshold and naming ability in
100 adults aged from 18 to 90 (data pertinent to children was reported ear-
lier). Regressing age, the Boston Naming Test (naming pictures), and thresh-
old level against unprompted odor identification score, revealed indepen-
dent effects for age and the Boston Naming Test, but not for threshold. That
is age alone, independent of threshold, predicted some unique variance in
odor identification ability. Second, Schiffman (1992) tested 143 participants
aged between 10 and 80. Participants’ ability to name odors, among other
things (more below) declined with age. However, although thresholds for
three tested odors were higher in older participants, this did not significantly
differ between age groups (and see Larsson and Backman 1997, for a similar
result). Third, Stevens, Cain, and Demarque (1990) examined odor recogni-
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tion memory in the young (mean age � 22) and elderly (mean age � 73) and
used odors at three levels of suprathreshold intensity (weak, medium, and
strong). If alterations in threshold were important, then recognition memory
performance should improve with increased stimulus intensity (i.e., com-
pensation). Recognition memory performance and naming ability were sig-
nificantly poorer in the elderly. Although performance at the lowest level of
intensity was somewhat poorer for the elderly, relative to their medium and
strong levels, there was no significant main effect of strength or interaction
with age, suggesting (1) that this method of compensation did not ameliorate
the effects of ageing and (2) that threshold and intensity differences can not
wholly account for reduced recognition and naming performance in older
participants.

Although threshold (i.e., detectability) typically increases with age, this
cannot account for all of the decline in identification performance, sug-
gesting some degree of dissociation between them. A further question then 
arises as to the extent to which identification deficits are a consequence of 
(1) impoverished discriminative ability, (2) degraded semantic memory, and 
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(3) poorer lexical access. Larrson and Backman (1997) argue that degraded
semantic memory is unlikely as the decline in visual object identification
with age is far smaller than that observed in equivalent olfactory tasks, leav-
ing discriminability and lexical access as the most likely alternatives (see
Larrson and Backman 1997).

A role for impoverished discriminative ability in normal ageing is sug-
gested by two other findings in healthy elderly people. First, Schemper, Voss,
and Cain (1981), screened elderly (mean age � 76) and young (mean age �
18) female participants on their ability to discriminate odors, by presenting
them with a name (e.g., garlic) followed by presentation of three different
odors, one of which was the target. Participants had to identify the target odor.
Using 20 such trials, they reported that 45% of the elderly failed this test, com-
pared with just 4% of the young participants. Second, Schiffman (1992), as
mentioned above, collected threshold and naming data from 143 participants
of varying ages (10–80). However, in addition, Schiffman (1992) also mea-
sured discriminative ability (the triangle or oddity test) and odor similarity.
Because there were no threshold differences between age groups, any effects
are unlikely to be attributable to this cause. Schiffman (1992) found that
mean percent correct on the discrimination task fell somewhat in the sixth
decade (70% correct) and dramatically in the seventh decade (45% correct).
Similarity ratings were analyzed using multidimensional scaling and this too
revealed that ageing altered the relative position of odors in odor-space,
mainly in the sixth and seventh decades, indicating that these participants
had difficulty in judging the degree of qualitative similarity between differ-
ent odors (see fig. 6.5). These results suggest, along with the others reviewed
earlier, that with advancing age the memory system responsible for odor ob-
ject recognition declines, resulting in poorer ability to tell different odors
apart.

As in research on normal ageing, the study of olfactory ability in Alzhei-
mer disease also suggests a distinction between detectability and other func-
tions (see Martzke, Kopala, and Good 1997). Although several published
studies have revealed heightened olfactory thresholds (e.g. Doty, Reyes, and
Gregor 1987; Morgan, Nordin, and Murphy 1995), an equally significant
number of have failed to do so (e.g., Rezek 1987; Koss et al. 1988; Morgan and
Murphy 2002). At least some of these differences in threshold findings be-
tween studies probably result from patient heterogeneity, in that those with
more severe symptoms are more likely to have severe detection problems
(Murphy 2002). However, every study has observed significant deficits in
higher olfactory functions, especially in the ability of patients with Alzheimer

Odor Quality Discrimination in Humans 165



disease to name odors (see Mesholam et al. [1998], for a meta-analytic re-
view). A disassociation between detectability and naming is further suggested
by the failure to observe a correlation between detectability and naming per-
formance in the only two studies that reported looking for it (Koss et al. 1988;
Morgan, Nordin, and Murphy 1995).

To what extent then do the observed deficits in odor naming reflect loss of
discriminability? As before, deficits might also be caused here by degraded
semantic memory or impaired lexical access. Larsson et al. (1999) found that
providing verbal and visual prompts did not improve performance on odor
identification to a level equivalent to elderly controls, suggesting that deficits
in lexical access alone were unlikely to be producing poorer odor naming in
their early-phase Alzheimer group (see Rezek [1987] and Morgan, Nordin,
and Murphy [1995] for conceptually similar findings). This difference could
not be attributed to poorer detectability either, as the groups did not signifi-
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Fig. 6.5. (A) Multidimensional scaling solution (two dimensions) for nine odors smelled
and judged for similarity by participants aged from 10 to 70 years. (B) Salience of the
two-dimensional solution above by decade, indicating that older participants, those in
their sixties and seventies do not perceive these odors in the same way as younger par-
ticipants (data adapted from Schiffman 1992).



cantly differ in this respect. The other alternative of degraded semantic mem-
ory was also excluded. Larsson et al. (1999) found that odor identification was
not correlated with the Boston Naming Test, although the relationship was
positive (r � 0.3). If degraded semantic memory solely accounted for poorer
odor identification, then a strong relationship between these two tasks would
be expected and this was not observed. This leaves impoverished discrimi-
nation as the most likely alternative.

To date, there has been no direct investigation of odor discrimination in
the Alzheimer literature. Although delayed matching to sample with odors
(Kesslak et al. 1988) and odor recognition memory is impaired (Murphy,
Nordin, and Jinich 1999; Nordin and Murphy 1996) the extent to which these
processes are affected by discrimination loss alone can not be determined.
However, Moberg et al. (1987) reported that prior to testing recognition mem-
ory in an Alzheimer group, all participants were screened for discriminative
ability. Unfortunately, no data is provided about the nature of the screening
test nor about the number of participants that were subsequently excluded.
Their findings suggest that deficits in recognition memory in Alzheimer dis-
ease, which they observed, can not be solely attributed to discrimination loss.

Several different conditions, notably temporal lobe epilepsy, brain injury
resulting from cardiovascular accident, and frontal and temporal lobectomy,
can all result in deficits in odor identification and discrimination, indepen-
dent of changes in detectability. These studies can be broadly grouped into
three categories: first, those dealing with identification; second, those deal-
ing with discrimination, but in which adequate discrimination controls have
not been instigated; and third, those dealing with discrimination, but in
which attempts have been made to exclude task specific problems. All these
findings point to a common conclusion, that deficits in quality discrimina-
tion can occur and that these effects may be obtained independently of
deficits in odor detection.

Excisions of the temporal lobe and the frontal lobe impair odor identifi-
cation as do cerebrovascular accidents to the temporal lobes ( Jone-Gotman
and Zatorre 1988; Savage et al. 2002). In each case olfactory detection thresh-
olds were normal and brain-injured controls did not evidence olfactory
deficits. Although the literature clearly indicates that discriminative ability
plays an important role in naming odors, this was especially evident in a study
of 17 patients with temporal lobe epilepsy conducted prior to surgery (Eske-
nazi et al. 1983). Discrimination was assessed using a triangle test and, over-
all, discriminative ability was significantly poorer in these patients (mean �
71% correct) than in normal controls (mean � 87% correct). Although de-
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tectability (threshold) did not significantly correlate with discriminative abil-
ity, the epilepsy patients showed a substantial correlation between discrimi-
nation and naming (r � 0.8) and discrimination and recognition memory (r
� 0.5). Both recognition memory and naming were also significantly im-
paired. Similar discrimination deficits, independent of detection, have been
observed following temporal lobectomy (Martinez et al. 1993), after tempo-
ral and frontal lobectomy (Zatorre and Jones-Gotman, 1991), and following
frontal lobe damage (Pol et al. 2002). Although these all clearly show dis-
crimination problems independent of detection, these studies cannot rule
out the possibility that deficits in discrimination arose because of some task-
specific difficulty.

Such an account is unlikely in the final few studies reported here, as these
studies used various controls to discount this possibility. Potter and Butters
(1980) examined whether discrimination deficits using a same-different pro-
cedure would be evident for participants with damage to the orbitofrontal
cortex, with Korsakoff syndrome and in brain-damaged and normal controls.
In addition to measuring olfactory threshold, the study also assessed hue dis-
crimination by using a task analogous to that used with the odors. Although
patients with orbitofrontal lesions and Korsakoff syndrome were highly im-
paired on discrimination (d� < 0.5), normal and brain-damaged controls per-
formed equivalently. There were no deficits in threshold in the orbitofrontal
or brain-injured groups relative to normal controls, but Korsakoff patients did
have elevated thresholds. More importantly, hue discrimination was largely
normal, except being somewhat depressed in Korsakoff patients. This failure
to observe a difference was not an artifact of test difficulty, as both the olfac-
tory and hue tests were graded and this did not systematically affect perfor-
mance. This study clearly shows that participants can be found who are able
to normally detect odors, but who are extremely poor at qualitative discrimi-
nation, yet who are able to perform the task of discrimination in another
modality without evident impairment.

Korsakoff patients, as suggested earlier, show deficits in odor discrimina-
tion and on related tasks in other modalities too (see Mair et al. 1986). The
most comprehensive study of their ability in respect to olfaction, examined
olfactory discriminative ability using a delayed matching to sample (DMTS)
test, in which both odor similarity and delay (5, 15 or 30 seconds) were ma-
nipulated (Mair et al. 1980). There were two control conditions. The visual
condition involved seeing a face, then attempting to pick the face from a set
of faces, simultaneously, successively, or after a 15-second delay. The second
control procedure was a consonant trigram task, in which participants were
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asked to recall the consonants after delays of 0, 3, 9, or 18 seconds. Odor
threshold was also assessed and there was no significant difference relative to
controls. The first finding here was that odor discriminative ability, as mea-
sured by DMTS, was significantly worse in the Korsakoff group than in con-
trols, especially where the target and distractor were highly similar. The cru-
cial finding, however, was that performance did not change over the varying
delays (see fig. 6.6), implying that the deficit did not result from an inability
to retain olfactory information across the DMTS interval. The second find-
ing was that facial identification was similar for Korsakoff and normal partic-
ipants when presented simultaneously, but that performance in the Korsakoff
group dropped markedly as the delay increased, whereas the performance of
healthy participants did not (see fig. 6.6). The third finding, similar to the
faces task, was that recall of the consonants was similar to controls upon im-
mediate recall but decayed significantly faster for patients with Korsakoff syn-
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dissimilar odors, from patients with Korsakoff syndrome and controls (data adapted
from Mair et al. 1980).



drome. Apparently, olfactory discrimination deficits in Korsakoff patients in-
volve a failure to discriminate olfactory stimuli that is independent of both
detectability and retention interval. Moreover, the ability to discriminate
faces and recollect trigrams almost as effectively as healthy participants at
zero delay, suggests that inability to perform this type of task is not the source
of the olfactory deficit.

The final and perhaps most compelling example is the single case study
concerning HM, who received a bilateral temporal lobectomy for intractable
epilepsy (Eichenbaum et al. 1983). HM showed normal olfactory thresholds
for a variety of stimuli. Using a paired-comparison procedure, HM was able
to discriminate between the same odor presented at higher and lower con-
centrations as well as control participants. However, when the odors only dif-
fered by quality, HM performed at chance level, on both easy, intermediate,
and hard qualitative odor discriminations. This result is important for two rea-
sons, first, because HM was unable selectively to perceive odor quality, in so
much as his ability to discriminate odors differing primarily on this variable
was lost. Second, he was clearly able to perform the discrimination task when
the odors differed only in intensity, suggesting that a task-specific deficit could
not account for these findings, nor could inadequate ability to detect odors.

Although the neuropsychology data offer some striking support for disso-
ciations between detectability and qualitative discriminability, there have
been almost no investigations into abnormalities of odor hedonics. Only two
types of finding are currently available in the neuropsychology literature. The
first concerns Alzheimer disease. Perl et al. (1992) found that patients with
Alzheimer disease were able to discriminate pleasant and unpleasant odors
(based on judges coding their facial expressions). Although no data on iden-
tification were obtained, Perl et al. (1992) concluded that appropriate hedo-
nic reactions could occur to pleasant and unpleasant odors in the absence of
identification—a not unreasonable assumption because these patients had
largely lost the ability to verbally communicate. Soussignan et al. (1995)
found intact hedonic responding to pleasant and unpleasant odors, also
judged by facial expression, in low-functioning mute children with pervasive
developmental disorder. In both these cases it seems reasonable to presume
that verbal odor identification could not have played a significant part in the
hedonic responding, suggesting an independent hedonic system.

A second and more recent discovery is the selective deficit in the recogni-
tion of facial displays of disgust in Huntington disease (e.g., Sprengelmeyer
et al. 1997). Not only are the identification of disgust faces affected, but so too
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are disgust responses to odors found pleasant or unpleasant by healthy par-
ticipants (based on ranking odorous stimuli [Lawson, Stevenson, and Colt-
heart, in preparation]). However, many patients with Huntington disease
show deficits in olfactory identification, which appear to result from a pro-
gressive inability to detect odors (Nordin, Paulsen, and Murphy 1995). Con-
sequently, the degree to which abnormal hedonic responses in this disease re-
sult from selective impairment in affective responding versus loss of olfactory
sensitivity is not currently known. The evidence, overall, little as there is, sug-
gests a possible dissociation between hedonic responding and other olfactory
functions.

Neuroimaging

The neuroimaging data has made three important contributions to under-
standing human olfaction. First, it has allowed the mapping of function to
neuroanatomy in intact individuals. Second, it has resulted in a better under-
standing of the way in which olfaction relates to other sensory systems. Third,
it has resulted in some preliminary statements about dissociations between dif-
ferent olfactory functions and the information processing hierarchy. The first
and second sets of findings are not directly relevant to this section because they
pertain directly to neuroanatomy and are covered in the earlier chapters of this
book. The third set of findings is relevant; they are discussed below.

Neuroimaging studies of differing olfactory functions have revealed four
major findings. First, there is a dissociation between brain areas involved in
olfactory hedonics and those involved in other measured functions (e.g., fa-
miliarity, edibility, detection; Royet et al. 2001). Second, emotive odors acti-
vate brain regions distinct from those activated by emotive pictures and sounds
(Royet et al. 2000). Third, and relatedly, there is a dissociation between brain
areas activated by odors reported as pleasant and those reported as being un-
pleasant (Rolls, Kringelbach, and de Araujo 2003; Gottfried, O’Doherty, and
Dolan 2002). Fourth, as tasks become more complex, the range of structures
involved in processing broadens from those known from neuropsychological
and animal studies to be primarily olfactory, to structures that are believed to
engage in multimodal functioning (e.g., Royet et al. 2001; Qureshy et al. 2000).
What is important here, in particular, is the finding of brain areas for which
information processing is concentrated on the emotive aspects of olfaction,
rather than solely on the perceptual, as this supports the general supposition
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here that hedonic and perceptual (quality/intensity) systems represent sepa-
rate information-processing streams in the olfactory system.

Top-down Processing

Except under the rather unusual conditions that pertain in the odor labora-
tory, most smells occur in tandem with other sensory cues. The smell of or-
ange typically co-occurs with the sight of an orange, toilets that look filthy
probably smell bad too, and the sight and sound of a crackling fire likely
smells smoky. As discussed below, such cross-modal cues have a demonstra-
ble effect on participants’ reports of olfactory experience, suggesting that top-
down processing can affect what is reported under certain conditions. How-
ever, although the evidence reviewed below plainly suggests that top-down
modulation occurs, the key question remains as to whether the result is a
change in the olfactory percept or in the way that the olfactory percept is re-
ported.

Under various conditions, color has been shown to affect odor identifica-
tion, intensity, and hedonic judgments. Engen (1972) used a signal detection
paradigm to examine whether colored blank stimuli would affect false-alarm
rates when participants were asked to judge whether an odor was present or
absent. Colored stimuli, that had no odor, were more likely to be judged as
odorous than uncolored blanks. Color can also affect the qualities that are re-
ported when participants consume colored and odorous stimuli. Using both
odor typical (yellow color / lemon odor) and atypical colors (orange color /
cherry odor), Dubose, Cardello, and Maller (1980) found that both condi-
tions increased the perceived intensity of the odor, whereas atypical colors
(e.g., orange-colored cherry-flavored drinks) induced odor ratings that were
characteristic of the odor normally associated with that color. Identification
of an odor is also affected by color. Zellner, Bartoli, and Eckard (1991), found
that typical colors enhanced identification, but that atypical colors had no ef-
fect. The most dramatic demonstration of the effect of color on odor judg-
ments are those of Morrot, Brochet, and Dubourdieu (2001). They found that
qualitative evaluations of a white wine colored red by an odorless and taste-
less colorant were more similar to those of a red wine, than they were to ei-
ther the same white wine, or to the same colored white wine presented blind.

At least for judgments of intensity, color-based effects do not appear to arise
from the demand characteristics of the situation. Zellner and Kautz (1990)
presented participants with a standard odor, which for half the participants
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was colored and for the other half not. In each case, participants were asked
to judge whether a comparison stimulus was stronger or weaker—that is no
direct ratings of intensity were obtained. For participants receiving a colored
standard, all the comparison stimuli were uncolored, whilst for those receiv-
ing the uncolored standard, all the comparisons were colored. Consistent
with other findings (e.g., Zellner and Kautz, experiments 1 and 3), the col-
ored standard tended to be judged as stronger than an equally concentrated
comparison stimulus, whereas for participants with the uncolored standard,
the equally concentrated but colored comparison, was more often judged the
stronger.

Verbal labels can also affect odor judgments. Herz and Clef (2001) selected
a set of odors based on their potential hedonic ambiguity. Labels exerted a
significant impact on whether the odors were judged favorably or unfavor-
ably. For example, a mixture of isovaleric and butyric acid described as
Parmesan cheese in one condition was liked more, than when it was de-
scribed in another as vomit. Clearly demand might play a significant role in
this sort of experiment, but their observation of a first-label effect makes this
appear less likely. As the design was within-participant, both labels for an odor
were presented at different times and in a counterbalanced order across par-
ticipants, thus a first-label effect was detected based on between-participant
comparisons. Herz and Clef (2001) observed that in certain cases (for pinene
and menthol), the first label exerted a greater effect than a second hedonically
different label. That there was carry-over suggests that participants were do-
ing something more than simply responding appropriately to each label.

Labels and colors then, clearly influence how participants report an odor’s
smell. A key question is whether such effects influence perception or whether
they result in responses consistent with the more dominant information
channel (typically vision/audition). That is does orange-colored lemon odor
really smell like orange or is it just reported as smelling like orange? Although
this question is a hard one to address, the evidence reviewed above is consis-
tent with both accounts and offers no clear guide as to whether top-down pro-
cessing actually shifts odor perception or the propensity to report information
consistent with the dominant sensory channel. There is, however, one ex-
periment that does differentiate between these accounts. Gottfried and
Dolan (2003) explored whether congruent olfactory-visual information (i.e.,
diesel odor and a picture of a bus) would enhance response latencies to the
question “is an odor present?,” relative to both incongruent olfactory-visual
information (i.e., fish odor and a picture of cheese) and to a condition in
which odors were presented alone. The shortest latencies were obtained
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when the visual and olfactory information was congruent. There was no sig-
nificant difference in latencies between the incongruent and odor-alone con-
ditions. Gottfried and Dolan (2003) concluded that the failure to obtain a dif-
ference between the latter conditions reflects a decision based on semantic
associations between the odor and image, as misperception might have been
expected to boost latencies under both visual conditions, but not when an
odor was presented alone.

Motivation

Motivational variables appear to affect participants’ hedonic reactions to
odors, but little research has been conducted on their impact on the qualita-
tive and intensive dimensions. Two types of finding have been suggested in
the literature, but at the moment only the first has firm empirical support: 
(1) hunger and satiety can alter hedonic responses to food odors but not to
nonfood odors, and (2) sexual arousal may increase the acceptability of cer-
tain body odors. Several studies have now shown that after a meal, food-
related odors are rated as less pleasant, an effect that gradually ameliorates
over time. This effect can be mediated by the presence of food in the gut,
such that following ingestion of a meal or a sucrose preload, food odors 
are rated as smelling less pleasant than they did before ingestion (within-
participant) and less pleasant than a fasting control group (Cabanac 1971; Du-
claux, Feisthauer, and Cabanac 1973). In addition, a further effect, sensory-
specific satiety can be produced solely by repeated exposure to a food odor,
but without ingestion (Rolls and Rolls 1997) and this effect is independent of
any change in the perceived intensity of the target odor. In both these cases
it is assumed that the qualitative aspects of the olfactory sensation remain un-
changed, whereas only the hedonic component diminishes, but this has yet
to be shown definitively (but see preliminary findings reported earlier in this
chapter).

Sexual odors, that is, those volatiles associated with the organs of pro-
creation, are typically regarded as unpleasant (Daly and White 1930). It has
been argued, however, that this reaction also depends on motivational state
(Kalogerakis 1963) and that sexual arousal leads to a change in the way in
which these odors are hedonically evaluated. Although this makes good
sense, as does a similar notion that motivational state may render previously
disgusting food palatable (e.g., a rotting bread crust to a starving man), no
empirical evidence as yet exists. Some weak anatomical confirmation for this
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idea has been obtained from neuroimaging data, in that romantic love pri-
marily activates the insula (Bartels and Zeki 2000), a structure with known
importance in mediating the emotion of disgust (Phillips, Young, and Senior
1997; Davidson and Irwin 1999).

Conclusion

The most striking characteristic of human odor perception is its plasticity.
This plasticity is expressed in many ways: qualitatively, in that learning and
experience can modify the way odors are reported to smell, their similarity to
each other, and their discriminability and hedonics, in that motivational state
and past experience can alter whether an odor is liked or disliked. This plas-
ticity is entirely inconsistent with the view that odor perception is based pri-
marily on the structural description of the odor, that is, its physicochemical
properties. The plasticity of odor perception is, however, entirely consistent
with the view that odor perception is a form of object recognition. First, such
a process depends on learning, in that patterns of features that occur together
have to be bound and retained so that the pattern can be recognized and its
consequences evaluated. Second, the absolute reliance of object recognition
is demonstrated by the neuropsychological data, which show a constellation
of deficits characterized by an ability to detect odors, but an inability to dis-
criminate between them.

After the object recognition process has taken place, the hedonic reaction
to the odor occurs, although there is a limited body of neuropsychological ev-
idence that suggests that affective reactions can occur independently of this
process (possibly in Alzheimer disease and pervasive developmental disor-
der). Notwithstanding this caveat, as indicated above, this also involves strik-
ing plasticity, and the hedonic response to an odorant can be seen as its most
important consequence if it is reasonably assumed to be the behavioral cor-
relate of approach/avoidance. A further finding is that odor perception is
heavily affected by ongoing information from other sensory channels—top-
down processing. However, what is so intriguing here is that we do not cur-
rently know whether olfactory perception per se is brought into line with the
other senses (when they mismatch) or whether all that changes is the report
that participants provide about the stimulus.

In sum, functionally, human odor perception requires that complex stim-
uli (objects) be recognized, not features, and that participants are enabled to
discriminate these objects and react appropriately to them (approach/avoid-
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ance). The empirical evidence suggests that these functional goals are met
by a process of object recognition that is heavily dependent on learning and
memory, and by an hedonic reaction that also demonstrates considerable
plasticity, both through short-term means (motivational state) and longer-
term means (evaluation of consequences). Notwithstanding this, the system
demonstrates a further flexibility, in that when it is out of synchrony with in-
formation from other presumably more dominant sensory channels, it is the
olfactory system which is realigned. Whether this realignment is perceptual
or semantic is not currently known.

Constraints Imposed by This Solution

If the primary role of the human olfactory system is to construct and retain
odor objects out of complex mixtures of chemicals, so that these objects can
be more readily discriminated from the chemosensory background, this im-
plies certain limitations to the way in which humans can perceive odors. The
most obvious limitation is that it should affect our ability to identify compo-
nents of complex odor mixtures, as the system output is in wholes not parts.
If such a limit is imposed by the perceptual system, it should be apparent in
all individuals, including perceptual experts. Three further predictions can
also be made. First, if olfaction depends on pattern recognition, then the
stored patterns must be relatively resistant to interference and trace decay.
Not only would this prevent the loss of valuable prior experience but, more
importantly, it would also enhance discriminability by preserving psycholog-
ical distance between odors. That is, encoding everything would lead to so
much inherent similarity between odors that discrimination would become
very hard as a consequence of overgeneralization. Second, once an odor ob-
ject has been acquired, even rudimentary components of it may be enough
to recognize it. This would allow recognition of even the remnant scent of 
a predator and, as described earlier, the characteristics of tastes originally 
experienced with that odor (i.e., sweet-smelling odors). Third, concerning
adaptation, to assist in identifying odor objects the olfactory system must
adapt relatively fast to the olfactory background, thus allowing any new stim-
ulus to come to the fore. Consequently, the olfactory system should demon-
strate rapid adaptation. All of these points, with the exception of adaptation,
which is discussed elsewhere, are examined next.
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Limitations on Identifying Parts

Three lines of evidence converge on the conclusion that humans are limited
in their capacity to identify the component parts of odor mixtures. Laing and
colleagues performed the most complete set of studies. Their basic technique
involved familiarizing the participant with a set of seven labeled odors and
then presenting the participant with either a single odorant or mixtures com-
posed of two or more components drawn from this set. The participants’ task
was then to identify the odorant/s present on that trial. Laing and Francis
(1989) found that participants were able to identify, correctly, single odorants
on 82% of trials, the components of binary mixtures on 35% of trials, three-
component mixtures on 14% of trials, four-component mixtures on 4% of tri-
als, but they were never able to accurately identify all the elements of five-
component mixtures.

Obviously, this task is a hard one, especially for the more complex mix-
tures as it involves both remembering the odor names, matching the names
to the odor, and identifying each individual odor in the mixture. Taking this
into account Laing and Glenmarec (1992) conducted a further experiment
in which participants were familiarized with the target odors and then, prior
to every trial, they were asked to smell a target odor and they then had to judge
whether the target odor was present or absent in the stimulus (again com-
posed of single odors and multicomponent mixtures as described above). In
addition, the same participants were also asked to identify all the components
using the method described in the preceding paragraph. This procedure 
produced virtually identical results in both conditions, that is, performance
dropped markedly as the mixtures increased in complexity (see fig. 6.7).

It is well known in the flavor industry that some odors blend together well
and that others do not. Therefore performance on these types of tasks might
be severely limited by the choice of odors in that good blenders might reduce
identification of components and poor blenders increase it. Using good- or
poor-blending odors selected by industry experts, Livermore and Laing
(1998a) assigned participants to one of these two sets of stimuli. The results
indicated that poor blenders were better identified when mixtures contained
less than three components. However, both good- and poor-blender groups
were equally impoverished with higher order mixtures.

If odors are treated as objects, then it might be expected that participants
would be as good at identifying a target object in a mixture as they are at iden-
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tifying pure chemical stimuli and their mixtures. Livermore and Laing
(1998b) investigated this possibility using several odor objects, each com-
posed of a large number of chemicals (e.g., chocolate, rose, and honey). The
same technique employed in their earlier studies was used, in which partici-
pants were presented with mixtures of these odor objects, their task being to
identify which odors were present. These findings are of especial interest (see
fig. 6.8), because they show that the same limitations apply to complex odor
objects as they do to single pure chemicals, in that absolutely correct identi-
fication performance drops to chance level when there are more than four or
five components.

If the ability to identify odor components in mixtures is a fundamental as-
pect of olfactory processing, then it should not be possible to exceed this limit
even if you have received training to do so. Nonetheless, below this percep-
tual barrier it should be possible to enhance performance through training.
Livermore and Laing (1996) investigated this by comparing an expert group
of perfumers and flavorists against a group of untrained participants. Each
group had the same task, namely to identify the elements present in multi-
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component mixtures. Experts were significantly better at identifying the com-
ponents of two- and three-component mixtures than the novice group. How-
ever, with four- or five-component mixtures performance was uniformly poor
(see fig. 6.9), suggesting that this limit reflects a genuine perceptual barrier,
rather than a lack of expertise in the participants utilized in their other ex-
periments.

Another approach to studying whether participants can detect compo-
nents in odor mixtures is to ask them to judge the complexity of the mixture,
either through simply stating the number of odors present or through rating
complexity on a rating scale. Presumably, if participants are aware of the in-
creasing number of components, complexity judgments should increase 
linearly with mixture complexity. On the other hand, based on the findings
reviewed above, it would be expected that complexity judgments would in-
crease for mixtures up to three or four components, but with no further in-
crease beyond this point. Three studies (Laing and Francis 1989; Laing and
Glenmarec 1992; Moskowitz and Barbe 1977) adopted the first measure of
complexity, using number of odors judged to be present. As expected, this in-
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creased up to a ceiling of three components, suggesting that participants not
only were poor at discerning components irrespective of identification accu-
racy, but also indicating that little feature-based information could be present
(contrast this with a visual example of progressively adding pen strokes to a
small piece of paper, complexity emerges here directly through observing the
increasing number of pen strokes/features). Only one study has examined di-
rect ratings of odor complexity. It is arguable whether this study assesses the
same thing as reliance upon number of components, because participants
may judge complexity on the basis of redolence to other odors (i.e., what it
smells like). Jellinek and Koster (1979) found no relationship between the
number of components present in a mixture and participants’ complexity rat-
ings. If an odor’s perceived quality does depend on matching to a memory-
based system, even a single pure chemical may be redolent of many different
qualities—that is, judged complexity should be independent of the stimulus
if it is based on experience.

Finally, if participants are unable to identify the components of more com-
plex mixtures, this should also affect the similarity of the mixture to the con-
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stituent components. Jinks and Laing (2002) explored this by having partici-
pants evaluate each single odorant or mixture using the 146-item Dravnieks
scale. As the number of elements present in a mixture increased, there was
little change in the number of reported odor qualities, but the type of odor
quality reported shifted from the specific to the generic. As unfamiliar odors
are both hard to name and to discriminate, this shift to more generic de-
scriptors suggests that participants tended to treat more complex mixtures as
novel stimuli rather than as a set of familiar components.

Constraints on Forgetting

To be able to distinguish between odors, previous experience with those odors
needs to be retained. If every olfactory experience were encoded, this would
produce catastrophic interference, resulting in one odor reminding a partic-
ipant of every other experience; consequently, some brake is needed on this
process and this may be manifest as strong resistance to interference relative
to other forms of learning. Evidence of high resistance to interference has
been obtained both with odor-taste learning and with odor-odor learning as
detailed below.

Resistance to interference in odor-taste learning has been explored using
two different interference procedures. The first extinction involved present-
ing participants with three odors, two of which were paired with citric acid
and one with sucrose (Stevenson, Boakes, and Wilson 2000a). In a second
phase, participants received one of the citric acid–paired odors alone in wa-
ter (i.e., the extinction procedure). This was followed by a posttest in which
all three odors were rated on a series of scales, including how sweet and sour
they smelled. No evidence of extinction was obtained, in that the citric
acid–paired odor, subsequently presented alone in water, was judged to smell
as sour as the citric acid–paired odor that had not been extinguished and with
both smelling more sour and less sweet than the sucrose-paired odor (see fig.
6.10).

The conclusion that no interference had occurred did not rely on a null
result. Participants were also asked within the same experiment to learn the
relationship between colors and tastes (e.g., red sucrose). Two colors were
paired with citric acid and one with sucrose. One of the citric acid–paired
colors was then presented alone in water (i.e., the extinction phase). Using a
test of conditioning which could assess both odor-taste and color-taste learn-
ing (look and smell the solution and predict what it would taste like) indi-
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cated that although participants now expected the extinguished citric acid
color to not taste sour, the procedure had not exerted any effect on the ex-
tinguished citric acid–paired odor. Thus, within the same procedure, a color-
taste association had been affected by the procedure, but an odor-taste asso-
ciation had not.

The second approach used an alternate interference procedure—coun-
terconditioning. In this case three odors were again paired with tastes (two
with citric acid and one with sucrose) after which one of the citric acid–paired
odors was then paired with sucrose—hence, counterconditioning (Steven-
son, Boakes, and Wilson 2000b). An analogous color-taste control condition
was again employed. Use of the expectancy test described above to simulta-
neously assess learning in the color and odor conditions revealed that, al-
though color-taste learning was affected by the counterconditioning, odor-
taste learning was not.

Presentation of the odor alone following conditioning apparently exerts lit-
tle effect on the acquired taste characteristics of the odor. The converse of
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color-taste pairings (same legend) (data adapted from Stevenson et al. 2000a).



this procedure also appears to be true, in that presentation of the odor prior
to pairing with a taste prevents such associations forming (Stevenson and
Case 2003)—a corollary of the retroactive interference procedures described
above (i.e., proactive interference). In this case, participants were exposed to
two odors, four times, prior to a conditioning stage in which one of these
odors was then paired with sucrose and the other with citric acid. In addition,
participants also experienced a further two odors, one of which was paired
with citric acid and the other with sucrose. The odors presented only in the
conditioning phase acquired the appropriate characteristics, that is, the sucrose-
paired odor got to smell sweeter and the citric acid–paired odor sourer. No
evidence of conditioning was obtained in the odors that had been exposed
prior to pairing them with sweet or sour tastes. This suggests that it is the ex-
posure process per se that results in encoding and that once this has happened
little further learning takes place (or at least none could be detected).

This characteristic of resistance to interference in odor-taste learning is
also shared by odor-odor learning. In a recent series of experiments we have
begun to explore this using two different types of procedure. The first, anal-
ogous to the extinction procedure described for odor-taste learning, involved
presenting participants with two-odor mixtures (AX, BY), followed by pre-
sentations of the elements of one of the odor mixtures alone (B, Y), several
times (Stevenson, Case, and Boakes 2003). This procedure did not affect per-
formance on a subsequent similarity test, in which participants were asked to
judge the similarity of the two odors mixed together (A vs. X), versus the two
odors mixed together and subsequently smelled alone (B vs. Y) versus a new
set of two odors not presented in the experiment (C vs. Z). Here, the odors
that had been originally paired together did not differ in acquired similarity,
but both reliably differed from the nonpaired, nonexposed controls (C vs. Z).
Thus, as before, no evidence of interference could be detected.

As with the odor-taste data, a significant concern is not to rely upon a null
result. This issue was dealt with by having participants learn associations be-
tween odors and colors (e.g., red-mint) in the same experiment. One of these
combinations was then presented with each element alone (e.g., red water,
mint water). To test learning a new procedure was devised, capable of mea-
suring simultaneously the odor-odor and odor-color learning. This was based
on the participant making frequency of occurrence estimates for all the stim-
uli alone (colors and smells) and for all possible mixtures. These ratings read-
ily revealed that participants were aware that the extinguished color and odor
had occurred more frequently alone, than as a mixture—that is, participants
had correctly tracked the experimental contingencies. This was not evident
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for the extinguished odor-odor mixture elements. This is because if learning
were preserved, each element would be confused with the other and with
their mixture, because they should all smell somewhat similar as a result of
the earlier learning episode. As a result, similar frequency estimates for all
three stimuli (e.g., A, Y, and AY) should be observed and this was in fact the
case for both the extinguished and the nonextinguished but paired condi-
tions. Thus participants on this test demonstrated an awareness of color-odor
extinction but not of odor-odor extinction.

Repeated presentation of single odors alone, as described above, especially
prior to the test phase, must raise a concern about adaptation. This might lead
to the extinguished odors being judged as more alike, simply because partic-
ipants could not smell them adequately. To explore this we set out to exam-
ine what would happen to two odors if they were just repeatedly presented
during a mock interference phase, relative to (1) two odors that had been ex-
perienced as a mixture (but with no interference) and (2) two odors presented
for the first time on the test phase (Stevenson, Case, and Boakes 2003; ex-
periment 2). Similarity ratings taken during the test phase revealed two 
interesting findings. First, presentation of the two odors during the mock in-
terference phase did not render the pair as more alike, relative to the nonex-
posed controls or the paired controls. That is, adaptation could not account
for the absence of an interference effect in the experiment reported above.
Second, exposure during the interference phase actually resulted in the two
odors being judged as significantly more dissimilar than the nonexposed con-
trols, consistent with other findings, which, reported earlier, indicate that ex-
posure alone can enhance discriminability between odors.

More recent studies have explored a further interference phenomenon, in
which, following the pairing of two odors, say A and X, A is then subsequently
paired with Y, and X with B. This classic interference design also demon-
strates resistance to interference of a magnitude similar to that observed with
the extinction-like procedure described above (Stevenson and Case, submit-
ted). In a further experiment we tested whether any learning had taken place
for the interfering odor pairs, namely AY and BX in the example above. It had,
when contrasted against a nonpaired control odor on the similarity test, but
learning was significantly less evident, than in the original paired condition
(AX above), suggesting, as observed in other studies (see below), proactive in-
terference.

Several other lines of inquiry have suggested that odor memory is resistant
to interference. Typically these have involved one of two approaches. The
first is paired associate learning between odors and pictures, which demon-
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strates proactive interference but not retroactive interference (Lawless and
Engen 1977). The second approach has examined whether participants’ abil-
ity to recognize which odors have been previously presented when targets and
distractors are presented at varying times after training (e.g., Lawless and Cain
1975). The typical finding is of a relatively flat, forgetting curve over time, rel-
ative to recognition memory for pictures that decays relatively fast. Memory
for hard-to-name shapes was, however, substantially similar to that of the
odors (Lawless 1978). Both these types of study, although frequently cited as
examples of odor memory strength, are probably not directly related to the 
effects reported above of the persistence of odor-taste and odor-odor associa-
tions. First, there are important methodological differences. The paired as-
sociate learning experiment of Lawless and Engen (1977) employed succes-
sive stimulus presentation, whereas all of our studies employ simultaneous
presentation. In addition, Lawless and Engen (1977) make no claim as to the
discriminability of the stimuli following learning or to changes in odor qual-
ity, because their study and the others cited above rely on recognition as the
dependent variable. As we suggest later in this book, recognition memory
may rely on the perceptual memory system that we believe underpins odor-
taste and odor-odor learning, but it does not automatically follow that this re-
liance produces effects synonymous with high resistance to interference in
recognition memory tasks as there are clearly studies that do not find this. For
example, Walk and Johns (1984), using a delayed matching to sample task,
which presented an odor drawn from the same perceptual category as the two
targets presented in the acquisition phase, significantly reduced performance
when participants were asked to pick the target from four stimuli also drawn
from the same set. That is, the distractor stimuli interfered with recognition
memory.

Performance resulting from most human learning is context dependent.
Responses evoked by a particular cue elicit behavior in one environment, but
not in another. This reliance on context to control performance is well es-
tablished in the animal learning literature, especially for extinction, where
an extinguished cue can be reinstated (spontaneous recovery) when pre-
sented again in a different (novel) context. Thus, the same cue can elicit dif-
ferent behaviors, with performance controlled by the context. For the per-
ception of odor quality, we might expect that context would be relatively
unimportant, smoke should still smell like smoke where and whenever it is
encountered. Although we might speculate that context should not dictate
odor quality perception, there are at present no data on which to base this in-
ference.
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Just as the perceptual characteristics of an odor need to be protected from
further encoding, so too do the hedonic aspects. We have already discussed
how evaluative conditioning using odors and tastes evidence resistance to ex-
tinction but not to counterconditioning. This should come as no surprise as
we might reasonably expect that the consequences of smelling an odor may
change and that such changes should be encoded. Likewise, flexibility might
also be expected to manifest in terms of contextual sensitivity. As we noted
above, smoke needs to smell like smoke wherever it is encountered, but its
hedonic consequences may have to differ depending on the context in which
the odor is smelled (e.g., being awoken to the smell of smoke is probably un-
pleasant and very frightening; smelling a garden bonfire may be unpleasant
but is not usually frightening). As with odor perception, there are no data as
yet to evaluate whether context-specific learning does occur with liking. For
evaluative conditioning, attempts to demonstrate this have met with little suc-
cess (see De Houwer, Thomas, and Baeyens 2001), nonetheless, it would be
highly surprising if context did not modulate hedonic responses to odors be-
cause how else do we account for the liking of odors such as Parmesan cheese
when their major volatile constituents are essentially those of vomit?

Redintegration

There are several theoretical ways, none of which have yet been confirmed,
that might account for the resistance to interference and suspected insensi-
tivity to context of odor quality perception. One possibility is that, as a result
of encoding odor objects, presentation of fragments (i.e., akin to the inter-
ference procedures used in many of our experiments) can act to redintegrate
(or recover) the whole percept. Thus, what is perceived is not the fragment
but the whole. Consequently, as learning typically requires surprise, that is
some way of directing attention to the stimulus, the failure to notice any
change from the presentation of the whole to the part results in no further
encoding. One effect of this is to protect already encoded objects. Another is
that it allows the system to identify objects that are broadly similar to the tar-
get item. In some cases, this results at least in a significant disparity between
the properties of the stimulus and the resulting percept. In most cases this dis-
parity is beneficial, because, as noted above, it confers resistance to interfer-
ence and it allows information about the stimulus to be presented in a per-
ceptual form; for example, that an odor smells sweet and is thus likely to be
a source of calories.
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General Conclusion

Perceiving an odor and reacting to it are heavily dependent on learning and
memory. Novel odors are harder to discriminate than familiar odors and less
liked too. Children are poorer at discrimination odors and react differently
toward them than adults. Laboratory or culturally mediated exposure to odors
can affect their quality and hedonics. Loss of such olfactory information, as
in normal ageing, Alzheimer disease, Korsakoff syndrome, and temporal lobe
lesions, results in intact detection but adversely affects discrimination and
perception of odor quality. All these findings point to a system that relies on
mnemonic processes—object recognition and learned hedonic reactions.
Both may be independent systems, modified by top-down processing and mo-
tivational state. Both systems have constraints. The object recognition system
appears to make component identification harder and produces marked re-
sistance to extinction to prevent overgeneralization. Learned hedonic reac-
tions are conservative but more flexible and probably context sensitive. In
sum, human olfaction demonstrates a high level of plasticity—a finding that
is very difficult to reconcile with a receptor-centric view of odor perception.
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7

Odor Memory

To this point, we have been concerned with the role of memory
in odor object recognition and hedonics. A whole range of other

information-processing tasks exists that rely on memory, and the purpose of
this chapter is to examine and interconnect them with the object recognition
process that we have alluded to in the preceding chapters. We begin with an
exploration of human olfactory cognition, including short- and long-term
memory, paired associate learning, odor priming, and imagery. We then ex-
plore many of these same issues in the animal literature and explore under-
lying neural correlates.

Olfactory Cognition in Humans

An important question one might ask is whether there is any need to attempt
an integration of olfactory cognition, odor memory, and object recognition,
and thus we start this section by explaining why it is necessary. Higher cog-
nitive processes clearly influence perception—top-down processing—as we
briefly described in the preceding chapter. For example, being able to name
an odor appears to affect all three aspects of olfactory perception; a nameable
odor appears more intense (Distel and Hudson 2001), it evokes a more potent
emotional response (Herz and Von Clef 2001), and it is better discriminated
too (Rabin 1988). Such findings can be conceived in two basic ways, either



as perceptual or nonperceptual phenomena. Both alternatives might operate
together or alone, and each could be envisaged in several different forms. Per-
ceptual accounts might involve (1) the direct activation of an odor object en-
coding; (2) the refining of a representation, where the generation of a name
for example, acts reciprocally to repress odor objects that are similar to the
target’s encoding; and (3) the enhancement of the target’s level of activation.
Nonperceptual accounts might involve (1) the recruitment of a second mode
of representation (verbal), thus improving performance on memory and dis-
crimination tasks (c.f., dual-coding; Paivio 1991); and (2) the alteration of the
verbal description of a perceptual experience to bring it into line with infor-
mation from the other senses. Whichever may be correct—and they are not
mutually exclusive—top-down processing undoubtedly occurs (see earlier
chapters) and we therefore need to know how the object recognition process
that we have described is affected by it.

A second reason for integrating the process of object recognition with find-
ings from olfactory cognition is that many cognitive processes in the visual
system, for example, directly utilize perceptual pathways. The most notable
of these is the capacity for imagery (Kosslyn and Thompson 2003). In the vi-
sual system, imagery calls upon the integration of a range of processes, most
notably retrieval of perceptual encodings from long-term visual memory and
their instantiation in short-term memory (Baddeley and Andrade 2000; Koss-
lyn, Ganis, and Thompson 2003). Important conceptual similarities exist be-
tween imagery and top-down processing, even though these are often treated
as separate topics in the literature (Cain and Algom 1997). If imagery is con-
ceived as a perceptual process, which many findings from visual neuro-
science suggest (Farah 2000), then the generation of an image when an odor’s
name is provided, for example (imagine lemon), may involve virtually iden-
tical processes to those involved in top-down processing, where a name may
act to refine or alter an extant perceptual experience. In other words the ul-
timate result of top-down processing may in certain cases be a perceptlike im-
age. Two aspects of this are particularly important. First, if imagery is not a
perceptual process as some have argued (Pylyshn 2003), this could imply that
top-down effects are nonperceptual too (note the direct parallel with the dis-
cussion in the preceding paragraph). Second, several prominent olfactory
theorists, especially Engen (1987), have argued that the olfactory system is in-
capable of imagery, whilst others (e.g., Cain and Algom 1997) suggest that im-
agery plays a key role in many olfactory tasks. Not only then do we need to
understand how imagery (and top-down processing) may relate to object
recognition, we also need to determine whether it constrains the type of ex-
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planation that we can offer for imagery and top-down processing. In essence
does an object recognition account of olfactory perception suggest that im-
ages are perceptual or nonperceptual phenomena?

A third, and perhaps the most compelling, reason is that to date there is
no account in the literature that presents a modal model of olfactory infor-
mation processing. Rather, thinking in this respect has been guided, logically
so in fact, by information-processing models derived from other modalities
(c.f., White 1998) or from the study of human memory in general (c.f., Lars-
son 1997). Moreover, because there has been relatively little theoretical de-
velopment in psychology of the basic information-processing steps in olfac-
tory perception, cognitive processes have not typically been related back to
perceptual ones, resulting in a lack of integration of the extant research lit-
erature. If this were not enough, perhaps the most striking finding of research
into olfactory cognition during the past forty years has been that of differences
with other modalities rather than similarities (Herz and Engen 1996; Steven-
son and Boakes 2003). All this suggests that an integrated olfaction-centered
model is needed. Such a model is inevitably going to be an approximation of
the truth; nonetheless, it should serve a useful purpose if it helps to specify
important questions to ask about olfactory information processing.

The main thrust of this section is human olfactory memory and related
cognitive processes. We start by examining short-term memory for odors to
see whether this differs qualitatively from the properties of long-term mem-
ory. Such differences do seem to exist in other sensory systems, do they in ol-
faction? Then we turn to examine the characteristics of long-term memory.
To what extent are long-term memory findings synonymous with findings
from memory processes involved in object recognition, more succinctly, are
we talking about the same memory system or different memory systems?
Clearly, when we smell something, other information may be available or be-
come available, such as an odor’s name or personally relevant memories, for
example (Chu and Downes 2000a). How are these types of associations to
odors formed and how are they linked to their object level description? We
then examine imagery—the experience of an olfactory sensation in the ab-
sence of appropriate stimulation. Many have argued that olfactory imagery
does not or cannot occur (see, for example, Engen 1987, 1991; Crowder and
Schab 1995; Herz 2000). We examine the evidence pertinent to this claim
and delineate how this might relate to olfactory information processing in
general. Finally, we propose a model of human olfactory cognition, which at-
tempts to integrate the findings reviewed here with an object recognition ac-
count of odor perception.
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Short-term Memory

Four lines of evidence have been used in the past to argue for qualitative dif-
ferences between long- and short-term stores-capacity differences, differential
coding, serial position effects, and neuropsychological dissociations (White
1998). Using this framework, we examine the evidence here for differences
based on these types of characteristics. Capacity differences do appear to oc-
cur. Engen, Kuisma, and Eimas (1973) used a delayed matching to sample
procedure, in which participants either smelled one or five diverse odorants.
After various intervals (3, 6, 12, and 30 seconds), a further odor was smelled,
either the same or different to the one, or one of the five, presented earlier.
When five stimuli were presented, rather than one, hit rates were significantly
lower at all intervals, suggesting that over the short intervals examined, per-
formance was limited to some extent by capacity, the difference being about
10%. A second study by Jones, Roberts, and Holman (1978) reached a similar
conclusion. Here, participants smelled either one, three, or five odorants all
drawn from a set of similar odorants (herbs). Participants then smelled eleven
odorants, from which the one, three, or five had been drawn, and had to judge
the degree to which they thought each of the eleven stimuli had appeared be-
fore. Hit rates fell as set size increased, from 72% for one odorant, to 62% for
three odorants, to 58% for five.

To what extent do these findings reflect the operation of a qualitatively dis-
tinct short-term memory system? Two lines of argument suggest they do not.
First, three studies have explored olfactory recognition memory over longer
periods. Engen and Ross (1973) found that recognition for a set of 21 diverse
odorants was about 67% (hit rate) at 30 days postexposure (see fig. 7.1). Law-
less (1978), using a set of 12 diverse odorants, found that recognition for them
at 28 days was about 76%, as did Lawless and Cain (1975), who, using 11 di-
verse odorants, also found that recognition was also about 76% at 28 days (see
fig. 7.1). Although limitations are inherent in comparing across studies, all
used a diverse range of odorants and all used a recognition memory proce-
dure. The interesting finding here is that when the set size is larger (i.e., 21
vs. 11 or 12 odorants), hit rate drops, just as it did in the two short-term studies
described above. Engen and Ross (1973; experiment 2) directly demonstrated
that increasing set size decreased hit rate (by about 10% when the set size was
halved) when participants were tested at three months—clearly a task in-
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volving long-term memory. The conclusion suggested by these findings
seems to be that set size can affect memory for odors at both short and long
delays.

A second line of argument comes from the type of stimuli used in such ex-
periments and suggests why capacity effects may appear. Jones et al. (1978)
used similar smelling odors (herbs) and this seemingly had a debilitating ef-
fect on capacity, as recognition performance for a single odorant was ap-
proximately 72%, compared with about 82% for single-odor condition in En-
gen et al. (1973). Moreover, the more similar the members of the set, the more
likely it is that they will interfere. Walk and Johns (1984) found that interpo-
lating a distracter, similar to the target odor in a delayed matching to sample
task, had the most deleterious effect on performance at short intervals (26 sec-
onds).

Two further findings suggest that similarity also influences tasks involving
longer delays, suggesting that both are sensitive to its effects. Rabin (1988) ob-
served that unfamiliar odors were more poorly discriminated than familiar
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Fig. 7.1. Mean percent correct recognition scores for odors tested immediately and af-
ter approximately a one-month delay (data adapted from Engen and Ross 1973; Law-
less and Cain 1975; Lawless 1978).



odors, suggesting that unfamiliar odors are judged as more alike, more simi-
lar. Perhaps not surprisingly, Rabin and Cain (1984) observed significant cor-
relations between recognition memory performance at a 7-day interval and
familiarity, suggesting that tasks likely to involve long-term memory are af-
fected by set similarity. A more direct investigation was made by Engen and
Ross (1973; experiment 2), in which either similar or dissimilar sets were ex-
perienced and with recognition then tested at three months. Recognition per-
formance was some 13% worse when the stimuli were drawn from a similar
set, rather than a dissimilar one. Although nobody has as yet directly con-
trasted short- and long-term tasks, both appear subject to capacity limitations
by virtue of set similarity. There is certainly nothing as yet to suggest that qual-
itative differences emerge from the manipulation of delay.

That tasks at short and long delays are both affected by perceptual simi-
larity directly relates to a further issue, coding strategy. At least two different
forms of coding may be used in olfactory information processing—a percep-
tual code and a verbal code. To what extent, if any, does one dominate in tasks
involving retention of olfactory information over a short period compared
with longer periods? The evidence is ambiguous with respect to which mech-
anism of coding may be principally used, but it is not ambiguous in demon-
strating that both types of coding occur at all delay intervals. First, there is
clearly a perceptual component to tasks involving a short delay. Walk and
Johns (1984) found that a similar odor, interpolated between the target pre-
sentation and the test phase, exerted a deleterious effect on recognition. Us-
ing an unrelated word, rather than an odor, had no effect, whereas a word se-
mantically related to the target significantly enhanced performance above
that of the control condition (no interpolated task). Perceptual effects on tasks
involving short intervals have also been observed in other types of experi-
ments. Jehl, Royet, and Holley (1994), found that paired comparisons, using
either perceptually similar or dissimilar hard-to-name unfamiliar odorants, af-
fected same/different judgments, primarily by increasing false alarms with
pairs of different but qualitatively similar odorants. Although this effect only
manifested when the interval between pairs was in excess of 10 seconds, a
probable consequence of adaptation, it suggests that perceptual similarity
does affect performance on tasks involving short delays. Similar findings have
also been obtained by White et al. (1998). They approached this problem in
a different way to try and assess the relative contribution of perceptual and
verbal coding in a short-delay task. Their basic strategy was to use stimuli that
were perceptually confusable (e.g., maple syrup vs. honey) and stimuli that
were not, but that had similar names (e.g., lime vs. thyme). Both verbal and
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perceptual errors were observed, but perceptual errors were the most domi-
nant.

Data from short-delay tasks suggest that both verbal and perceptual codes
may be used. The same appears to be true when the delays are sufficiently
long to infer a role for long-term memory. For example, Lyman and Mc-
Daniel (1986) observed that generating semantic information about the tar-
get odors enhanced subsequent recognition memory performance on test
one-week later, although some doubt surrounds the replicability of this effect
(Zucco 2003). A more direct approach has to been to exclude verbal coding
through the use of various suppression tasks and then to assess how this af-
fects recognition memory at both short and long (72 hours) delays (Annet and
Leslie 1996). Annet and Leslie (1996) found that suppression had an equal ef-
fect on recognition memory at both delays, suggesting little difference in cod-
ing strategy between the two. It would appear that both verbal and percep-
tual coding strategies are used in both short- and long-delay tasks and that
there is nothing to indicate the relative dominance of one strategy over the
other at each type of interval.

A further approach that has been widely adopted in research on short-term
memory, especially during the 1960s and 1970s, are serial position experi-
ments. Here, recall of items from a list is better for items presented early (pri-
macy) or late (recency). This was originally thought to reflect the operation
of long-term and short-term memory processes, respectively (Atkinson and
Shiffrin 1968). Although two papers have reported recency effects, with ol-
factory stimuli, in the absence of a primacy effect (Annet and Lorimer 1995;
White and Treisman 1997), only one study has reported both recency and pri-
macy effects (Reed 2000). Reed (2000) presented participants with a set of five
unfamiliar hard-to-name odors and after the list was complete, then pre-
sented two more odors, one a foil and one drawn from one of the five posi-
tions in the list. Participants’ task was to identify which had occurred before.
Reed (2000) observed that identification was better when an item was drawn
from either the early part of the list (primacy) or the later part of the list (re-
cency). This effect was not altered if participants engaged in an articulatory
suppression task, suggesting that the result did not arise from covert verbal la-
beling. These results have recently been criticized. Miles and Hodder (forth-
coming) have been unable to obtain a primacy or recency effect in seven 
attempts to replicate Reed’s (2000) procedure. At best, then, the presence of
a recency effect for odors appears to resemble findings from other sensory
modalities where difficult-to-identify stimuli are used and a recognition, rather
than a recall strategy, is employed (e.g., Neath 1993). However, it is now ac-
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knowledged, in general, that primacy and recency effects probably do not re-
flect the operation of long- and short-term stores. First, primacy and recency
effects can occur when the interval between items on a list are weeks or years
(e.g., Baddeley and Hitch 1974). Second, primacy and recency effects, which
occur when long intervals are used between list items, are affected by pre-
cisely the same variables that affect primacy and recency effects for lists with
brief intervals between items (e.g., Greene 1986). This suggests that the two
are not mediated by different processes, as some have argued. Instead, these
results cast doubt on the usefulness of these types of data for telling us any-
thing about dissociable long- and short-term stores.

A final source of evidence, which has been marshaled to support discrete
short- and long-term stores, is the presence of neuropsychological dissocia-
tions, such that one patient demonstrates intact long-term memory with a
specific deficit in short-term memory and vice versa in a second patient (c.f.,
Shallice 1988). It has been suggested that damage to the right temporal lobe,
especially that resulting from epilepsy or following temporal lobe resection,
may produce specific deficits in short-term olfactory memory (e.g., Carroll,
Richardson, and Thompson 1993). Rausch, Serafetindes, and Crandall (1977)
had patients with left and right anterior temporal lobectomies engage in a
matching to sample task, in which they sniffed a target, followed 10 seconds
later by four odors, one of which was the target. The participant’s task was to
identify the target, and those with right-sided damage were significantly
poorer at doing so. Using a similar technique and population, Abraham and
Mathai (1983) observed a similar right-sided deficit, as did Carroll et al. (1977)
using a recognition memory procedure with an immediate test. In this case,
however, right-sided deficits only appeared for easy-to-name odorants.

Although these findings seem to point to a specific right-sided, temporal
lobe locus for short-term retention of olfactory material, two types of findings
suggest that this interpretation is likely to be incorrect. First, three studies us-
ing immediate and delayed tests with a recognition memory procedure have
identified deficits in both patients with left- and right-sided lesions, at both
short and long delays (Eskenazi et al. 1983; Martinez et al. 1993; Dade et al.
2002). Second, Jones-Gotman and Zatorre (1993) tested left and right tem-
poral lobectomy patients using a recognition memory test, immediately after
exposure, after 20 minutes and after 24 hours. Although in this case a right-
sided deficit was obtained, consistent with the reports identified above, the
deficit was consistent across all three intervals. In summary, lesion location,
left or right, has at best an inconsistent effect on performance. Most tellingly,
when memory is tested at intervals likely to be indicative of short- and long-
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term memory, performance is uniformly bad at all intervals. It is unlikely that
right-sided temporal lobectomy is associated with a specific deficit in retain-
ing olfactory information over short periods. In fact, as we noted in a previ-
ous chapter, the only consistent neuropsychological dissociations that are ob-
served are those between qualitative and quantitative olfactory discrimination
(White 1998). In sum, there is no compelling evidence that there is a disso-
ciable short-term store in olfaction. Information clearly can be retained for
short or long periods, but there appears to be no consistent capacity, coding,
or neuropsychological evidence, to suggest two qualitatively different stores.

Long-term Memory

Several studies have demonstrated that olfactory information can be retained
for extended periods. The earliest such study was by Engen and Ross (1973).
Participants smelled 48 odorants (experiment 1) and were then tested on 21
pairs (old vs. new), at intervals of up to 30 days. Not only was performance
well above chance at 30 days, but hit rate across time was relatively flat, indi-
cating little forgetting, albeit with rather poor initial recognition when com-
pared with words. Similar findings have been obtained by Lawless and Cain
(1975) and by Lawless (1978). The latter paper (Lawless 1978) is of especial in-
terest as the author compared recognition memory for odorants with that for
ambiguous shapes and pictures. Recognition memory for pictures was much
better on the immediate test, but it decayed rapidly, relative to memory for
odorants and ambiguous shapes, which were both poorly recognized initially
but had much flatter decay slopes over the periods studied (up to 28 days).

At least three other studies indicate persistence of odor memory. Murphy
et al. (1991; experiment 2) had young and old participants smell 20 odors and
view pictures of 20 faces as well as 20 drawings of abstract machine symbols.
Recognition memory was measured immediately, at 2–3 weeks, and at 6
months. Although for young participants correct recognition was still above
chance for the odors at 6 months, performance was at chance level for the 
elderly by 2–3 weeks. Performance for faces was comparable to odors in
younger participants, but better in older participants. The drawings were rec-
ollected better at all intervals by both groups. Goldman and Seamon (1992)
used a very different approach to explore retention by having participants at-
tempt to name odors they had probably not smelled since childhood. They
found that college students were able to identify such odors at significantly
better than chance, suggesting retention of olfactory information over several
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years. Finally, Haller et al. (1999) reported that 28 years (on average) after ex-
posure to vanillin in baby milk, bottle-fed adult German participants pre-
ferred the flavor of vanillin-adulterated tomato ketchup to the unadulterated
form, when compared with breast-fed participants. This finding suggests the
retention, in this case of an odor preference, for most of the participant’s life.
Clearly, odor memory can be very long lived indeed.

Directly related to studies of the longevity of odor memory are those ex-
ploring its susceptibility to interference. The most widely cited example of
resistance to interference (over 100 citations according to the Institute for Sci-
entific Information [ISI]) is provided by Lawless and Engen (1977). However,
we have chosen to discuss this in the next section, as it may not strictly reflect
resistance to interference of long-term odor memory per se, because the study
itself explored resistance to interference of effortfully acquired odor-picture
associations. Rather, in this section we stick to exploring interference and its
effects that are either incidental (i.e., naturalistic) or that pertain solely to ol-
faction. In this respect there are only two studies that are directly relevant,
apart of course from those that we discussed earlier in chapter 6. The first of
these utilized a rather unusual correlational approach (Koster, Degel, and
Piper 2002). Participants were covertly exposed either to a different odorant
in each of two visually distinctive rooms, the same odor, or to no odor(s) at
all. Later, participants were asked to judge how well a set of odorants, which
included the two target odorants, fitted pictures of a variety of different scenes
(e.g., a bank, railway station, etc.), including the two target rooms. They
found that when a participant had, for example, experienced lavender in one
room and then lavender in the second room as well, there was evidence of
interference, in that the most recent experience was judged a better fit than
the earlier experience. However, this effect only occurred in participants who
could not verbally label the two target odorants. Participants who could iden-
tify the odorants did not show any evidence of learning associations between
the odors and the rooms, so no interference could be expected. Although
these findings are based on a post hoc split into identifiers and nonidentifiers,
which must raise a concern over whether other factors were responsible for
the effect, these data are of interest as they contradict the widely held as-
sumption that odor memory is especially resistant to interference. In this case,
at least, this does not appear to be correct.

The second study by Zucco (2003; experiment 2) stands in marked con-
trast. Zucco utilized an experimental design in which participants were split
into three groups. The easiest way to describe the design is from the per-
spective of the group that received the olfactory stimuli. On their first session
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they were asked to sniff 15 odors, after which they were given a recognition
memory test. There were then three subsequent sessions, each separated by
one week. These included (1) a condition in which 15 new odorous stimuli
were smelled, followed by 15 visual stimuli, followed by an odor recognition
memory test; (2) 15 new odor stimuli, followed by 15 auditory stimuli, followed
by an odor recognition test (i.e., both conditions 1 and 2 represent cross-modal
interference conditions); and finally (3) a within-modality interference con-
dition, in which 15 new odor stimuli were followed by 15 further olfactory
stimuli, then followed by an odor recognition memory test for the older set.
The other between-group factors in the design were a visual and an auditory
condition (i.e., as above, but visual or auditory stimuli were experienced first).
Zucco (2003) found that olfactory interference had no effect on odor recog-
nition memory, but that auditory interference affected recognition of audi-
tory stimuli and visual interference affected recognition of visual stimuli. All
modalities were unaffected by cross-modal interference. In this experiment,
at least, olfactory memory, when tested shortly after the interference phase,
was resistant to interference. One important caveat here is whether these re-
sults are only applicable to short-term memory processes, given that the in-
terval between exposure and testing was quite brief (i.e., the time needed to
experience the interference stimuli). However, as we noted in the preceding
section, there are no compelling grounds to suspect that different memory
types exist based on task interval.

Several studies have explored whether enhancing encoding, by the use of
verbal labels for example, can improve subsequent long-term recognition
memory. These studies are of interest for two reasons. First, as with the data
on short-term memory, they have something to tell us about the way in which
olfactory information is encoded and stored for long periods, that is, to what
extent does this rely on, for example, a verbal or a perceptual code, or both?
Second, as we discussed earlier, odor discrimination is known to improve
when participants can verbally label the odorant. This effect could result
from the additional information that the verbal label brings to the testing sit-
uation, something that may be of considerable importance given that all ol-
factory discrimination tasks involve serial presentation and require partici-
pants to retain information over an interval. A further possibility, and one that
is not mutually exclusive, is that odor naming has a more specific effect on
perception, that is, the generation of an odorant’s name may act to refine the
percept in a number of possible ways as discussed in the introduction to this
chapter.

Although two studies have reported failures to obtain enhanced recogni-
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tion memory using verbal labels (Lawless and Cain 1975; Zucco 2003), a far
larger number of studies have obtained positive results. Engen and Ross
(1973; experiment 3) had participants smell 20 odorants. Participants were ei-
ther provided with the odorant’s name or with associations commonly pro-
vided by other experimental participants when the odorant had been smelled
before. A recognition test three months after this training phase revealed a
small but significant improvement in recognition in the name group (76%
vs. 70% correct). Using an individual differences approach, Rabin and Cain
(1984) examined recognition memory for 20 target odors after a seven-day in-
terval. Odorants that could be correctly named (and consistently so) were bet-
ter recognized than those that could not.

The most-oft-cited studies with respect to the effect of encoding strategy
on recognition are those of Lyman and McDaniel (1986, 1990). Their 1986
study examined the effect of four encoding strategies; mere exposure to 30
odors, being asked to form a visual image of the odor’s source, generating a
life episode related to the odor, and, finally, generating a name for the odor.
Seven days later participants were given a recognition memory test. Recog-
nition memory performance, as assessed by d� was best in the name group
and poorest in the mere exposure group. Hit rate did not significantly differ
by group, however; the effect manifested through a reduction in the false-
alarm rate. A similar approach was adopted in Lyman and McDaniel’s 1990
study, in which the same odorant set was employed, but the strategies differed
in that, in their study, participants in the enhancement groups were provided
with information instead of having to generate it themselves. The groups
were again a mere exposure control, a picture group who received an illus-
tration of the odorant’s source, a verbal label group, and a combined picture
and verbal label group. Recognition was tested seven days later and was best
in the combined group, intermediate in the label- and picture-alone groups,
and poorest in the exposure condition. Several more recent studies have 
confirmed the general impression left by these studies that providing addi-
tional information during encoding, especially a verbal label, enhances sub-
sequent recognition memory performance (Murphy, Cain, Gilmore, and
Skinner 1991; Cain and Potts 1996; Jehl, Royet, and Holley 1997; Larsson and
Backman 1997).

As we noted earlier, it is of some interest to know exactly how naming, in
particular, may enhance performance on recognition memory tasks. One
possibility is that identification and the generation of a name actively affects
perception. In this respect, the Cain and Potts (1996; experiment 2) findings
are suggestive. They asked participants to name 20 odorants. Two days later
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they returned to the laboratory and completed a recognition memory test.
The interesting part of this experiment concerned misidentifications during
the initial naming period. During the two-day interval, the misidentified
items were replaced by the actual misidentified odorant, which was then used
in the subsequent recognition memory phase on a participant-by-participant
basis. For example, if a participant had smelled ginger and reported it as gar-
lic, then garlic odorant, rather than ginger, was employed in the recognition
memory test. Participants often fell for these baits, suggesting that in the ex-
ample above, when smelling ginger and reporting that they had smelled gar-
lic, what they may have been experiencing, perceptually, was garlic too (see
Engen [1987] for a similar explanation of odor misidentifications that occur
during naming experiments).

Paired-Associate Learning

Studies of olfactory paired-associate learning can be broadly divided into two
categories, those examining whether it is different from paired-associate
learning in other sensory modalities and second, those that solely examine
the properties of olfactory paired-associate learning. We deal with each of
these approaches separately. It was thought for many years that paired-
associate learning between odorants and some other cue (e.g., numerals, pic-
tures, colors) is less efficient than paired-associate learning between other
forms of stimuli (e.g., geometric shapes, colors) and the same cue (e.g., Hey-
wood, Vortried, and Washburn 1905; Bolger and Titchener 1907). However,
it is only more recently that the similarities and differences have been ex-
plored in more depth. Two sets of investigations by Davis (1975, 1977) are
important in this respect. Davis (1975) demonstrated that paired-associate
learning between free-form shapes and numbers and odorants and numbers
differed, in that the latter were acquired more slowly. Davis (1977) examined
whether this difference merely reflected characteristics of the stimulus set,
most notably intraset similarity, rather than characteristics of the modality in
which the set was perceived—a potentially important distinction. Davis
(1977) showed that even with sets equated for similarity, the acquisition of
odorant-number associations was slower and resulted in a lower final perfor-
mance level than that with free-form shapes.

More recent studies have pointed to a somewhat different conclusion.
Bower (1994) had participants learn associations between either: three color-
color pairs, three odorant-odorant pairs, three odorant-color pairs, or three
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color-odorant pairs. Participants in each one of these four groups received a
total of 15 pairings and unlike Davis (1977), Bower et al. (1994) found that
learning involving odors was as good for color-color pairs if the odorant came
after the color. However, with odorant-odorant pairs and odorant-color pairs
(i.e., the same order as for Davis [1977]), learning was significantly poorer at
the end of training, suggesting that cue order has a major impact on paired-
associate learning with odorants but not colors. Bower et al. (1994) suggested
that this reflected the ecology of odor perception, in that odorants are nor-
mally associated with the sources from which they emanate (i.e., cue then
odor); that is, we identify the source and then associate it to the odorant. Al-
ternatively, a further way to account for this finding would be that, where an
odorant comes first, resources are devoted to generating its name at the cost
of paying attention to the stimulus that follows.

Three studies, all conducted by Herz and colleagues, have suggested that
odor paired-associate learning is as good as that between stimuli from other
modalities with the same cue. In all these experiments, as with Bower (1994)
above, the actual number of stimulus pairs to be acquired was more limited
(three pairs) when contrasted with Davis’s two studies, both of which used
larger sets (six pairs). Davis (1977) himself observed that greater within-set
similarity retarded acquisition and so at least some of the advantage seen in
Herz’s studies may be attributable to this cause. A further possibility is that in
all the Herz studies (i.e., Herz and Cupchik 1995; Herz 1998, 2000), the to-
be-paired stimuli were far more emotive (pictures) than the cues used in ear-
lier studies. Consequently, it seems that the task itself was far more engaging,
even though learning was incidental. In sum, although more recent studies
demonstrate that acquisition may not always be poorer in olfaction, these may
reflect the most optimal conditions. Where set size is larger, the odor cue
comes first and the task is less engaging, differences will likely emerge in the
ability to engage in paired-associate learning with odors.

The second category of paired-associate learning study is one in which
there is no nonolfactory control condition. Such studies have concentrated
almost exclusively on the acquisition of verbal labels. This focus arises natu-
rally from the observation that most participants have great difficulty in gen-
erating names for even the most commonly encountered odorants when 
appropriate contextual cues are absent (Engen and Pfaffman 1960; Engen
1987). The first such study to explore paired-associate learning in this context
was conducted by Cain (1979), who outlined three hypotheses as to why odor
naming might be so poor; sluggish formation of associations, impoverished
retrieval, and inherent confusability of olfactory stimuli. The last mentioned
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of these formed the motivation for many of the early studies on odor naming
(Engen and Pfaffman 1960; Desor and Beauchamp 1974).

Using only female participants, Cain (1979) found that presenting feed-
back about the correctness, or not, of self-generated labels improved perfor-
mance from 48/80 odors correctly identified to 62/80. More impressively,
when a further group of female participants were provided with a label by the
experimenter and given corrective feedback, performance increased from 62/
80 (after the first trial with information presented) to 75/80 by the third trial.
Although these experiments do not readily determine which of the three fac-
tors identified by Cain (1979) are most important, they do suggest that in-
herent confusability must be the least relevant, because how else could one
obtain such good terminal performance (i.e., 75/80) if the odorants were in-
herently confusable?

Other studies too have found that training will improve the ability to gen-
erate an odor’s name. Cain (1982) reported that both men and women bene-
fited almost equally from training with either self-generated labels (plus feed-
back) or experimenter-generated labels (plus feedback). With 40 odorants,
performance improved by an average of about 6% over five trials for self-
generated labels and 12% for experimenter-generated labels, and most of this
difference reflected the greater accuracy of the experimenter-provided labels.
Desor and Beauchamp (1974) also explored whether training could improve
nameability. They too, albeit with only three participants, found that almost
perfect performance could be obtained for a large set (64 odorants) after sev-
eral trials with feedback.

A consistent finding in the literature has been the advantage that female
participants have in naming odors when compared with men (e.g., Gilbert
and Wysocki 1987; Cain 1982; Engen 1987). Several possibilities emerge as to
the cause of this difference, the most basic being that it stems either from an
inherent biological difference between men and women, or experiential dif-
ferences, namely in the greater attention given to odorants by women than
men (Herz and Cahill 1997). Dempsey and Stevenson (2002) explored which
of these two alternatives might be correct by having male and female partic-
ipants learn associations between unfamiliar odorants and novel Swahili
names, thus ruling out any a priori benefits women might have in identify-
ing these particular stimuli. Both men and women acquired the associations
equally well and at the same rate, suggesting no differences in attention or
motivation by gender. However, when they were retested one week later,
male participants were poorer at retrieving the odor names relative to female
participants. A second experiment replicated this finding and eliminated the
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possibility that it might reflect differences in sensitivity to interference (i.e.,
men being more sensitive). The results suggest a biological origin for differ-
ences in naming ability, a similar conclusion to that reached by a recent re-
view on this topic (Brand and Millot 2002).

As we noted earlier, olfactory memories can be retained for long periods
and there is some evidence that they are also especially resistant to interfer-
ence (Zucco 2003). This raises the question of whether associations to odors
are also similarly resistant to interference. Although one experiment pre-
sented earlier, using incidental learning, casts some doubt on this (Koster,
Degel, and Piper 2002), two findings described below suggest that it is. Note,
however, that neither of the experiments reported below had a cross-modal
control condition, so there must be some concern as to whether the failure
to find retroactive interference resulted from an insensitive experiment rather
than some special characteristic of olfactory paired-associate learning.

Lawless and Engen (1977) had participants learn associations between
odorants and picture postcards, with the postcards always available for in-
spection during learning and testing. Although olfactory paired-associate
learning was susceptible to proactive interference, that is, the second learned
of two sets was more poorly retained, it was not susceptible to retroactive in-
terference, that is, the first learned set was not affected by subsequent learn-
ing of a new set. Similarly, Dempsey and Stevenson (2002) had participants
learn new word associations to the same set of odorants. They found, as did
Lawless and Engen (1977), that this new learning did not affect retention of
the previously learned material. Both of these studies indicate that once an
odor association is acquired, it is apparently difficult to alter subsequently.

Retrieval Cues

Several experiments have shown that the incidental presence of an odorant
during a study phase can later enhance retrieval if it is present during the test
phase. Cann and Ross (1989) provided an early demonstration of this effect
by passively exposing male participants to fifty female faces. While viewing
the faces one group of participants smelled a pleasant odor, a second group
smelled an unpleasant odor, and a third group smelled no odor at all. Forty-
eight hours later participants took part in a face recognition procedure uti-
lizing fifty new female faces and fifty old ones drawn from the original set.
The odor present during this task was either the same as during the study
phase, different, or, again, no odor was present at all. Discrimination of old
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and new faces as measured by d� was significantly better when the odors at
study and test were the same, compared with if no odor was present at test/
study or if the odorants were changed. The effect did not primarily arise
through changes in hit rate but through a reduction in false-alarm rate.

Not only can odors successfully act as retrieval cues with faces, they can
also assist in recalling the members of an incidentally studied word list. Schab
(1990), in two studies (experiments 1 and 2), found that the presence of an
odorant on study and test significantly improved recall accuracy by about
10%. In his third experiment, participants received an incidental word-
learning task in the presence of one of two odors. On test, the odor was either
the same or different from the study phase. All participants then completed
both an explicit recall task and an implicit stem-completion task. When the
same odor was present on study and test, performance was significantly im-
proved over when different odors were present on the two occasions. How-
ever, although this effect was detected for the explicit recall task, there was
no effect on the implicit stem-completion task.

A more recent study investigated whether odors might also serve as retrieval
cues for other types of task such as those involving procedural memory. In their
first experiment Parker, Ngo, and Cassaday (2001) demonstrated that they
could obtain an effect similar to Schab’s (1990) experiment 3 (see also Pointer
and Bond [1998] for a further demonstration). In their second experiment, par-
ticipants completed three types of assignment; they learned a word list, com-
pleted the Tower of Hanoi puzzle (in two forms), and the Porteus Maze. These
were completed with either a lemon or lavender odor suffused into the room.
The next day participants returned to the same room, which was then either
suffused with the same odorant or a different one from the study phase. Par-
ticipants attempted to recall the words learned the day before and completed
the Tower of Hanoi and the Porteus Maze again. Although both performance
on the word list and the Porteus Maze was enhanced when test and study odor-
ants were the same, compared with the different condition, performance on
the Tower of Hanoi only improved in the presence of lavender odor, suggest-
ing a specific effect of this particular odorant.

Evidence for such odor-specific effects is rather mixed. Although Baron
and Bronfen (1994) found odor-specific enhancement effects on a word con-
struction task, Knasko (1993) could obtain no evidence for such effects on a
range of verbal and mathematical problems. Knasko (1993) later asked partic-
ipants what effects they thought might occur with the pleasant and unpleas-
ant odorants used in her study. Participants’ expectations were that they would
affect mood and performance—contrary to what was actually observed, but
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raising the question of whether odor-specific effects in other studies might in
part derive from participant expectation. Although odorant-specific effects do
occur (Baron and Bronfen 1994; Knasko 1995), odorants can clearly serve as
retrieval cues and such effects are generally not odor specific but context spe-
cific—the same odor context has to be present on study and test.

Several experiments have demonstrated that olfactory cues can serve to re-
trieve autobiographical memories—that is, personally relevant episodes from
one’s life. A particular memory, when retrieved with an olfactory cue, appears
both more emotionally laden than when retrieved via other modalities and
may refer back to more temporally remote incidents too. Given this opening
statement, it is perhaps surprising that the first formal study failed to find such
effects (Rubin, Groth, and Goldsmith 1984). This may have been because it
did not control for the type of specific memory elicited by cues from differ-
ent sensory modalities. Instead, later studies have examined the effect of dif-
ferent modality-cued recall on the same memory, and it is largely with this
technique that the emotional enhancement effect of using an olfactory re-
trieval cue has been obtained.

Taking first the issue of greater emotionality, Herz and Schooler (2002) uti-
lized a two-stage recollection procedure, in which participants first recovered
an autobiographical memory to a word and then attempted to recover/elab-
orate the same memory utilizing either a visual or an olfactory cue. This tech-
nique did obtain evidence that odor-induced autobiographical memories
were reported as being more emotive. Herz (2004) recently extended this
technique by again cueing a memory using a word (e.g., cut grass) and then
having participants recover the same memory by using an olfactory cue (e.g.,
cis-3-hexanol), an auditory cue (e.g., the sound of a lawnmower), and a visual
cue (e.g., picture of a lawn being cut). Yet again, olfactory cues evoked a more
emotionally potent memory, than that evoked by the visual or auditory cues,
which did not differ.

That olfactory information can assist retrieval of information encoded a
long time ago has been shown in two studies (see the Goldman and Seamon
[1992] study cited earlier as well). The first by Aggleton and Waskett (1999)
obtained a sample of participants who had visited the Jorvik Viking Centre
(York, UK) about six years previously. These participants were then formed
into three groups. One group smelled a series of odors that were specifically
used at the center to enhance the Viking experience and which they likely
experienced while there. During the process of sniffing these odors they com-
pleted a questionnaire about the center (i.e., what exhibits were there, etc.).
They then completed the same questionnaire again, but this time while
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smelling a nonrelevant control set of odorants. A second group completed
the same two tasks, but in reverse order (i.e., irrelevant odors first, then rele-
vant odors). A third group completed the questionnaire twice, but did not
have any odors present on either occasion. Although there was a tendency for
better recall of information when the Viking relevant odors were present on
the first questionnaire completion, the most marked effect (see fig. 7.2) was
when the second group completed the same questionnaire now with the
Viking relevant odors present. They showed a significant and marked im-
provement in performance, whereas the nonodor group was poor relative to
both of these groups, even on the second presentation. Although it is arguable
whether the material recalled may strictly fall within the definition of per-
sonally relevant information, participants clearly recalled more when the
Viking odors were present.

Research on autobiographical memory has revealed what is termed a re-
trieval bump, in that, if personal memories are recovered from participants,
most will be either about their current lives or about their early life as a
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teenager or young adult (e.g., Conway and Pleydell-Pearce 2000). A similar
finding was obtained by Chu and Downes (2000) when they too used words
as the retrieval cue, but when they used odorants equivalent to the words (e.g.,
the word grass and the odor associated with grass) they obtained a different
distribution of memories, with more clustered around childhood. That is the
reminiscence bump was displaced further back in time, suggesting that odors
may serve as cues to access memories that are not so readily accessed by other
means.

Priming

One dominant area of memory research during the past forty years has been
priming, in which incidental exposure to some cue later results in a change
in performance (for good or bad) on some subsequent task. Several re-
searchers have attempted to obtain similar findings in olfaction, although, as
we detail below, this work has been disappointing in general and the results
do not as yet yield a coherent picture. Schab and Crowder (1995) reported
some of the earliest work on olfactory priming. They found that presentation
of an odor and name, or presentation of an empty bottle with an odor name
(participants being forewarned that some odors would be very faint), en-
hanced naming for these odorants on a subsequent recognition task. En-
hancement of identification performance was most pronounced for the real
odor and name condition (72% correct), compared with the name-only con-
dition (53% correct) and the control condition (32% correct). Similar findings
were also obtained with naming latency. Two caveats need to be born in mind
about these findings. First, as Schab and Crowder (1995) acknowledge, this
effect could be mediated by semantic rather than solely perceptual processes.
Second, they failed to find a similar result in a conceptual replication. More-
over, they also failed to obtain any evidence of priming in tasks which might
have been expected to be more perceptually based, namely detecting odor-
ants at or near threshold following exposure to the stimulus and its name, or
the name alone.

In a recent review of the olfactory priming literature, Olsson, Faxbrink,
and Jonsson (2002) described several priming experiments conducted by a
German group (Wippich and colleagues 1990 and 1993, as cited in Olson et
al. 2002) and published in a German psychology journal—thus not widely
available to an English speaking audience. Both studies found some evidence
of priming, although again the effects were neither robust nor always consis-
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tent with the experimenter’s expectations. First, they found that exposure to
an odor, but not to its name, enhanced subsequent attempts at identification.
Second, they observed that exposure to pairs of odors, but not to the names,
enhanced later judgments of whether these odor pairs were the same or dif-
ferent (with no effect on novel control pairs). However, this effect did not oc-
cur when participants had been exposed to single odorants that made up the
pairs, making it difficult to draw the most obvious analogy to the exposure
and discrimination studies discussed in chapter 5.

The most extensive series of reports on odor priming come from Olsson
and colleagues. Olsson and Cain (1995) found that preexposure to an odor
enhanced identification latencies for that odor, but only when the test was
conducted via the left nostril—no such effect was obtained for presentation
to the right nostril. Olsson (1999) reported another priming type effect, in
which following odor preexposure, judgments of same versus different for a
preexposed target against comparison odorants was faster, but only if the tar-
get could not be named. Finally, Olsson and Friden (2001) found that edi-
bility judgments were made more quickly for a preexposed set of odorants
than for nonpreexposed odorants but that these judgments were no more ac-
curate. Although all this work on priming suggests that something happens,
clearly the picture that emerges is neither simple, nor is it yet complete.

Imagery

As we described in the opening of this chapter, imagery may play an impor-
tant functional role in olfaction. First, as we have already seen, naming an
odorant can result in an enhancement of its discriminability from other odor-
ants (Rabin 1988). One possibility alluded to earlier is that this effect results
from the generation of an image, one possibly at variance with that generated
directly by the stimulus. The process might work something like this—when
an odorant is smelled many olfactory object encodings are activated (e.g., A,
B, and C), a name is retrieved (e.g., A), followed by backward activation of
the olfactory memory associated with A or deactivation of those not associ-
ated with A. Whatever the precise mechanism, this process would reflect a
highly entwined relationship between stimulus and mnemonic processes and
have, on some occasions at least, the practical consequence of enhancing the
discriminability of the olfactory percept.

A second function of imagery relates back to the earlier discussion of the
multisensory aspects of olfactory perception. Clearly, when a participant
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smells caramel odor, for example, and reports that it smells sweet, for reasons
we discussed earlier it is quite appropriate to describe the experience of sweet
as an image—it is certainly not a direct consequence of the odorant’s phys-
iochemical makeup, but an effect of memory. In this case its functional sig-
nificance would be to provide extra information about the stimulus through
a purely perceptual channel (i.e., this tasted sweet before). When a multi-
sensory cue is available while smelling an odor, such as color, for example, a
different type of effect may occur in which the cue directly activates an odor
object memory. The effect on odor perception may be profound, resulting in
a total revision of the bottom-up generated representation so as to minimize
perceptual dissonance between the dominant sense (vision) and the minor
sense (olfaction). One possible example of this is the effect of coloring white
wines red, as discussed elsewhere in the text.

The third functional role of imagery is in olfactory thought. That is, can
we summon up an olfactory representation on demand when there are no
chemical cues available and utilize this information productively? Unfortu-
nately, the precise functional benefit of volitional olfactory imagery has been
rarely discussed (but see Cain and Algom 1997) let alone examined, but we
might expect that perfumers, flavorists, and chefs, for example, might engage
in something like it when they design novel flavor or odor combinations. To
date, the evidence for volitional imagery has been equivocal and many lead-
ing researchers in the field have tended to either dismiss our capacity for it
(e.g., Crowder and Schab 1995; Engen 1991; Herz 2000) or robustly support
it (e.g., Cain and Algom 1997; Elmes 1998). In this section we briefly review
the evidence—for a more detailed account the reader is advised to see two
recent articles that consider this issue in greater depth (Elmes 1998; Steven-
son and Case 2005).

The first question we might consider is a very broad one indeed: Can peo-
ple ever experience an olfactory sensation when a chemical stimulus is ab-
sent? We might view favorable evidence here as an existence of proof, thereby
excluding the possibility that the human brain is incapable of forming an ol-
factory image without a chemical stimulus. This approach demands the study
of phenomenology, as it directly pertains to participants’ mental experience;
thus we have to rely on self-report. Some of the strongest phenomenological
evidence favoring imagery comes from the study of olfactory hallucinations,
especially those which occur in conditions that are not typically associated
with significant psychopathology (notably delusional states), such as epilepsy,
migraine, cerebral aneurysm, and posttraumatic stress disorder. In each of
these conditions we can find evidence of people reporting olfactory halluci-
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nations and spontaneously behaving in a manner entirely consistent with that
hallucination, perhaps the gold standard of self-report data. A few examples
should suffice to illustrate this.

Reports of olfactory auras (hallucinations) are quite common in epilepsy
and there are several reports of participants behaving as if they had smelled
something, when in fact they were experiencing an aura. Efron (1956) re-
ported the case of a woman who, while picking flowers, experienced what she
thought was their smell. She asked her friend to verify the smell. Her friend
reported that the flowers had no odor. Daly (1958) described two further cases,
one who tried to open a window to get rid of a disgusting smell and another
who smelled a strong peach odor, but whose friend was totally unable to smell
it. Embril et al. (1983) and Scully, Galdabrini, and McNeely (1979) separately
identified two similar reports, in which the person experienced an odor so re-
pellent, that they both had their houses extensively searched in an attempt to
locate its origin.

Migraine is not a condition one normally associates with abnormal be-
havior, yet olfactory hallucinations are not uncommon and again instances
can be found of contextually appropriate behavior. For example, Crosley and
Dhamoon (1983) had a patient who experienced the smell of gas prior to mi-
graine onset and their home was frequently investigated for gas leaks. Like
migraine, cerebral aneurysm can also produce olfactory hallucinations with
minimal psychopathology. Toone (1978) described a patient who on walking
into a hotel was engulfed by the aroma of a delicious roast dinner. On com-
plementing the landlord on his culinary skills he was told that no food was or
had been prepared, and that there was no such smell either. Finally, a com-
pletely different condition, posttraumatic stress disorder, can also result in the
experience of olfactory hallucinations. Burstein (1987) described the case of
woman who had been in an automobile accident. After recovering from the
physical effects of the accident, she was traveling in a car with her husband
when she was overcome by the smell of petrol—a smell that her partner could
not discern, but which was intimately associated with her accident.

Although these examples suggest that people can experience olfactory sen-
sation in the absence of appropriate stimulation, one would still wish for ev-
idence derived solely from healthy participants. Here the picture is equally
interesting, but for very different reasons. A century of research on volitional
olfactory imagery has reached one definite conclusion, most participants find
it very hard to imagine odors (e.g., Betts 1909; Gilbert, Crouch, and Kemp
1998; Stevenson and Case, forthcoming). Even if they can imagine them, the
resulting image is typically judged as less vivid and clear than images evoked
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from all of the other sensory modalities (e.g., Ashton and White 1980). Al-
though such self-reports do suggest that some participants can evoke olfac-
tory images, many participants clearly have great difficulty in doing so.

Reliance on self-report data alone can never provide us with closure on
the existence, or not, of imagery. In response to this a series of highly inven-
tive approaches have attempted to test whether imagining an odorant results
in performance on a subsequent task similar to that generated by the real
thing. The underlying premise here is that imagery invokes the same (or sim-
ilar) processes to those used in perception, consequently imagining an odor
should result in similar task performance when compared with a real odor
control group. It needs to be stressed here that we can only infer that this in-
volves a mental image. For example, similar processes could be evoked with-
out any conscious sensation. More importantly, similar outcomes could be
generated by reliance on explicit knowledge (Schifferstein 1997), verbal cod-
ing (Herz 2000), or in general, rather than specific, image-based effects (Se-
gal and Fusella 1971). All these possible causes need to be carefully evaluated
when deciding whether a particular experimental outcome does indeed sup-
port the existence of olfactory imagery.

Two general findings emerge from this experimental approach to imagery.
First, bar one exception (Lyman and McDaniel 1990), all studies demon-
strating parallel performance between an imagery and a real odorant condi-
tion, have used a pretraining phase in which participants learn to associate
the cue (e.g., a word) with the odorant which is to be evoked (i.e., Algom and
Cain 1991; Algom, Marks, and Cain 1993; Stevenson and Prescott 1997; Djord-
jevic, Zatorre, and Jones-Gotman 2004; Djordjevic, Zatorre, Petrides, and
Jones-Gotman 2004). Second, that even with the studies that have demon-
strated parallel performance-memory psychophysics (e.g., Algom and Cain
1991; Algom, Marks, and Cain 1993; Stevenson and Prescott 1997), recogni-
tion memory (Lyman and McDaniel 1990) and threshold effects (Djord-
jevic, Zatorre, and Jones-Gotman 2004)—only one study to date has managed
to eliminate all of the interpretive problems alluded to above. This is not to
say, of course, that the others do not demonstrate an imagery effect, but it is
simply that we cannot be sure. The most compelling illustration is that pro-
vided by Djordjevic, Zatorre, Petrides, and Jones-Gotman (2004).

Djordjevic, Zatorre, Petrides, and Jones-Gotman (2004) first assessed par-
ticipants’ threshold for lemon and rose odor. Participants were then assigned
to one of three conditions: olfactory imagery, visual imagery, or a no imagery
control. The olfactory imagery group repeatedly smelled lemon and rose
odor (with names available) until they could satisfactorily evoke an image, as
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did the visual imagery participants, but with photographs rather than odor-
ants. All participants then completed forced-choice detection trials, in which
they received their threshold level for the target odorant versus a water blank.
In the two imagery conditions, participants were asked to imagine either the
smell/sight of lemon or rose. These imaginings were consistent with the tar-
get odorant on half the trials and inconsistent on the other half. Control par-
ticipants received the same experimental task but did not receive any cues.
The principal finding from this study was that odor imagery, but not visual
imagery, significantly interfered with detection accuracy, but did not facili-
tate it, relative to the control condition (see fig. 7.3). These results are par-
ticularly convincing because (1) they are not based on a null result; (2) they
exclude any generalized imagery effect because if it were present, the visual
imagery condition would reveal it; and (3) verbal mediation is unlikely be-
cause the visual condition also received verbal instructions to image, but
without any measurable effect on performance. The basis for this effect in
mental imagery is made stronger by the finding of a correlation between per-
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formance on this experimental procedure and self-reported olfactory imagery
ability.

One source of evidence for the perceptual basis of visual imagery has been
the observation that brain areas involved in forming a visual image are simi-
lar to the brain areas involved in parallel perceptual activities (see Kosslyn
and Thompson 2003). Although similar studies are in their infancy for olfac-
tion, functional magnetic resonance imaging results support the notion that
brain areas activated when smelling are the same as those activated when at-
tempting to imagine a smell (Levy et al. 1999). The Levy et al. (1999) study
also revealed that anosmic participants could also activate the same regions
when attempting to imagine an odorant, whereas a second study revealed that
congenital anosmics, namely those with no extant odor memories, could not
imagine odors nor did they show an appropriate pattern of activation (Henkin
and Levy 2002). The import of these findings is twofold. First, similar brain
regions are activated during olfactory perception and olfactory imagery, al-
though this could be an artifact of sniffing, a strategy commonly employed
by participants when attempting to imagine a smell (Bensafi et al. 2003). Sec-
ond, participants who do not have access to odor object memories—the con-
genital anosmics—could not activate olfactory brain areas during imagery,
unlike acquired anosmics who would be expected to have intact odor object
memories. In sum, people do seem to be able to experience imagery, but by
and large they are not very good at it, possibly because they have difficulty in
accessing perceptual level representations. They do, however, appear to get
better at this if they are allowed to practice.

Olfactory Information Processing

This section attempts to integrate, albeit at a preliminary level, human ol-
factory information processing. The first step in this task is to outline what
needs to be accounted for by any model. The answer to this is provided by
the content of this chapter—a short- and long-term memory capacity, the
ability to form associations with other events and to retrieve such informa-
tion, and the capacity for imagery. All these requirements need to be tem-
pered by what we know about olfaction’s unusual characteristics—no clear
dissociation between a short- and long-term store, impoverished ability to
name odors, slow forgetting in recognition memory tasks, sluggish formation
of new associations and their possible tenacity, and the apparently limited
ability of most participants to evoke an olfactory image. In addition, we must
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be able to predict how the resultant model might handle priming, which we
know relatively little about, and, most importantly, how this all relates to the
mnemonic-based object recognition system which we believe underpins ol-
factory perception.

We start by describing a putative human olfactory object recognition
model similar to that described in more depth by Stevenson and Boakes
(2003). This model is envisaged to have one central component, a long-term
store of olfactory objects—hereafter, the object store. The contents of the ob-
ject store are the products of previously encoded outputs from the receptor-
processing system, namely, the system that turns chemical stimuli into their
initial neural representation. When a target odorant is smelled in its envi-
ronmental context (i.e., with other odorants present too), the output from the
receptor-processing system contains all this information, which then flows in
parallel through the object store. If the target odorant has been smelled be-
fore, it will activate encodings that are similar to its part of the receptor proces-
sor output, enabling the selection of relevant information, the target odor,
from background chemosensory noise. This selection process has three char-
acteristics. First, the more similar the pattern from a target odorant to one al-
ready in the object store, the greater the activation of that object encoding.
Second, an input pattern from the receptor-processing system can activate
multiple object encodings, based on the first principle. Third, activation is
stochastic, that is, the same input pattern may produce different outputs, al-
beit generally similar, on different occasions. These activations are presumed,
in this model, to represent our experience of odor quality by virtue of redo-
lence, similarity to previously encountered smells.

If an odorant is a novel combination, then it will result in activation of
many encodings, but each will be activated only to a small degree. That is,
in terms of similarity, the activation pattern resembles a lot of object encod-
ings, but none to any great extent. The result of this will be a vague repre-
sentation, one redolent of many other odor objects. Consequently, it will be
hard to discriminate it from other unfamiliar odors, just as observed (e.g., Rabin
1988). If there is a familiar component in the output of the receptor-processing
system, it will also activate many encodings, but a small proportion of these
will be activated to a far greater extent, resulting in a more definite represen-
tation and better discriminability. In this case, the high level of activation of
one or more encodings may prevent the object store from encoding the re-
ceptor-processing output. However, when activation levels are not uniformly
high, as with the aforementioned example of an unfamiliar odor, then the
store will encode the receptor-processing output as a new odor object.
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The preceding text describes the perception of odor quality, but it does not
establish how we experience the intensity and hedonic aspects of sensation.
These too can be accommodated but in rather different ways. The intensity
aspect of sensation has been dealt with before by considering it as a direct cor-
relate of the level of activity in the receptor-processing system—more activ-
ity equates with more intense sensation, less activity with less intense sensa-
tion (see Lansky and Rospar 1993). There are three findings that indicate that
this basic account requires some modification. First, as the case of HM shows
(Eichenbaum et al. 1983), it is possible to perform successfully on an inten-
sity discrimination task in the apparent absence of an ability to perceive odor
quality. Of course this is perfectly consistent with the idea of two modules 
(receptor-processing system and object store), but it implies that the intensity
processor must have some capacity to retain information for short periods.
That is, this module must have some memory capacity, unless verbal labels
are used instead. Second, the finding of sniff vigor constancy (Teghtsoonian,
Teghtsoonian, Berglund, and Berglund 1978), in which changes in sniff size
have relatively small effects on judged intensity of a particular stimulus, im-
plies an imperfect correlation between sensation and receptor activity. That
is, a vigorous sniff should increase receptor activity by providing more mole-
cules to the receptor surface. This could be accommodated by including a
feedback loop, because structures that control the musculature responsible
for a vigorous sniff could suppress activity in the receptor-processing module
producing constancy. Third, familiar odors are typically judged as smelling
more intense than unfamiliar odors (Hudson 2002). Yet again, this implies an
imperfect correlation between net receptor activity and sensation. Because
the model we have advanced here suggests that the locus of familiarity is in
the object store, the object store itself may add some component of sensa-
tion, which is additive to the intensive sensation generated by the receptor-
processing system.

The hedonic aspects of olfactory sensation can be conceived in several
ways, but whichever way is chosen, the process must reflect the apparent ease
with which odors are able to evoke affect. One way to conceptualize this is a
gating mechanism that is directly attached to each odor object in the store
and so depends on the integrity of the object store. In this scheme, once an
object has been identified, that is, there is a high level of activation for one
or more encoding(s), each opens a gate to either a positive or a negative emo-
tional affect system. This choice depends on the consequences that ensued
upon previously smelling the odorant. The degree of affect experienced is the
arithmetic mean of decisions to open the gate in either the positive or nega-
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tive direction, weighted by the degree to which each object encoding in the
store is activated. Thus the past consequences of experience with an odor dic-
tate the hedonic response, but this is lagged against dramatic changes by the
stochastic nature of the odor activation process. That is, not all object en-
codings will be activated (and varying by degree too) on each encounter with
a particular odor, preserving some gate decisions (positive vs. negative) from
interference. Unlike the intensity and quality models presented above, where
there is some precedence for the modules design, we have very little to go on
with olfactory hedonics. There are only very limited neuropsychological data,
which does not inform us as to the correctness of this model (but see below).
Although it appears that evaluative conditioning with odors is sensitive to
changes in hedonic consequences, which this model can accommodate, the
actual malleability of odor hedonics is still largely unstudied. The three ba-
sic aspects of this model of olfactory information processing are represented
in figure 7.4.

Figure 7.4 represents a model unelaborated by the findings described in
this chapter. Needless to say even this unelaborated model can not claim to
be anything other than a crude representation of how the olfactory system ex-
tracts meaning from the chemical array. It does, however, have the power to
both explain a considerable number of findings and to make predictions as
well. In brief, it places a premium on experience and it suggests a dissocia-
tion between intensive perception and qualitative perception, which has at
least been observed. In terms of prediction, it suggests, first, that hedonic re-
sponding must depend on the presence of the object store and, second, that
it should be possible to find brain-injured patients who demonstrate intact
quality and intensity perception but with abnormal affective responses to
odors. As we noted, the neuropsychology of olfaction has little as yet to say
about olfactory hedonics. Likewise, a really systematic search for the pattern
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of dissociations suggested by this model, notably between quality and inten-
sity, has not yet been conducted.

This now brings us to the point where we can examine how the model pre-
sented in figure 7.4 might be elaborated to deal with what we know about hu-
man olfactory information processing. The obvious place to start is with at-
tributes most directly connected with odor memory. Clearly some capacity
to briefly store olfactory information must be present. Assuming that we do
not rely solely on semantic mediation, and we clearly do not, how else could
we solve problems like those posed by the triangle test that involve serial com-
parisons, each separated by a brief interval? The type of model of short-term
memory proposed by Cowan (1988) is one obvious contender. Effectively it
allows us to use the extant model to explain the brief retention of informa-
tion, through the process of activation and decay. That is when an encoding
is activated, the period of activation lasts longer than the initial period of stim-
ulation, resulting in the ability to retain information longer than the period
for which the stimulus is directly available. Note, this residual activation is
outside of conscious awareness. Such a system is affected by capacity, but only
in so much as a greater number of odorants will mean a greater likelihood of
similarity between members of the set. As similar odorants activate similar
and overlapping sets of encodings, this will result in interference and thus de-
grade recognition accuracy.

Exactly the same explanation can be advanced for tasks involving longer
delays followed by recognition of previously smelled odorants. All we have to
specify is that activation decay may take a long time—a very long time in-
deed. Consequently, an odorant may be recognized over short or long inter-
vals by virtue of its existing state of residual activation. This ability, which
might extend for weeks or months, is subject to exactly the same constraints
as that imposed on briefer durations. It is beneath the level of conscious
awareness and increased set size produces interference, by virtue of greater
likelihood of similarity between set members. Not surprisingly, we would 
predict that exactly the same factors that influence short-term tasks should
equally influence long-term tasks, namely, that both are capacity limited by
virtue of similarity constraints. The available evidence is consistent with this,
although to our knowledge nobody has as yet directly contrasted this at short
and long delays within the same experiment.

A significant feature of olfactory information processing is the ability to
form associations between olfactory objects and other events, be they words,
colors, or autobiographical memories. To achieve this, connections would
need to be formed between the activated odor object encodings and other

Odor Memory 217



discrete memory storage systems (e.g., semantic memory). Such associations
appear to form in at least two ways. First, by effortful association, typical of
experiments in which, for example, participants learn to associate an odor
with a name (e.g., Stevenson and Dempsey 2002) or place (Takahashi 2003).
Second, by incidental association, such that an odor present at study and
again present at test, acts to facilitate retrieval of information that was also
present during the study phase (Schab 1990). Both of these processes proba-
bly call upon related mechanisms but result in somewhat different outcomes.
The first obviously requires practice, in that the odor and the to-be-associated
cue need to co-occur several times for participants to be able to perform ef-
fectively on demand. This may be a slow process because, as we already
noted, even a familiar odor may activate several encodings, and all of these
in a somewhat different manner and degree each time the odor is encoun-
tered. Thus there may be several associations formed of differing strength
from each of the activated encodings to the cue. The second, incidental
learning may reflect the same process, namely, that associations form be-
tween activated encodings and other information that is present currently, be
it visual, auditory, perceptual, or semantic. However, because the associations
formed are likely to be idiosyncratic—that is, only activated encodings will
be associated and those to the degree to which they were activated—reacti-
vation of all the associated memories will also be idiosyncratic, that is, a very
close match of olfactory encoding activations will be needed to reinstate the
links formed earlier. Consequently this type of information is likely to be
highly preserved for long periods, because it is unlikely that exactly the same
stimulus will be encountered again and, even if it is, it will not always result
in the same pattern of activations. Thus such encodings are likely to be re-
sistant to interference and long-lasting, assuming limited trace decay. Al-
though this is an easy fit with the model it fails to account for at least two types
of findings. First, it is directionally neutral, that is, associations should be as
hard to form from an odor to a nonolfactory cue, as from a nonolfactory cue
to an odor. But as we saw earlier this is not the case (Bower et al. 1994) and
the model suggests no obvious reason why this should be so. Second, the 
associative interference data are problematic. On the one hand incidentally
acquired odor-room associations are extinguishable (Koster 2002). Although
the model does not appear to suggest this, this finding is not incompatible.
Most odorants are not chemically identical, as they were in the Koster et al.
(2002) study. Where they are identical, they are presumably more likely to ac-
tivate the same encodings in the object store. Because the model does not
specify that learning new associations is especially hard; rather, existing asso-
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ciations tend to be preserved by virtue of the probability of encountering sim-
ilar encoding conditions, the Koster et al. (1992) results can be explained.
This then raises the problem of the findings of resistance to interference by
Lawless and Engen (1977) and Dempsey and Stevenson (2002). The differ-
ence here may be that in each of these cases the learning was not incidental;
thus, the resulting associations were considerably more robust. Arguably
then, the failure to find retroactive interference may have been a conse-
quence of test sensitivity, that is if sufficient retraining had taken place (es-
pecially in Dempsey and Stevenson 2002), then interference might eventu-
ally have been obtained.

One of the most intriguing aspects of olfactory information processing is
why odor naming is so hard. In one sense we have already offered an expla-
nation for this, because most name learning must presumably rely on inci-
dental learning. Consequently, the process will be idiosyncratic as described
above and on many occasions different patterns of activation will occur with
a similar odorant, which are different from those made when its name was
available. It then becomes a problem of encoding specificity, namely, a mis-
match between retrieval and encoding conditions. However, if odor names
are learnt effortfully, this situation should markedly improve by virtue of in-
creasing the probability that the odors pattern of activation will match those
that were present at the time of encoding the name. This at least is consistent
with the findings from several studies (e.g., Cain 1979). One prediction from
this account, which is born out in the literature, concerns the tip-of-the-nose
phenomenon (Lawless and Engen 1977). When participants are unable to
name an odor, in general, they are able to report the broad class from which
the odor is drawn (e.g., fruity). This would be expected if there were general
connections to the area of semantic memory dealing with this category, but
a failure to activate the precise link to the name residing within that area. That
is, the tip-of-the-nose is a further consequence of the stochastic nature of the
activation of odor objects.

A related issue concerns the apparent difficulty that most participants have
in evoking odor images. As we noted previously, participants who engage in
paired-associate learning between the odorant and cue, prior to attempting to
form an image of the odor when its cue is presented, nearly always (at least in
the published literature) demonstrate imagery-like effects (e.g., Algom and
Cain 1991; Algom, Marks, and Cain 1993; Stevenson and Prescott 1997; Djord-
jevic, Zatorre, and Jones-Gotman 2004; Djordjevic, Zatorre, Petrides, and
Jones-Gotman 2004). Arguably this depends on the same processes as before,
that is, connections between an odor and a name are formed incidentally and
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are likely to result in only weak activation of an odor object by virtue of the
fact that the associations are only to a subset of all the possible activations that
might be expected to occur if the odorant was actually smelled. Consequently,
deliberate strengthening of these associations results in activation of most of
the encodings that would normally occur. Thus difficulty of evocation is a con-
sequence of the same processes that result in poor odor naming.

To what extent does our model constrain an explanation for imagery? One
concern that we have raised previously (Stevenson and Boakes 2003) is that
the olfactory system may be unable to discriminate between top-down and
bottom-up generated images, which could result in possibly fatal confu-
sions—did I imagine that smell or is it real? We used this to argue against a
capacity for imagery in a model very similar to the one presented here. Two
things have changed since then. First, the evidence favoring percept-based
imagery is much stronger than before. Second, there may be another means
of reality monitoring that stops us from confusing a volitional image with a
stimulus-generated representation and that is the absence of affect in odor
images. Although this has not been directly investigated as yet, odor images
do not in general involve spontaneous reports of hedonic attributes as real
percepts and hallucinations do (Stevenson and Case 2005). If this observa-
tion turns out to be correct, then it is inconsistent with the model, because
the model does not preclude the generation of affect from a top-down-only
stimulus. One way round this is to suggest that the affect system has its own
separate recognition system, something that is supported by the only study to
investigate this (Perl et al. 1992; see chapter 5). A more definitive answer will
come from examining whether patients who have no ability to experience
odor quality (i.e., lack the object recognition module) can still experience ap-
propriate hedonic responses. Unfortunately, this was not investigated in HM
or in any of the related neuropsychological data cited earlier.

The final issue that we wish to examine is priming. Priming should, ac-
cording to what we have discussed so far, be enabled by two methods. First,
if an odor and a name have been well associated, then incidental presenta-
tion of an odor’s name may result in priming of its olfactory encoding, that is,
activation, but to a lesser extent than would be the case with odor imagery.
Second, incidental exposure to an odorant should also result in priming, this
time by virtue of the gradual decay in activation of the encodings produced
by smelling the odorant. In both cases this should result in enhanced recog-
nition of the odorant at some subsequent point in time. Notice how similar
this is both to the process involved in recognition memory and in imagery,
the difference being either the mode of activation or its degree.
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In summary, the basic model presented in figure 7.4 actually requires re-
markably little elaboration to cope with a broad range of findings. The two
key changes are the rate at which activation may decay and the ability to form
associations. Neither of these seem particularly radical, yet they gain the
model considerable explanatory power. This elaborated model is also pre-
dictive. The model implies that priming should occur, it also suggests that in-
terference in paired-associate learning procedures should be a direct conse-
quence of the effort put into strengthening the association. In this respect,
odor-cue associations should behave like other forms of successive paired-
associate learning, albeit somewhat slower. The model also indicates that
neuropsychological dissociations will not be obtained between short- and
long-term olfactory memory tasks, and that such tasks should be subject to
similar constraints if tested within the same experiment. Models of percep-
tual and cognitive function have been useful in other domains in shaping the
research agenda, irrespective of their ultimate correctness. Hopefully, the
model here should have a similar effect.

Conclusion

The elaborated model of olfactory information processing presented above
attempts to unite findings reported in the earlier part of this chapter con-
cerning short- and long-term recognition memory, associative learning, and
imagery. This body of findings, accumulated mainly during the past thirty
years, has to date been rather disunited. To our knowledge, apart from ap-
plying general models of memory, there has been no attempt to provide a co-
hesive framework that links olfactory perception and cognition in the way
that we have here. Obviously, and this must be restated, the model is only a
preliminary sketch and it relies on many assumptions that have yet to be
tested. Perhaps therein lies its strength: it does make quite clear predictions
that span from neuropsychology to learning.

Odor Memory in Nonhuman Animals

Given the central role of odors in the lives of many (most) nonhuman ani-
mals, odor memory has been the focus of extensive research. Odor memory
in animals has been examined in both naturalistic paradigms (e.g., foraging
behavior, kin recognition, homing) and in laboratory settings, including both
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implicit and explicit memory paradigms. Behaviorally, odor memory in ro-
dents has proven to have striking similarities to higher-order cognitive per-
formance in nonhuman primates and humans. In addition, the anatomy
and physiology of the olfactory system have proven ideal for studies of the
mechanisms of odor memory—relatively simple cortical circuits with well-
described synaptic organization and synaptic pharmacology and strong ties
to higher-order memory structures such as hippocampus and fontal cortex.

In this section, we will outline both behavioral models and neural mech-
anisms of odor memory in animals. The goal will be to place the implicit,
perceptual olfactory learning described in previous chapters in the context of
a broader view of odor information processing and explicit memory. A large
literature exists on the role of the rodent hippocampus in explicit memory for
odors. This section will primarily focus on rodent work, though several strik-
ing analogies with invertebrate work will be noted.

Explicit Odor Memory

Although the first half of this chapter paid considerable attention to odor
naming in humans, a direct comparison with this phenomenon cannot be
made in animal work. Animals can and do easily ascribe associative meaning
to odors, though linking a symbolic label to odors (naming) is unlikely. The
ability to assign meaning or predictive value to odors through associative (ei-
ther operant or Pavlovian) conditioning has been demonstrated in a variety
of invertebrate (honeybees, fruit flies, terrestrial mollusks, moths, spiny lob-
ster) and vertebrate (salamanders, rodents, birds, fish, primates) species. Most
species examined to date can be easily conditioned to prefer or avoid odors
associated with biologically significant events.

Simple “Go, No-Go” odor discrimination learning is readily demonstra-
ble in rodents after relatively few conditioning trials. Discrimination learning
is robust under a variety of conditioning paradigms and reward schedules.
Learning a simple discrimination generally occurs quickly, is resistant to both
proactive and retroactive interference, and is stable for weeks or months.
Thus, for example, learning A� versus B� (where responding to odor A�
with some appropriate operant such as nose poke, bar press, or maze arm se-
lection results in reward, whereas the same response to B� results in no re-
ward) can occur within twenty or fewer trials. Once acquired, memory for
this odor pair can last many weeks (long-term memory), even if in the inter-
vening period scores of other odor pair discriminations are learned (i.e., min-
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imal retroactive interference). Similarly, having learned multiple pairs of
odor discriminations does not impair subsequent learning of new pairs (i.e.,
minimal proactive interference). Staubli and colleagues suggest these char-
acteristics of olfactory data memory are similar to learning lists of words or
faces in the auditory and visual systems of humans and also appear similar to
human olfactory memory described above.

Two-odor discrimination tasks most commonly involve successive cue
sampling, that is, one odorant is presented at a time and a decision is made
by the animal as whether that odor is the rewarded, S� odor and thus should
be responded to (Go), or is the unrewarded, S� odor and a response should
be withheld (No-Go). This task appears to be very simple for normal rodents,
although it is probably not representative of real-world situations. Another
form of the two-odor discrimination task is a simultaneous cue-sampling task,
where both the S� and S� odors are presented and can be sampled within
the same trial and the subject must choose the S� odor from the two. This
task may more accurately reflect the common experience of an animal faced
with multiple stimuli simultaneously and respond appropriately. Rats learn
this task rapidly, though perhaps not as well as the successive cue task. As dis-
cussed below, these two-odor discrimination tasks appear to involve different
internal representations and thus rely on different neural circuits for their ex-
pression.

In two-odor discrimination tasks, rats learn and remember the associations
of both the S� and the S� odors. Using a previously learned S� odor as the
S� in a subsequent odor discrimination tasks (reversal learning) produces
initially very poor performance (below chance) as the animals must unlearn/
extinguish their previous associations with the previously S�, now S� odor.
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ability.



Odor discrimination performance can be dramatically improved by pre-
vious learning about different odor pairs. This improvement in the ability to
make simple discriminations over repeated new odor pairs is called set learn-
ing or learning to learn and, in general, is regarded as a higher-order cogni-
tive function. The animal learns that one odor of a pair will always be re-
warded while the other is not and thus learns a win-stay, lose-shift strategy,
allowing one trial learning on later odor pairs. Specific brain regions appear
to be differentially involved in odor set learning distinct from basic odor dis-
crimination learning, as discussed below. Similar learning sets do not appear
to be acquired by using other sensory systems in rodents, and thus it has been
argued that this reflects the unique access of the rodent olfactory system to
higher-order cognitive systems such as frontal cortex (via the dorsomedial nu-
cleus of the thalamus and piriform cortex).

Another characteristic of simple odor discrimination learning is that odors
are learned as single stimuli even if composed of multiple components, as
demonstrated by Staubli and colleagues in a series of studies. As discussed in
a previous chapter, rats were trained to discriminate two complex odor mix-
tures varying by a single component, for example, ABC� versus ABD�. The
task could have been solved by elemental analysis of the odor mixtures
through focusing on C� and D� and ignoring the overlapping components
AB. Alternatively, the task could have been solved by developing a synthetic,
gestalt representation of ABC and ABD, distinct from the components. The
latter strategy seemed to occur because there was no transfer of learning
ABC� versus ABD� to performance in discriminating C� versus D�. The
latter task appeared to be treated by the rats as a new, novel discrimination
problem. These results fit with our view of odor object perception as outlined
earlier.

Note, however, that how binary odor mixtures are perceived is strongly in-
fluenced by the nature of the components and their relative concentrations.
Synthetic or gestalt perception of binary odor mixtures can be impaired if the
odorant components are highly dissimilar in either molecular conformation
or relative concentration, and depending on the task requirements, prior ex-
perience and expectations. For example, a strong component can dominate
the perception of the binary mixture and, in turn, be the focus of associative
conditioning, blocking association with the more minor component. Similar
effects can be observed in multimodal mixtures that include odors. If rats are
trained to a multimodal mixture of a visual stimulus and an odor, the odor
component of the mixture dominates, reducing and overwhelming condi-
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tioning to the visual stimulus (c.f., odor-visual cue paired-associate learning
in humans discussed earlier).

Furthermore, the ability of an odor to function as a conditioned stimulus
in an associative conditioning paradigm is influenced by innate odor mean-
ing, essentially a biological constraint on olfactory conditioning. Thus, for ex-
ample, moths (and other invertebrates) can be conditioned to approach novel
odors paired with reward or express other specific conditioned behaviors such
as proboscis extension. However, male Spodoptera littoralis were unable to
learn a proboscis extension response to the female sexual pheromone. In con-
trast, female S. littoralis, which do not express an innate response to the fe-
male pheromone, could be conditioned to this odor. This suggests that the
innate male reflexive responses to female pheromones limit new associative
meanings for this odor.

A final point about simple odor conditioning relates to the apparent
unique relationship between odors and tastes. Novel odors can be condi-
tioned to acquire either an appetitive or aversive association. However, aver-
sive odor conditioning can be potentiated if the novel odor is paired with a
novel taste during aversive conditioning. Thus, pairing a novel cherry odor
with LiCl injections that produce illness will result in a subsequent aversion
to cherry odor in rats. However, if the novel cherry odor was experienced in
the presence of a novel sucrose taste prior to the LiCl injection, the subse-
quent aversion to cherry will be much stronger. The taste potentiation of odor
aversions implies a special relationship between odors and tastes. As de-
scribed in more detail in other chapters, this relationship can come to be ex-
pressed perceptually as the learned experience of sweet odors.

In addition to simple odor discrimination and set learning, odors can be
used for delayed-match-to-nonsample (DMNS) and paired-associate learn-
ing. The delayed-match-to-sample task involves presenting an odor (the sam-
ple) and then after some time delay (usually corresponding to short-term
memory traces described in humans above) asking the animal whether a new
stimulus matches or does not match the original sample. After an additional
delay, a new sample can be presented and the task repeated. Thus, this is a
classic working memory task where ideal performance involves remember-
ing the sample for the duration of a single trial, but then clearing memory of
that sample prior to the start of the next trial. Two types of olfactory DMS
tasks are used in rodents. Continuous DMS uses the test stimulus of one trial
as the sample stimulus of the next trial, whereas standard DMS uses two new
stimuli in each successive trial.
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In a continuous DMNS task rats performed well above chance with de-
lays of at least 60 seconds, roughly comparable to performance of monkeys
on a DMNS visual task. Furthermore, performance was influenced by the
size of the odor set from which samples and test stimuli were chosen (c.f., hu-
man memory performance described above). Very small odor sets (2 odors)
degraded performance in this paradigm, whereas performance was much bet-
ter with larger (e.g., 8 or 16) odor sets. Rats also perform well in a standard
DMS task.

In a modification of the DMNS task, Eichenbaum and colleagues exam-
ined memory span for lists of odors. Dudchenko et al. (2000) presented an
odor sample in a cup placed in an arena for the rat to sample. The rat was re-
moved for a delay period, then returned to the arena where now a second cup
scented with a new odor was present and the rat had to choose the cup with
the new (nonmatch odor) to receive a reward. The rat was again removed
from the arena, a third cup scented with a third odor was added, and the rat
had to choose the new odor from among the three. This was repeated up to
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Fig. 7.6. Delayed-match-to-nonsample (DMNS) tasks are commonly used to test short-
term or working memory for odors. The animal is presented with an odor sample,which
is then removed for a specified delay of seconds to minutes, followed by a choice test
between the sample and a new odor. In delayed-match to nonsample, the animal must
choose the new odor (nonsample) to receive a reward.After another brief delay, a new
sample is presented which may or may not be related to the stimuli in the previous trial.
The animal must disregard contingencies in previous trials to perform accurately in the
current trial.



25 times, requiring the animal to remember up to 25 sample odors to deter-
mine which was the new, nonmatch. Performance on this task decreased only
slightly over the 25 items, indicating a memory span of at least 25 odors in this
task.

In addition to having a large memory span for odors, rats can also learn
and remember odor sequences. Memory for odor sequences has been exam-
ined in at least two distinct paradigms. Agster, Fortin, and Eichenbaum (2002)
trained rats to respond to odors in a particular sequence, such as A-B-X-Y-E-
F, where each odor (represented by a letter) was presented in a two-odor
choice task. If odor A had been the correct choice on the previous trial, then
odor B would be correct on the current trial, and X would be the correct
choice on the next trial. Rats learn this task and can even perform well on a
more complex task in which choices are made between two overlapping 
sequences. For example, rats learn two sequences—odors A-B-X-Y-E-F and
odors L-M-X-Y-P-Q. As can be seen, the two odors in the middle of the se-
quences are the same. Knowing which odor to choose on the trial after Y was
the correct choice depended on what came at the beginning of the sequence
(if A-B, then choose E after Y, if L-M then choose P after Y). Given several
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Fig. 7.7. Memory for odor sequences can be examined using a task developed by Ag-
ster, Fortin, and Eichenbaum (2002). Animals are trained with a temporal sequence of
odor-reward pairings, where, for example, odor A always precedes odor B (delays be-
tween odors are a few minutes). After training, animals can be given choice tests to de-
termine whether they remember the sequence of odors by rewarding choices of odors
that occurred relatively earlier in the sequence (e.g.,choose odor A when given a choice
between A and D). Animals can also be tested for basic recognition of odors in the se-
quence by rewarding choices for novel odors not present in the original sequence (e.g.,
choose odor X when given a choice between A and X).



months of training, rats demonstrated over 80% correct performance. These
data suggest that animals develop a representation not only of the current
odor and its associations, but they can also develop memory for temporal pat-
terns of odors, an ability that may be critical for olfactory-guided navigation.

Finally, odors can be used in a paired-associate task—a task classically
used to examine declarative, explicit memory. Rats were trained to sample
two odors presented in quick succession (0.75-second duration for each odor
separated by a 0.5-second delay) and then required to respond if the two-odor
samples were a trained pair and not to respond if the odors did not belong to-
gether. Thus, for example, if odors A and B were paired a response was re-
warded and if odors C and D were paired a response was rewarded. However,
a response when A was paired with C or when A paired with X was unre-
warded. The temporal odor within the pair (e.g., A-B or B-A) was unimpor-
tant. Rats reached criterion performance on this task within 1,000 training tri-
als. Similar paired-associate learning can be expressed by rats for odor-visual/
tactile object pairs.

Together, this literature demonstrates that odors can be used by mam-
malian olfactory systems in very flexible, complex ways and that even inver-
tebrate olfactory systems are capable of olfactory associative memory. Odors
can acquire meaning through associative conditioning and can come to be
associated with other odors or nonolfactory stimuli in stimulus-stimulus as-
sociations. Furthermore, information about the learned odors can be held
and compared with other odors concurrently or previously presented. In
other words, odors, composed of multiple, submolecular features, are treated
as unique perceptual objects in declarative memory tasks. Depending on the
complexity of the odor stimulus, features of the odor object can vary in
saliency, be individually recognized, and/or gain independent associative
value, but, in general, an odor mixture and its submolecular components are
treated configurally as single objects. The situations promoting analytical
processing of odors are not distinctly different from those operating in other
sensory systems involving, for example, conditioning to or memory for visual
objects.

Olfactory Priming and Odor Imagery

As described earlier for humans, exploring olfactory priming and odor im-
agery in animals is operationally difficult. In fact, in this regard the human
literature has advanced far beyond that of the animal data in the area.
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Nonetheless, there are some tantalizing electrophysiological findings that
suggest an important role for experience-based expectation and top-down
processing in rodent olfaction. In the mammalian olfactory bulb, activity
within local circuits can produce oscillatory activity recorded in field poten-
tials. These local field potential oscillations characteristically occur in a low-
frequency band (theta, 4–10 Hz), an intermediate-frequency band (beta, 20–
40 Hz), and a high-frequency band (gamma, 40–100 Hz). The gamma fre-
quency oscillations are hypothesized to stem from mitral-granule cell recip-
rocal synaptic currents and demonstrate spatial patterns of amplitude across
the olfactory bulb surface. One interpretation of these spatial patterns of ol-
factory bulb activity is that they reflect the odor-specific spatial patterns of ol-
factory receptor neuron input to the olfactory bulb glomerular layer. How-
ever, as Freeman and colleagues have demonstrated, these patterns can be
changed with experience such as discriminative conditioning. The spatial
patterns of mitral-granule cell activity thus reflect past associations and ex-
pectations, rather than simple odor physicochemical identity. In fact, in rats
well trained to perform in an odor discrimination task, olfactory bulb gamma
oscillations can begin several respiratory cycles prior to odor sampling, sug-
gesting again an expectation and top-down component to this processing.

Neural Substrates

As noted above, olfactory memory, and memory in general, can be divided
into several subclasses . These include (1) implicit memory such as habitua-
tion, sensitization, classical conditioning, and perceptual learning; (2) ex-
plicit memory such as delayed-match-to-sample paradigms, spatial memory,
and paired-associate memory; and finally (3) set learning or learning to learn.
Although specific behavioral paradigms are used to test each of these forms
of memory, and evidence exists for the specific neural mechanisms underly-
ing them (as outlined below), it must be emphasized that in a given context
or situation several of these forms of memory may be evoked at the same 
time. For example, training in a delayed-match-to-sample task involves an 
explicit memory component to allow comparison of sample and test odor 
but, through exposure and familiarization with the stimuli, may also involve
an implicit, perceptual learning component, modifying perception of the
learned stimuli. Note also that the types of experiences involved may produce
changes in a diverse collection of brain circuits (cortical and subcortical) that
may ultimately be required for expression of the acquired memory. Here, we

Odor Memory 229



will emphasize neural plasticity within the primary olfactory system itself,
though mention is made of circuits and mechanisms in other brain regions.

Implicit Memory

Implicit memory includes habituation, sensitization, perceptual learning,
and classical conditioning. Habituation is a decrease in responsiveness to re-
peated or prolonged stimulation, relatively specific to the repeated stimulus,
and subject to dishabituation. Habituation and adaptation allow sensory sys-
tems to filter background or currently nonsignificant stimuli, while main-
taining responsiveness to novel stimuli. Habituation to odors could involve
olfactory receptor adaptation and/or central mechanisms. In many thalamo-
cortical sensory systems, cortical neurons adapt more rapidly and completely
than more peripheral neurons. This could allow for rapid dishabituation if
the contingencies change and the stimulus becomes potentially important.
Similarly, although in the olfactory system both receptor neurons and mitral
cells adapt to odors, piriform cortical neurons adapt much more rapidly and
completely following either prolonged or repeated odor stimulation. Corti-
cal adaptation is also more selective (displays less cross-adaptation) to famil-
iar odors than mitral cell adaptation.

Anterior piriform cortical neurons rapidly adapt to novel odors, despite rel-
atively maintained input from their excitatory afferent, glutamatergic mitral
cells. A similar, rapid decrease in odor-evoked spiking occurs in the insect
mushroom body neurons. Recent work has demonstrated that in the rat, 
this cortical adaptation may be due primarily to activation of presynaptic
metabotropic glutamate receptors (mGluR) on mitral cell axons. The synap-
tic depression has a duration of less than 2 minutes following a 50-second odor
exposure, as does the reduction of cortical responses to subsequent stimula-
tion with that odor. Blockade of mGluR II/III receptors prevents afferent
synaptic depression and cortical adaptation to odors. This presynaptic, ho-
mosynaptic mechanism of cortical adaptation allows maintained input to
other, nonexperienced afferent inputs, and thus could serve as an ideal mech-
anism for gating continuous background input while allowing new or chang-
ing inputs to pass. (Other mechanisms may exist for state-dependent gating
[Murakami et al. 2005] or long-term adaptation [Dalton 2000]).

Thus, during prolonged odor exposure, for example, a background room
odor, olfactory receptor neurons begin to slowly adapt through a defined
Ca2�-dependent mechanism (Zufall and Leinders-Zufall 2000), mitral cells
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begin to slowly adapt through an unknown mechanism, and at the same time,
piriform cortical neurons rapidly adapt, in part, through a mGluRII/III-
mediated decrease in glutamate release from mitral cell axons (Best and Wil-
son 2004). The more peripheral and receptor changes most likely function to
maintain receptor function within an optimal dynamic range rather than
serving to filter background odor. With cortical adaptation, if the odor be-
comes significant or arousal level increases (dishabituation), central olfactory
system responding may return (Scott 1977). One mediator of this dishabitua-
tion could be norepinephrine from the locus coeruleus. Norepinephrine has
at least two actions related to adaptation in the olfactory system. First, nor-
epinephrine can increase mitral cell responsiveness to olfactory nerve input
(Jiang et al. 1996). Thus, in rats, a tail pinch can reinstate mitral cell responses
to an adapted stimulus (Scott 1977), perhaps in part via a noradrenergic en-
hancement of mitral cell responsiveness to olfactory nerve input. In concert
with this change in the olfactory bulb, norepinephrine can modify/enhance
piriform cortical neuron responses to odors (Bouret and Sara 2002). In fact,
norepinephrine can block afferent synaptic depression to cortical neurons,
perhaps via a direct interaction between noradrenergic �-receptor activation
and mGluRII/III receptors (Best and Wilson 2004). Acetylcholine (ACh) has
also been implicated as modulating odor habituation, although precise
mechanisms have not been determined.

While this mechanism can account for the rapid changes in cortical and
behavioral odor sensitivity that occur with exposure (Best et al. 2005), it does
not account for long-term changes in odor sensitivity that occur after more
prolonged exposure. Long-term (weeks) odor exposure can produce both de-
creases (adaptation) and increases (sensitization) in behavioral odor respon-
siveness (Dalton and Wysocki 1996). The mechanisms described above last
only minutes, whereas long-term exposure effects can last months or years.
The persistent effects of long-term odor exposure may reflect changes at the
receptor sheet (Wang, Wysocki, and Gold 1993), differential neuronal sur-
vival in the olfactory bulb (Woo, Coopersmith, and Leon 1987; Rochefort et
al. 2002) and/or changes in cortical circuitry.

Another form of implicit memory is perceptual learning (see earlier chap-
ters). Prior experience and/or familiarity can enhance sensory acuity for fa-
miliar stimuli compared with sensory acuity for novel stimuli. Perceptual
learning has been described in most sensory systems in addition to olfaction.
Several mechanisms may contribute to olfactory perceptual learning. For ex-
ample, simple odor exposure modifies olfactory bulb circuit and mitral cell
single-unit responses to subsequent odor presentation at both a very rapid

Odor Memory 231



(millisecond) and at a long (hours to days) timescale. The rapid modification
can occur within a single brief odor presentation and may reflect a dynamic
fine tuning of odor-responsive ensembles (Laurent et al. 2001; Spors and
Grinvald 2002). However, a long-term cascade is also generated that ulti-
mately produces more permanent changes in subsequent mitral cell odor re-
sponses. Of most relevance to perceptual learning, mitral cell odor-receptive
fields can shift toward the familiar odor, at least over short distances and along
odorant feature dimensions such as carbon chain length (Fletcher and Wil-
son 2003). It has been hypothesized that these experience-induced changes
in mitral cell odorant receptive fields are due to mechanisms related to either
changes in olfactory receptor synaptic efficacy (i.e. long-term potentiation/
long-term depression [LTP/LTD]), changes in mitral cell–inhibitory inter-
neuron synaptic efficacy and/or changes in efficacy in cortical feedback. In
support of changes in inhibitory connectivity, simple odor exposure in in-
vertebrates results in progressive increase in local field potential oscillatory
power, a measure noted as being sensitive to local interneuron synaptic in-
hibition. Regardless of the mechanism of receptive field change, the results
suggest that familiar odorant features are encoded differently than novel fea-
tures, with perhaps an enhanced representation of familiar features.

Simple odor exposure (odor enrichment) also enhances survival of new-
born granule cells in the adult mouse olfactory bulb. Animals with enrichment-
induced increases in granule cell number also have enhanced odor memory
(Rochefort et al. 2002). Neurogenesis of olfactory bulb granule cells occurs
throughout life (Rosselli-Austin and Altman 1979), and survival has recently
been shown to depend on odor experience, with odor deprivation reducing
survival (Najbauer and Leon 1995) and odor learning or exposure enhancing
survival (Rochefort et al. 2002). It has been hypothesized that odor experience
could selectively promote survival of newly generated granule cells into odor-
ant-selective circuits, enhancing memory and discriminability for those odor-
ants. Odor exposure during early development may also regulate survival of
juxtaglomerular neurons near odor-specific glomeruli (Woo and Leon 1991),
although this seems to only occur during early development. These data
point to the potentially critical role of granule cell inhibitory interneurons in
odor memory. In mammals, granule cells not only serve as lateral and feed-
back inhibition between output neurons, but they also are the primary re-
cipient of centrifugal inputs to the bulb. There is a massive glutamatergic in-
put from the olfactory cortex to the bulb that is very poorly understood. This
pathway appears to be capable of experience-dependent plasticity (Stripling
and Patneau 1999). In thalamocortical sensory systems, these descending 
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inputs from the cortex back to the thalamus are critically involved in con-
textual and experience-dependent modifications of sensory coding. Cortical
control of olfactory bulb activity looks like a rich area for future research (see
chapter 3).

In addition to changes in the olfactory bulb, perceptual learning is also as-
sociated with changes within the piriform cortex. For example, piriform cor-
tical neurons show similar levels of cross-adaptation to novel odors as mitral
cells. However, after at least 50 seconds of familiarization to a previously
novel odor, the ability of cortical neurons to discriminate between molecu-
larly similar odorants is greatly enhanced. Both behavioral perceptual learn-
ing and this change in cortical discrimination can be blocked by the cho-
linergic muscarinic receptor antagonist scopolamine (Wilson, Fletcher, and
Sullivan 2004). Muscarinic receptor activation enhances LTP of association
fiber synapses (Hasselmo and Barkai 1995), thus scopolamine should reduce
cortical synaptic plasticity. Based on theoretical and computational model-
ing work, it has been hypothesized that activity-dependent enhancement of
intracortical association fiber synapses allows patterns of odorant features to
be synthesized by cortical ensembles, creating perceptual odor objects from
the collection of odorant features extracted by the periphery (Haberly 2001).
Once these odor objects have been synthesized, discriminating objects from
each other (rather than collections of overlapping features) is enhanced, ac-
counting for enhanced acuity for familiar odors. Acetylcholine has also been
implicated in the effects of experience on odor coding in the olfactory bulb
(Linster and Cleland 2002) to enhance distinctiveness of evoked feature pat-
terns.

The mechanisms described above can occur following simple odor expo-
sure and familiarization. Associative conditioning through temporally pair-
ing an odor with an unconditioned stimulus or reward also modifies the ol-
factory system. Classical associative conditioning, where an odorant signals
the occurrence of, or is temporally paired with, an unconditioned or biolog-
ically significant stimulus has been examined in several paradigms. These in-
clude the associative conditioning underlying neonate recognition of mater-
nal odors in rats, maternal recognition of neonate odors in sheep, learned
recognition of mates in mice, and simple aversive conditioning. The results
of all of these paradigms implicate similar associated neural mechanisms.
First, the olfactory bulb (or accessory olfactory bulb) is modified by the con-
ditioning, in general, with an enhancement of synaptic inhibition relative to
excitation. Thus, for example, there is an enhancement of the ratio of g-
aminobutyric acid (GABA) release to glutamate release in the accessory ol-
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factory bulbs of recently mated mice in response to the learned odor (Bren-
nan and Keverne 1997). Furthermore, there is an increase in suppressive re-
sponses to the learned odor in mitral cells near the odor-specific activated
glomeruli and a relative decrease in excitatory responses (Wilson and Sulli-
van 1994). Finally, there is enhancement (or at least modification) of local-
field potential (LFP) oscillations, which are influenced by synaptic inhibi-
tion (Grajski and Freeman 1989; Martin et al. 2004).

In vertebrates, olfactory receptor neurons, mitral cells, and piriform corti-
cal pyramidal neurons are all glutamatergic and most postsynaptic targets of
these neurons express both N-methyl-D-aspartate (NMDA) and non-NMDA
receptors. Recent in vitro work suggests that olfactory receptor neuron-to-
mitral cell synapses can express LTP following high-frequency activation
(Ennis et al. 1998). The precise role of LTP at this synapse in odor coding or
memory is unclear, but it could shift the balance of excitation and inhibition
within a glomerulus to enhance mitral cell output from previously activated
glomeruli. Past experience can shift mitral cell odor feature tuning toward
the familiar odorants (Fletcher and Wilson 2003), which could contribute to
perceptual learning and enhanced odor acuity.

The mitral cell–granule cell synapse has also been strongly implicated as
supporting long-term plasticity. Granule cells express both NMDA and non-
NMDA receptors, and express high levels of calcium/calmodulin-dependent
protein kinase II (CAMKII) (Zou et al. 2002) characteristics that are common
in neurons capable of experience-dependent plasticity like LTP. Following
associative conditioning there is a change in the ratio of glutamate release
(presumably from mitral cells) to GABA release (presumably from granule
cells) in favor of heightened GABA release (Brennan and Keverne 1997). This
has been interpreted as an increase in mitral cell to granule cell synaptic ef-
ficacy induced by associative conditioning. In young rats, associative odor
conditioning enhances mitral cell–suppressive responses to the learned odor
(Wilson and Sullivan 1994), which has also been hypothesized to result from
enhanced mitral to granule cell synaptic transmission.

Experience-induced changes in the balance of synaptic excitation and in-
hibition within the olfactory bulb circuit can not only influence the proba-
bility or rate of mitral cell action potential output, but can also influence
spike timing and firing synchrony between ensembles of mitral cells. This is
evident from pharmacological manipulations in invertebrates (MacLeod and
Laurent 1996) as well as in work from transgenic mice (Nusser et al. 2001).
Thus, an enhancement in granule cell GABAergic feedback to mitral cells
in transgenic mice (which lack GABAergic inhibition of granule cells) en-
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hances circuit synchrony as evidenced by increased oscillatory power in the
olfactory bulb LFP (Nusser et al. 2001). Increased synchrony of olfactory bulb
output neurons could further enhance the probability of LTP-like changes
in synaptic strength within the olfactory bulb and/or within olfactory bulb ef-
ferent structures such as the piriform cortex. In accord with this interpreta-
tion, changes in olfactory bulb LFP oscillatory power in the beta (15–35 Hz)
and gamma (35–90 Hz) frequency ranges are strongly correlated with odor
learning and response to familiar odors (Grajski and Freeman 1989; Ravel et
al. 2003; Martin et al. 2004).

These experience-induced circuit changes, and the learned behaviors, de-
pend on norepinephrine release in the olfactory bulb paired with the condi-
tioned odor during learning (Gray et al. 1986; Sullivan and Wilson 1994). For
example, infusion of norepinephrine or receptor agonists directly into the ol-
factory bulb is sufficient to induce changes in olfactory bulb odor evoked re-
sponses and behaviorally expressed memories of those odors. These results
suggest that norepinephrine may convey information about the uncondi-
tioned stimulus to the olfactory bulb for convergence with odor-specific in-
put. Both granule cells and mitral cells express noradrenergic receptors, and
norepinephrine modulates the mitral-granule cell reciprocal synapse; how-
ever, recent work suggests a critical site of convergence between norepi-
nephrine and odor input may be mitral cells. Activation of mitral cell b-
noradrenergic receptors, combined with glutamatergic odor input elevates
cAMP levels that ultimately result in phosphorylation of the cyclic AMP re-
sponse element-binding protein (CREB) and subsequent protein synthesis
changes that modify mitral cell function (Yuan et al. 2003). Hypothesized
changes include mitral cell sensitivity to input and synaptic output that could
account for the observed changes in olfactory bulb circuit function described
above. Experimental modulation of cAMP levels or CREB phosphorylation
produce the expected changes in learned behavior. Additional work will be
needed to determine the effect of these manipulations on olfactory circuit
function, but these results emphasize the critical role of centrifugal input to
the olfactory bulb (and olfactory second-order neurons) in shaping olfactory
processing and memory.

Very similar changes are observed in the insect antennal lobe following as-
sociative odor conditioning. Firing patterns and ensemble activity of anten-
nal lobe second-order neurons are influenced by current context and past ol-
factory experience (Faber, Joerges, and Menzel 1999; Christensen et al. 2000;
Laurent et al. 2001). Behavioral associative conditioning in honeybees re-
quires the centrifugal neuromodulator octopamine within the antennal lobe
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(Farooqui et al. 2003), similar to the requirement of norepinephrine for 
associative odor learning in mammals. In contrast to mammals, however,
where spatial patterns of glomerular activation appear to be relatively stable
following conditioning (Leon 1992), Drosophila and honeybee glomerular
spatial activation patterns may be modified by associative conditioning (San-
doz, Galizia, and Menzel 2003; Yu, Ponomarev et al. 2004).

Most emphasis, however, in the study of neural mechanisms of associative
odor conditioning in insects has focused on the mushroom bodies, a multi-
sensory, higher-order central brain structure. The multisensory nature of 
inputs to the mushroom bodies allows for convergence of conditioned and
unconditioned stimulus inputs. Lesions of the mushroom bodies disrupt as-
sociative memory in Drososphila. Molecular mechanisms of odor memory
have been identified in the mushroom bodies of honeybees and Drosophila
by using a variety of approaches (Dubnau and Tully 1998). In general, olfac-
tory memory appears to activate and require an intracellular cascade in 
mushroom body neurons similar to that identified in mammals, including 
activity-dependent cAMP activation and CREB phosphorylation, presum-
ably resulting in long-term synaptic and membrane plasticity.

As in insects, where higher-order olfactory structures are important for
simple odor memory, increasing attention is being paid to the role of olfac-
tory cortical, limbic, and neocortical circuits to simple odor memory in mam-
mals. The hippocampus (Dudchenko, Wood, and Eichenbaum 2000), or-
bitofrontal cortex (Ramus and Eichenbaum 2000), and perirhinal cortex
(Otto and Garruto 1997), which play critical roles in explicit odor memory
described below, do not appear necessary for simple odor associative condi-
tioning. In primates, however, single-orbitofrontal cortex neurons can re-
spond to odors and tastes, and following conditioning involving odor dis-
crimination for sucrose reward, a small subset of neurons appear to selectively
encode the taste/reward association of the odor (Critchley and Rolls 1996).
Similarly, in rodents, a small subset of orbitofrontal cortex neurons appears
to encode the spatial locations associated with particular odors (Lipton, Al-
varez, and Eichenbaum 1999). These results emphasize the multimodal na-
ture of odor representations and the role of experience and learning in shap-
ing those representations.

The amygdala, which receives a strong olfactory input from both the ol-
factory bulb and piriform cortex and is believed to be important in emotional
memory and memory consolidation, is modified by odor-associative condi-
tioning, as evidenced by learning-associated changes in evoked neural re-
sponses measured electrophysiologically (Rosenkranz and Grace 2002) and
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with c-fos immunohistochemistry (Tronel and Sara 2002). Activity within the
anterior olfactory cortex is enhanced in response to learned odors (Hamrick,
Wilson, and Sullivan 1993), though its specific role in odor memory in un-
known.

However, changes in piriform cortex associated with simple odor-associa-
tive memory have been examined in the greatest detail. Single neurons in
piriform cortex respond to a variety of apparently multimodal stimuli within
an odor-learning task (Schoenbaum and Eichenbaum 1995; Zinyuk, Da-
tiche, and Cattarelli 2001) and thus the opportunity for association of an odor
with its context and associated consequences is present. Depending on the
specific behavioral paradigm utilized, learning a simple odor discrimination
can enhance c-fos labeling of anterior piriform cortex neurons (Datiche,
Roullet, and Cattarelli 2001) and enhance both afferent synaptic strength and
association fiber synaptic strength. Plasticity of association fiber changes may
be longer lasting than those of the mitral cell input and may be most robust
in the posterior piriform cortex compared with the anterior piriform cortex
(Litaudon et al. 1997). In addition to changes in synaptic strength, membrane
properties are modified in layer II piriform cortical neurons, resulting in en-
hanced excitability. However, these changes in membrane excitability may
be more important in priming the cortex for learning subsequent odors, than
in storing information about specific stimuli (Barkai and Saar 2001). Both the
neural plasticity and the behavioral expression induced by training can be in-
fluenced by neuromodulators such as acetylcholine (Linster and Hasselmo
2001).

In both mammals and invertebrates, interactions between the bilateral ol-
factory pathways play an important role in simple odor memory. Both insects
and adult rats can be unilaterally conditioned to odors such that odor stimu-
lation of one nasal passage or one antenna can be paired with reward, and
subsequently a conditioned response can be evoked by stimulation of either
side (Kucharski and Hall 1987; Sandoz and Menzel 2001). Similar unilateral
conditioning in neonatal rats, prior to the ontogeny of commissural fibers, re-
sults in unilateral access to the odor memory (Kucharski and Hall 1987). This
bilateral access to odor memories suggests that central representations of sim-
ple odor memories are either distributed bilaterally or stored in structures that
can be accessed by either hemisphere. In mammals, the piriform cortex is
one such site, as single piriform neurons can respond to odors presented to
either the ipsilateral or contralateral naris (Wilson 1997).

Bilateral access to odor memories would appear to be beneficial given
that, at least in mammals where nasal patency fluctuates, an odor learned
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when one passage was closed could still be recalled by the other. Bilateral in-
teractions may have additional consequences however, beyond simple ac-
cess. For example, synthetic processing of odor mixtures in a learned dis-
crimination task, and the blocking effect in honeybees both appear to require
bilateral stimulation and processing (Komischke et al. 2003). Furthermore,
training competing responses to the two olfactory pathways (e.g., A� B� to
the left nose and A� B� to the right nose) in the terrestrial slug Limax max-
imus results in reduced total conditioning and active inhibition of olfactory
system neurons (Teyke, Wang, and Gelperin 2000). Again, these results point
to central bilateral convergent structures, beyond the olfactory bulb or an-
tennal lobe, as being important for odor memories.

From the preceding descriptions it is apparent that learning about an odor
changes even its very basic representation as early as second order neurons
in the olfactory pathway. Simple associative odor conditioning in mammals
relies on early parts of the pathway—the olfactory bulb and its direct targets
such as anterior olfactory cortex, piriform cortex, and amygdala. Higher-
order structures, which also receive strong olfactory input, such as orbitofrontal
and perirhinal cortices and hippocampus, are not required for simple odor
discrimination learning and implicit memory. Neuromodulatory inputs to
the mammalian olfactory system, such as norepinephrine and acetylcholine,
are required for simple odor memory, as are similar neuromodulators in in-
sects. Furthermore, intracellular cascades (e.g., cAMP, CREB) involved in
memory storage at the cellular level also appear highly conserved. The kinds
of synaptic and circuit changes evoked by simple conditioning and implicit
memory should influence not only spatial and rate codes for odor infor-
mation, but also temporal patterning within ensemble networks, providing
unique signals for familiar odors and those with learned significance. The re-
liance of simple odor memory on changes very early in the olfactory pathway
suggests that the perceptual quality of odors may change with acquired mean-
ing or familiarity. Learned odors just do not smell the same!

Odor Set Learning

As described earlier, learning new odors in an associative learning task facil-
itates the subsequent learning of other odors. Thus, for example, if a rat takes
50 trials to learn to discriminate odor A from odor B; subsequently, the same
rat may only take 30 trials to learn odor C versus odor D, and eventually 
attain one trail learning on later odor pairs (Slotnick, Hanford, and Hodos
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2000). This is referred to as set or rule learning and is robustly displayed by
rats. Although many cognitive processes may participate in odor set learning,
a more simple contributing mechanism could be an experience-induced
change in plasticity or potential for plasticity within the same neural circuits
believed to be involved in simple odor conditioning for the first odor (poten-
tially a form of metaplasticity?).

Recent work in the piriform cortex has provided evidence for just such a
mechanism for odor set learning. Barkai and colleagues have found that for
several days after learning an odor discrimination task, piriform cortical neu-
rons are modified such that they demonstrate increased excitability, de-
creased after-hyperpolarizations, and a potential electronic shortening of 
apical dendrites (Saar and Barkai 2003). This combination of biophysical
changes results in cortical cells that may fire longer and more intensely to
sensory input, making associative synaptic plasticity more likely, and thus fa-
cilitating learning of subsequent odor discriminations. A similar combination
of effects can be induced in naïve cortical cells through activation of ACh
muscarinic receptors, and ACh is important in the emergence of set learning
behaviorally (Saar, Grossman, and Barkai 2001). These data suggest that ini-
tial learning primes the piriform cortex through a cholinergic mechanism
into a sensitive state for heightened learning of new discriminations. The re-
sults thus also argue that the piriform cortex could play a critical role in the
apparently higher-order memory function of set learning.

Explicit Memory

As described above, explicit memory includes memory for facts that can be
cognitively manipulated: it is evidenced in behavioral paradigms such as 
delayed-match-to-nonsample and paired-associated memory. Much less is
known about specific neural mechanisms of these types of olfactory memory,
although brain regions involved have been identified. Neurons in the piri-
form cortex, orbitofrontal cortex, perirhinal cortex, ventral striatum, and hip-
pocampus may contribute to memory and performance in olfactory explicit
memory tasks (Slotnick 2001). Work with these paradigms emphasizes three
main points: (1) explicit memory is distributed across both primary sensory
and higher order regions; (2) even neurons in traditionally primary sensory
areas, such as piriform cortex, may respond to multiple, nonolfactory aspects
of the conditioning paradigm such as stimulus hedonics and nonodor task-
related stimuli; and (3) it is likely that much of the implicit memory-
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associated changes in the olfactory system outlined above also occur in these
paradigms.

Lesions of regions such as the hippocampus, orbitofrontal cortex, and
perirhinal cortex disrupt performance in explicit odor memory tasks, while
generally leaving performance in simple Go-No Go odor discrimination tasks
and associative conditioning intact (e.g., Otto and Eichenbaum 1992). This
suggests that these higher-order structures are required for explicit odor mem-
ory, as they are for explicit memory of other, nonolfactory information in ro-
dents and primates. However, many of the same types of multimodal stimu-
lus processing important for explicit memory and expressed by neurons in
higher-order structures are also expressed within the primary olfactory sys-
tem. Thus, Schoenbaum and Eichenbaum (1995) reported that neurons in
both the rat orbitofrontal cortex and piriform cortex respond not only to
odors, but also other aspects of a simplified paired-associate odor discrimina-
tion task such as pre-odor-sampling cues, odor-reward associations, conse-
quences of the previous trial, etc. In fact, no major differences were obvious
between the orbitofrontal and piriform cortical neurons with the techniques
utilized. The differential inputs and projections of orbitofrontal cortex and
piriform cortex may provide these two structures with different influences on
learned behaviors, but there appear to be striking similarities in the kinds of
processing these two very distinct structures express.

Explicit olfactory memory may, in fact, rely on changes not only within
structures such as the hippocampus and orbitofrontal cortex (and primary
sensory cortex), but also on changes in communication between these struc-
tures. Each component of this multisite circuit may contribute something
slightly unique to the information to be learned, e.g., changes in piriform 
cortex may enhance the discriminability of the learned stimulus whereas
changes in the orbitofrontal cortex and amygdala may encode multimodal
associations and predicted consequences of the odor. Explicit, flexible mem-
ory of the odor then may require changes in communication between these
different networks (essentially a more global ensemble representation). As in
other systems, emergence and functioning of large-scale ensembles of this
type could be facilitated by local circuit oscillations so apparent in olfactory
and limbic circuits. Synaptic plasticity within these circuits could not only
modify transmission efficacy between pairs of neurons, but also modify tem-
poral dynamics of local and large-scale oscillations.

As noted, this view emphasizes that, although tasks can be developed that
are largely indicative of explicit memory, these tasks most likely evoke both
explicit and implicit memory consequences and mechanisms. Thus, while
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learning to expect that orange odor signals a sucrose reward, but only in a spe-
cific context and when following sucrose-rewarded cherry odor stimulation
(an explicit memory task), the animal is also altering its perceptual repre-
sentation of orange odor (implicit, perceptual learning). Damage to the 
hippocampus may impair the explicit memory, but it is also likely that a dis-
ruption of perceptual learning could affect performance in this task. The in-
terplay between simple implicit memory and more complex explicit mem-
ory is an area needing further research in olfaction.

Summary of Findings from Animal Work

Both associative and nonassociative implicit memory are correlated with
changes in olfactory bulb, piriform cortex, and limbic regions such as the
amygdala. Thus, the neural substrates or consequences of even very simple
memory are distributed in multiple brain circuits. Just as multiple circuits are
involved in odor memory, so there are multiple synaptic and nonsynaptic
mechanisms for neural change. These changes result not only in modified
behavioral responses to the learned odor, but also in modified discriminabil-
ity and perception of the learned odor.

Learned changes occur at least as early as second-order neurons of the sen-
sory pathway (though long-term experience may change olfactory receptor
expression also), and inhibitory interneurons play a critical role in expression
of learned changes in circuit function. The important role of inhibitory in-
terneurons to olfactory memory is similar to that of experience-induced
changes in hippocampal and neocortical circuits, but is perhaps amplified in
olfaction by the fact that olfactory bulb granule cells undergo neurogenesis
throughout life and display experience-dependent survival.

Explicit memory and set learning abilities in rodent olfaction demonstrate
the tight interrelationship between the primary olfactory system and the lim-
bic system and higher-order neocortex. Rats express the ability to remember
and manipulate olfactory information in much the same way that primates
do with other sensory modalities. Given our understanding of peripheral odor
processing and feature extraction by the olfactory receptor sheet, the explicit
memory data strongly imply that odors are treated as individual, unique ob-
jects by the mammalian brain. Understanding odor perception and explicit
odor memory thus requires some understanding of how complex molecular
mixtures become perceptual objects.

The odor memory data from animal work also begin to emphasize the im-
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portance of bilateral interactions in olfactory function. Work in humans has
suggested that there may be lateralization of some olfactory processing (Za-
torre et al. 1992; Sobel et al. 1999). In the few studies in which it has been ex-
amined in animals such as rats and insects, intact bilateral interactions are
required for some aspects of odor processing and memory. This may imply
some lateralization of function where both sides, each performing slightly dif-
ferent tasks must communicate for normal function, or alternatively may re-
flect a type of mass action, where some minimal amount of processing power
must be applied for normal function.

Finally, modulatory inputs, such as norepinephrine and ACh are critical
for modulating both neural plasticity and behavioral change. This appears to
be true for all three types of memory (implicit, explicit, and set learning), and
although the specific neuromodulators differ, is true for both mammalian
and insect systems. The role of neuromodulators in odor memory allows for
regulation of information storage dependent on the significance of the ol-
factory experience, its context, and the internal state of the animal. Thus, a
background odor may be less likely to be remembered than an odor associ-
ated with an arousing experience. Again, however, it is also the case that these
neuromodulators not only affect plasticity, but also sensory physiology as early
as the second-order neurons. Thus, mitral cell unit and olfactory bulb local
field potential oscillation responses to food odors are enhanced in hungry rats
compared to those of satiated rats, whereas responses to nonfood odors are
unaffected by hunger, and this hunger modulation is mediated by neuro-
modulatory input to the olfactory bulb (Pager 1978; Chabaud et al. 2000).
These state-dependent changes in firing rate and temporal structure of ol-
factory bulb output not only affect how the odors are encoded, but should
also affect the probability of evoking synaptic plasticity in downstream sites
and, thus, the chances that the odors and contemporaneous stimuli will more
likely be remembered.
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Implications

Thomas Kuhn (1962), in his Structure of Scientific Revolutions
notes that facts are not like pebbles on the beach waiting to be

picked up. Rather, he argues, how observations are interpreted (and thus be-
come facts) is based on the theoretical viewpoint and resulting expectations
of the viewer. Kuhn’s argument has dual relevance here. First, we posit that
smells (like facts) are not like molecules on the beach waiting to be inhaled,
but rather are outcomes of highly synthetic, memory-dependent processing
that is further modulated by expectation, context, and internal state. Second,
how one interprets the experimental data in olfaction and, in fact, even the
nature of the questions being asked, is strongly influenced by the theoretical
view one has of the nature of olfaction. Data that do not fit conveniently into
the existing theoretical view (“paradigm” in Kuhn’s terminology) are either
forced to at least superficially fit or commonly sidelined as anomalous.

For example, a physicochemical, analytical theoretical view of olfaction
suggests a very clear line of investigation. Identify specific ligands for specific
receptors, identify primary odor qualities, look for specific anosmias, attempt
to induce specific anosmias through select receptor elimination or central le-
sions, and attempt to predict olfactory percepts from physicochemical struc-
ture (i.e., stimulus-response). We have reviewed historical (and more recent)
efforts to address each of these questions, initial claims of success, and fre-
quent subsequent contrary evidence (e.g., primary odors).

We suggest (humbly) that it is time for a paradigm shift in olfactory sci-



ence, away from physicochemical views toward a synthetic, mnemonic view
of olfaction as an object-based sense. The study of visual perception has had
to undergo a similar process. As Richard Held (1989) notes, “during the nine-
teenth century it was apparently easy to believe that a correlation may be es-
tablished between sensorineural and perceptual states. Knowing little about
the neuronal processes left a great deal of latitude for speculation” (p. 140).
However, Held goes on, “perhaps the stimulus provides only certain con-
straints on these processes. Perception is said to be distinguished from imagery
by the presence of such stimulus constraints” (p. 142). Finally, Held concludes,
“that conflict [between the physical nature of the stimulus, the initial sen-
sorineural processing, and the ultimate percept] may be resolved by consid-
ering perception as reflective activity rather than passive reception” (p. 139).

In this final chapter we review, in brief, both the case for reflective, 
experience-based object recognition as the basis for understanding odor per-
ception and the evidence for its operation via encoding novel olfactory ex-
periences and matching inputs to them. We then argue that visual object
recognition, which has been explored in considerable depth, offers some im-
portant parallels to the psychological and physiological processes that we
have suggested underlie olfactory perception, most notably the reliance of all
contemporary theories of visual object recognition on experience. The liter-
ature on visual object recognition is theoretically and empirically rich and in
the penultimate part of this chapter we contend that a paradigm shift toward
an object recognition view of olfaction can also provide similar benefits, by
generating many testable hypotheses and encouraging theoretical develop-
ment in this area. Finally, we end by briefly reiterating the central message
that we would like to communicate—the perceptual ecology of smell sug-
gests object recognition, the extant data support it, and what we need now is
a concerted effort to find out if this perspective really is, as we think, the right
one for understanding olfaction.

Odor Perception as Mnemonically Mediated 

Object Recognition

The Ecological Perspective

Our first consideration must be the role that olfaction plays in the behavior
of animals and humans and the implications that flow from this for function
and process. In animals and humans, several common roles emerge, includ-
ing recognizing food, mates, kin, predators, and disease vectors. The com-
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mon element that underpins all these functions is the need to recognize the
combination of chemicals that go to make up these various objects against a
shifting and complex chemical background. Thus, the primary task the sys-
tem faces is to learn what combination of features makes up a biologically
significant pattern, encode this information, and then be able to discrimi-
nate this combination—the odor object—from both other objects and back-
ground sources of olfactory stimulation.

The same chemical stimulus may have radically different meaning de-
pending on the receiver. In a limited number of cases this may be innate. The
smell of cat odor to a rat induces a specific and hard-wired set of behaviors
that are quite distinct from those observed for an aversive stimulus (say a
trigeminal irritant) or for an odor that signals unpleasant consequences such
as an electric shock (Dielenberg and McGregor 2001). On the other hand
this same combination of chemicals—the cat odor object—may signal to an-
other cat the presence of a potential mate or a close relative or that some other
animal has infringed upon their territory. More typically, the meaning of an
odor is dictated through experience, by associative learning between the odor
object and what it signals. Conditioned taste aversions, the caloric value of
food, disgusting fecal odors, the warning smell of methyl mercaptan (gas
leak!), and the sweet smell of vanilla are all such examples. Learning and
memory then play a pivotal role both in the response to many odors and in
their passive acquisition as odor objects.

A basic strategy that appears to be deployed throughout the animal king-
dom is the use of two overlapping modes of olfactory processing. The first
mode is sensitive to specific chemicals or combinations of chemicals and gen-
erally produces either an innate physiological or behavioral response or a pre-
disposition to respond in a certain manner. This labeled line or hard-wired
mechanism probably reflects the oldest phylogenetic olfactory system, which
can trace its descent back to the single chemical receptors present on the cell
wall of unicellular organism such as Escherichia coli or Paramecium though
is expressed in all animals. This mode of processing ensures rapid and ap-
propriate responses to chemical signals that change little over time and that
have major biological utility. Many pheromones would fall under this rubric,
although the distinction is far from clear in many cases because of the often
complex blends that go to make up certain pheromones and the fact that in
higher animals, especially primates and humans, multiple sensory signals
convey the same information as the olfactory pheromonal channel.

The second mode of processing, and the one with which we have been
primarily concerned in this book, is also expressed in both invertebrates 
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and vertebrates. This is the flexible, experience-based object recognition-
processing mode. This mode is based on a large number of broadly tuned re-
ceptors, which allow the detection of a nearly endless combination of dif-
ferent odorants, by virtue of the relatively unique receptor output each
chemical combination will generate. The key to this processing strategy is the
ability to (1) encode these patterns of receptor output; (2) associate them with
significant biological events; (3) subsequently be able to recognize and hence
discriminate the same input pattern from other patterns and against varying
chemical backgrounds; and (4) do so successfully even under conditions
where the stimulus is heavily degraded. The basis for this type of processing
is learning, that is, in acquiring both the olfactory input pattern, with subse-
quent pattern matching and forming associations with external events. The
architecture underlying this processing mode must support degraded recog-
nition (redintegration) and ensure the fidelity of its record of olfactory objects
and associations. We briefly reiterate the evidence for this view below.

Evidence

In humans, a century of circumstantial evidence favoring an object recogni-
tion-processing mode has accrued, not because researchers were actively 
setting out to test it, but mainly because of the failure to progress with a stim-
ulus-based model. Four lines of evidence are particularly telling. First, al-
though the search for structure-quality relationships has clearly revealed as-
sociations between these two variables, as there has to be, it has consistently
failed to explain why certain odors smell as they do. Relatedly, it cannot ex-
plain the large body of work that suggests that learning can significantly 
affect discriminability, intensity, and odor quality. Second, the systematic
search for single chemical anosmias aimed to identify specific receptors tied
to specific sensations, in the same way that anomalous color vision con-
tributed to the identification of the three types of color receptor. We now
know that most of these anosmias are partial rather than total, implying that
it is rare for a single chemical stimulus to rely on one receptor type, and that
the sheer number of specific anosmias identified suggests that a limited set of
primary olfactory sensations is unlikely too. Third, studies of cross-adaptation
reach a similar conclusion, as there is no clear support for the notion that
odors that smell qualitatively similar cross-adapt, whereas those that smell
qualitatively distinct do not. These types of findings imply that the percep-
tion of odor quality is more likely to be based on the overall pattern of stim-
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ulation than on the activation of a few relatively specific receptors. Fourth,
linguistic evidence also argues against the existence of a limited set of pri-
mary odor sensations. The hierarchy of odor descriptors tends to be very flat,
no consensus exists even among experts as to what qualities might constitute
primary olfactory sensations, and systems of classification based on relatively
few descriptors always fail to accommodate some odors.

Much, if not all, of the research findings described above took place in the
pre–Buck and Axel era, that is, before we became fully aware of both the sheer
diversity of olfactory receptors and their relatively broad sensitivity. Perhaps if
all of this had been known earlier, then far more attention would have been
focused on how the brain interprets the output from this system, rather than
on the simpler (and perfectly logical) assumption that odor quality is wholly
defined by physicochemical parameters. The sole focus on the stimulus as
the key to unlock olfactory perception is clearly problematic. The stimulus
may be encoded as a constellation of features, but the way in which this in-
formation is used by the brain—the focus of this book—is conceptually dis-
tinct from the labeled-line thinking that dominated much of the twentieth
century’s research into olfactory perception.

The mnemonically based object recognition process outlined in this book,
not only addresses shortcomings of an analytical, stimulus-response model of
olfaction, but also imposes some interesting features and constraints that
should be evident in routine olfactory perception. One such feature would
be the capacity to synthetically encode coincidental information (e.g., taste)
that had a significant olfactory contribution (e.g., flavor). Not only is there
physiological evidence from animals that multisensory encoding may take
place in the putative store of olfactory objects, the piriform and orbitofrontal
cortices, these structures also have the requisite connections to other brain
areas to make this possible. Behaviorally, multisensory processing is seen to
manifest in three ways. First, when an odor acquires taste-like qualities. Sec-
ond, as with recent work in our laboratory that suggests that odors can also
acquire trigeminal qualities, such as the coolness of menthol. Third, when a
cue from another sensory modality primes or possibly even instantiates an ol-
factory percept.

One constraint in identifying a constellation of features as a distinct ob-
ject is that access to the feature level description may be restricted. The in-
put to the olfactory system is a pattern of glomerular activity (lots of features)
from which an object (a constellation of features) is extracted. We suspect
that the extraction process largely prevents access to the features; there may
be three reasons for this. First, there may be little benefit in knowing what
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constitutes an object, because the object is the biologically significant en-
tity—the level at which meaningful events are predicted. So there may have
been little adaptive value in instantiating a more complex system that gives
access to this information. Second, phenomenally, there is nothing to delin-
eate a feature of the object from the object itself, so making the object the de-
fault ensures against misidentification. Third, if the features of the object are
available for introspection, then one could argue that features from the chem-
ical background should be available too. Yet, the very process of perception,
in which a salient pattern is recognized, is an act of focal attention and the
price that is paid for this may be the suppression of distracting information,
such as features.

If a person or animal encounters a biologically significant odor and this
co-occurs with some significant event, it is important that its meaning can
still change (a good food later turns out to make you sick), but that the odor
object—its phenomenal quality—is retained. This too appears to be the case.
Perceptual memories of odors appear to be long lived in animals and humans,
and in humans, they appear especially resistant to both retroactive interfer-
ence and to extinction-like procedures. Conversely, there is some evidence
from both humans and animals that the meaning attached to a particular
odor is more malleable, in that it may be affected by counter-conditioning,
but not by extinction-like procedures. Thus meaning may change but the en-
coding of the odor, required for perception, is more robust.

A further feature of an object-based recognition process is the ability to ac-
curately identify an odorant under conditions of a degraded signal. Other 
perceptual systems are adept at this and it should be no surprise that a
mnemonic-based object recognition system allows an animal or person to
recognize an odor under conditions where the signal is incomplete. The most
extensive evidence for this has been obtained from human olfaction, where
presenting a component of a previously experienced odor mixture enables
some perception of the whole to be experienced. This can be seen as analo-
gous to the situation where an animal encounters a weak or partial signal for
a conspecific, and that the fragment which is smelled is able to redintegrate
the whole of the mnemonic encoding, so that what is experienced is the
whole not the part. Clearly, this has significant biological utility.

So far we have focused on the object recognition process as being the key
to understanding olfactory perception in contrast to a stimulus-driven ap-
proach to perception. It is worth reiterating here exactly how these two differ-
ent approaches to the problem of olfactory perception interrelate, as we have
frequently encountered the argument that perception must rely on the bind-
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ing of chemicals to receptors, tacitly implying that any later processing is non-
critical to a successful act of perception. There are several replies to this as-
sertion. The first is that this assertion is correct but totally misleading. It is cor-
rect because this is obviously necessary to generate an input, but this input is
modified considerably by the processes that we have described in this book,
to the point where in some cases there is only a weak relationship between
the stimulus and percept. The two are clearly correlated, but correlations do
not imply causality. Second, by analogy, nobody would now accept that a
study of light falling on the retina would provide a complete account of vi-
sual perception. Perception is a process that involves interpretation and the
ascribing of meaning; it is not a stimulus-response system. Third, a stimulus-
driven model has the major problem of explaining why there is any further
processing of the signal beyond the receptor level. What point does the brain
serve if the stimulus contains within it all the information needed to gener-
ate a response? Why, indeed, bother with a brain at all?

Comparing Visual and Olfactory Information Processing

All sensory systems, including vision and olfaction, share a common goal of
extracting relevant information from the environment. To what extent do
they share common information-processing features and where are the dif-
ferences? As a starting point it is worth noting at least one crucially important
difference. Visual objects are encountered in multiple orientations, all of
which produce different two-dimensional patterns on the retina. In addition,
they may be encountered under varying levels of illumination, partially oc-
cluded by other objects and at varying distance from the retina. Nonetheless,
in most healthy participants, a familiar object can be readily recognized un-
der a variety of different viewing conditions. Such view invariance has had a
crucial impact on the types of theory that have been advanced to account for
visual object recognition, and thus object perception, which we regard as syn-
onymous. At least two general types of theory have been advanced to explain
how the visual system achieves this. First, decomposition of the processed
retinal output into primitive volumetric features and their interrelationships,
with these then being automatically matched to memories of similar de-
scriptions, result in object recognition (e.g., Marr and Nishihara 1978; Bie-
derman 1987). Second, extraction of two-dimensional information about
edges, surfaces, and vertices and then matching of this information to a lim-
ited repertoire of similar two-dimensional or three-dimensional feature-based
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descriptions again results in object recognition (Koenderink and van Doorn
1979; Ullman 1996). Both of these types of theory have received some exper-
imental support and it is very likely that the visual system uses a combination
of feature extraction, invariant relationships between features and multiple
encodings obtained under different viewing conditions, for successful object
recognition.

The similarities to and difference from olfactory object recognition are
present at several different levels. First, the olfactory system does not have to
deal with multiple orientations, levels of illumination, and occlusion, al-
though it does have to deal with differences in concentration and with dif-
ferences in the chemical context in which the target object is encountered.
Although view invariance has been a powerful force in shaping theories of vi-
sual object recognition, a similar focus on odorant concentration has not oc-
curred, in part, because there is still some dispute about the degree to which
variation in concentration can affect odor quality within a constrained range
and because, at least over larger ranges, there clearly are differences in per-
ceptual quality. Thus, the genesis of theorizing in visual object recognition
has been shaped to no small degree by the different demands that the envi-
ronment places on the visual system, a useful warning of the importance of
considering ecological factors in perception, especially the multicomponent
nature of most stimuli.

Second, the role of experience in visual object recognition is significant in
both classes of theory outlined above. For volumetric-based feature decomposi-
tion, although this is presumed to rely on identifying a set of three-dimensional
forms from which most objects can be constructed, the constellation of fea-
tures that go to form particular objects has to rely on experience and the ul-
timate process of recognition involves matching to these stored descriptions
via their similarity. Likewise, for theories that rely on extraction of two-
dimensional features, the central premise again is that these products of in-
formation processing are stored and that matching to such stored descriptions
underlies recognition. So, in just the same way that we have argued that learn-
ing and memory are crucial to olfactory object recognition, not surprisingly
a similar role emerges in each of the main theoretical approaches to visual
object recognition. Needless to say, this stands in marked contrast to a stim-
ulus-driven theory of olfactory processing, whereby the resultant odor percept
is a consequence solely of feature extraction. This ignores both the percep-
tual ecology of olfaction—to extract meaningful patterns of information from
the environment—and the large and growing body of data that implies a cen-
tral role for experience.
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A further point of comparison is conscious access to information at vari-
ous levels of processing. In the olfactory system a considerable amount of ev-
idence suggests that the underlying features present in an object (equivalent
to its constituent chemicals) cannot be accessed directly or that, at best, ac-
cess is highly constrained. In the visual system there are both similarities to
and differences from this situation. The similarity is that visual perception
clearly does not include access to some of the processing steps. For example,
we cannot readily express the invariances that may govern our perception of
objects under different transformations—such information is clearly not ac-
cessible. However, a crucial difference is that although practice can only im-
prove the ability to extract feature-based information from a complex olfac-
tory object to a highly limited degree, it clearly can improve the ability to
extract information from a complex visual object. One explanation for this
difference may be redundancy, in that the sheer size of the processing re-
sources devoted to vision produce a greater amount of information than can
be readily used at any one point in time. This would allow for a progressive
shift (i.e., perceptual learning) in how attentional resources were allocated to
the features of the stimulus. Crudely put, such feature-based information in
the visual system may always be present but is typically ignored. In the ol-
factory system that information may never be available.

A fourth point is that nearly all theorists of visual object recognition ac-
knowledge that object recognition per se is not one thing; rather, it is a set of
independent subsystems (Logothetis and Sheinberg 1996). These may in-
clude, but are not limited to, a specific face identification module, specific
emotion recognition modules, a module for recognizing living and nonliv-
ing things, recognition of prototypical members of a specific object category,
recognition of subordinate members of a specific object category, and the
planning and execution of movements when interacting with commonly en-
countered objects. Evidence for these various distinctions has arisen in the
main from neuropsychological evidence, but experimental evidence from in-
tact individuals also supports at least some of these specific subsystems. In the
olfactory system, the object recognition system appears to divide between
stimulus-specific entities (notably certain pheromones) and the recognition
of complex chemical entities (most olfactory stimuli). There does not appear
to be a sharp divide between these different approaches to recognition, as
many pheromones turn out not to be single chemicals but, in fact, carefully
formulated blends, which may differ only slightly from other pheromones
emitted by similar and different species. Thus where the organism is prepared
to identify a particular odor object of this sort, this may reflect an innate ob-

Implications 251



ject recognition system, specific to a particular blend of chemicals or a pattern
acquired during some critical period during development. More importantly,
the human olfactory neuropsychological evidence only supports a distinction
between intensive and qualitative processing, and even this distinction rests
on post hoc interpretation of data that was never directly aimed at testing such
a distinction. It may turn out that nonhuman species, especially those that 
devote greater cortical resources to olfaction, do in fact have separate recog-
nition systems and if this is so, perhaps one candidate would be for kin
recognition because of its adaptive value in both mate selection and kin
identification—the olfactory equivalent perhaps of facial identification. In
humans, as we discuss in the penultimate part of this chapter, olfactory neuro-
psychological research is in its infancy and more refined experimental work
in neuropsychological populations may reveal distinctions that are as yet un-
known. Furthermore, slow progress in this respect stems from the fact that
many patients with potentially interesting olfactory abnormalities are either
not routinely tested for olfactory function, fail to report more subtle deficits,
or their olfactory problems are simply eclipsed by more severe deficits in other
areas. Vision has a clear advantage in that deficits will typically be very ap-
parent and will show up in routine (i.e., visually based) testing.

A further and perhaps the most crucial distinction between visual and ol-
factory object recognition is the role of language. The relationship between
language and olfaction is clearly different from that between vision and lan-
guage. This linguistic poverty is most readily apparent in the difficulty that
participants have in naming even common odors, which is in marked con-
trast to naming objects encountered in the visual domain. In fact, in visual
cognition, a major concern over the years has been the degree to which ob-
ject recognition is primarily defined by semantic knowledge—language—
rather than by the perceptual characteristics of objects. Three lines of re-
search suggest that it is perception that shapes language, rather than the other
way round. First, preverbal infants form object categorization schemes that
maximize perceptual differences between stimuli, closely paralleling those of
verbal children and adults (Eimas and Quinn 1994). Second, categorization
of novel objects by adults can occur in the absence of appropriate verbal de-
scriptors and again results in behavior that acts to maximize perceptual dif-
ferences between items (Gauthier 1995). Third, many animal species also
show similar object categorization schemes, in which the most efficient level
of discrimination characterizes an object (e.g., Bowman and Sutherland
1970). Thus the human use of language in the description of visual objects
reflects the most effective level of discrimination or as it has been termed, the
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entry-level description (Rosch, Mervis, Gray, Johnson, and Boyes-Braem
1976). So when we see a dog, we typically say “dog,” not “mammal” or “bea-
gle.” Moreover, the entry-level verbal description tends to follow changes in
the perceptual categorization of objects, so that with experts (e.g., plane spot-
ters, dog lovers, or bird aficionados) who demonstrate enhanced perceptual
discrimination within their domain of expertise, a change is also observed in
their entry-level description of objects within that domain (e.g., a reed war-
bler rather than a bird).

In considering olfaction, it is interesting to reflect on its naming hierarchy
(i.e., entry level, subordinate, and superordinate categories) and the relation-
ship of this to the parallel problem of perceptual expertise. As we have already
noted olfactory experts butt up against the same perceptual limit in terms of
identifying the components of a complex mixture as do nonexperts. In just the
same way, linguistic analysis of olfactory descriptors is very flat, with mainly
entry-level terms, but few subordinate (e.g., beagle) or superordinate (e.g.,
mammal) categories. The fact that language reflects perceptual experience in
the visual system might reasonably suggest a similar parallel in the olfactory
system. In just the same way that we have argued that olfaction is a synthetic
sense, the use of language here appears to reflect this in just the same way that
language reflects a more analytic approach within the visual system.

In sum, the key parallel between object recognition systems in the visual
and olfactory system is their clear reliance on learning and memory. Un-
doubtedly, the visual system offers a much more complex picture, in part, be-
cause it has had a greater range of demands placed on it, which have in turn
favored the evolution of specialist recognition systems. The visual system also
enables object recognition to occur at various levels of detail, dependent on
perceptual learning and semantic processing. The olfactory system is more
constrained in terms of enhanced discriminability of features, but it is just as
efficient in discriminating a large range of objects as the visual system, though
with same primary reliance on learning and memory.

Do the Olfactory and Visual Systems Employ Similar Basic
Neural Circuitries?

Important and profound differences exist between olfaction and other mam-
malian sensory systems, both in terms of their information processing and the
underlying neural circuitry (Koster 2002). However, further examination re-
veals potentially analogous circuit components in olfaction and vision to deal
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with perhaps analogous information-processing tasks. As noted above, vision
is chosen as the comparator system here because of the wealth of data re-
garding its structure and function and because of what we interpret as simi-
larities in experience-based object perception in the two systems.

Both vision and olfaction appear to have two distinct modes of sensory dis-
crimination (see chapter 5). One is a largely innate, highly adapted process
for detection and discrimination of invariant biologically significant stimuli.
Thus, dragonflies, which prey on small flying insects like mosquitoes, have
hard-wired circuits that produce neurons with receptive fields consistent with
small flying spots. Similarly, male Manduca moth olfactory systems have spe-
cialized glomerular circuits dedicated to processing female pheromones.
Similar feature- or object-detecting circuits have been described in many an-
imals including mammals, although in mammalian vision they may be pref-
erentially expressed early in development (Sewards and Sewards 2002).

The second mode of sensory discrimination in both vision and olfaction,
and the one emphasized in this volume, is experience-dependent object syn-
thesis. This mode requires a very different architecture than the hard-wired
system, including extensive recurrent and association connections and expe-
rience-based plasticity. Both vision and olfaction have basic structural simi-
larities such as (1) small clusters of feature processors organized such that 
neurons encoding similar features tend to be spatially near each other, 
(2) feedforward projection pathways that allow convergence of co-occurring
features onto individual target neurons, (3) broadly dispersed associative and
recurrent pathways expressing synaptic plasticity which enhance feature con-
vergence, and allow for experience-dependent memorization of familiar pat-
terns and formation of perceptual objects, (4) encoding of those perceptual
objects by ensembles of neurons in circuits that allow completion of de-
graded input patterns, and (5) feedback pathways that may allow experience,
attentional or expectancy-based modulation of more peripheral stages of in-
formation processing.

In the primary visual neocortex, neurons with similar tuning properties,
both in terms of spatial location within the visual field and in terms of stim-
ulus orientation preferences, are located near each other in clusters called
columnar columns. Columns of neurons expressing slightly different tuning
properties are located nearer to each other than columns of neurons with dis-
tinctly different tuning properties. In the olfactory bulb, neurons with simi-
lar tuning properties are clustered in glomerular columns, with glomeruli
tuned to similar molecular features located near to each other (Inaki et al.
2002; Johnson et al. 2002). The metric for similarity/dissimilarity is not as sim-
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ple (or at least as obvious) with olfactory stimuli as the spatial location or ori-
entation of visual stimuli. Nonetheless, there does appear to be some orga-
nization to glomerular patterns, with, for example, glomeruli responsive to
aldehydes clustered near each other and glomeruli responsive to alcohols
clustered elsewhere.

Furthermore, in the visual cortex, columns with similar tuning properties
share reciprocal associative connections that may help synchronize multi-
columnar activity (Gilbert and Wiesel 1989). Similarly, in the olfactory bulb,
a subclass of tufted cells form intrabulbar associative connections between
glomerular columns that receive similar olfactory receptor input (Lodovichi,
Belluscio, and Katz 2003). The role of the dual (medial and lateral) repre-
sentation of the olfactory receptor input to the bulb in odor perception is not
known, but these associative connections could facilitate coincident activity
in glomerular columns with similar odorant receptive fields, similar to the in-
tercolumnar connections in the primary visual cortex.

In the visual system, features extracted by initial stages of the sensory pathway
are actively merged into perceptual objects in the inferotemporal cortex. Faces
and complex visual objects are encoded by disparate ensembles of infero-
temporal cortical neurons through both anatomical convergence of feature-
signaling afferents and experience-dependent plasticity of intracortical asso-
ciation fibers. Although neurons within an inferotemporal cortical column
express similar object-receptive fields, the patterning of object representa-
tions across the cortex is much less regular than, say, the representation of 
visual angle in the primary visual cortex. Thus, as in the olfactory bulb, the
metric for how information is spatially organized within the inferotemporal
cortex is not immediately obvious. This may in part reflect the role of expe-
rience in shaping these complex receptive fields in inferotemporal cortex.

In the olfactory system, feature information appears to be merged into per-
ceptual objects within the olfactory cortex, specifically the piriform cortex.
As in the inferotemporal visual cortex, object synthesis may occur through
both anatomical convergence of cortical afferents from glomerular columns
in the olfactory bulb and through experience-dependent plasticity of intra-
cortical association fibers. Given the wide patches of mitral cell termination
within the anterior piriform cortex (Zou et al. 2001) and the wider spread of
association fiber terminations ( Johnson et al. 2000), it might be expected that
representation of a given perceptual odor object would be mediated by dis-
persed ensembles of cortical neurons and that there would be minimal spa-
tial organization of odor object representations. This seems to be supported
by recent data (Illig and Haberly 2003).
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As noted by Haberly (2001), not only do parallels exist in the sensory phys-
iology of the inferotemporal cortex and the piriform cortex, there are also
strong parallels between their extrinsic connections. For example, both the
inferotemporal cortex and the piriform cortex have strong reciprocal con-
nections to the amygdala, prefrontal entorhinal, and perirhinal cortices.
Thus, in both cases, learned perceptual objects could include complex mul-
timodal, emotional components or at least be capable of evoking multimodal
components. The shorter, more direct link between the olfactory system and
these structures so heavily involved in memory and emotion, however, may
make distinctions between odor percepts and their experiential and emo-
tional associations more difficult to consciously dissect. That is, olfactory 
representation may have contextual or multimodal features as integral, indi-
visible components. The more extensive circuitry underlying visual object
synthesis, and the inclusion of a spatial dimension to visual objects, may fa-
cilitate visual object perceptual dissection compared with odor objects.

While the primary olfactory pathway traditionally extends from the olfac-
tory receptor sheet to the piriform cortex, the piriform cortex projects in turn
both directly and indirectly (via the dorsomedial nucleus of the thalamus) to
the orbitofrontal cortex. The olfactory system thus has several levels of higher-
order cortex, similar to the visual system, presumably each with different
functions. One apparent function of the orbitofrontal cortex is convergence
with gustatory and perhaps other sensory inputs. Very little sensory physiol-
ogy has been performed on either the dorsomedial thalamus or the orbito-
frontal cortex, although single units in the orbitofrontal cortex do not seem
to be drastically different in their responses to odors and context compared to
piriform cortex units (Schoenbaum and Eichenbaum 1995). Both the olfac-
tory thalamus and orbitofrontal cortex deserve further attention in future re-
search.

Finally, a critical component of the visual system is feedback. Feedback
exists from higher-order cortex to lower order and from cortex to thalamus.
Feedback allows past experience, expectancy, and active search processes to
highlight some aspects of the visual scene and ignore other aspects as it en-
ters the cortical flow of information. It serves as a form of online, dynamic fil-
tering.

The effect of cortical feedback on olfactory bulb sensory physiology has
been seriously understudied, though substantial technical problems may
contribute to this weakness. It is clear, however, that mitral cell (Pager 1974;
Kay and Laurent 1999) and local field potential (Freeman 2000) activity
within the olfactory bulb not only reflect odor stimulation, but also past ex-
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perience, context, behavioral state, and expectancy. Similar contextual and
experience-dependent effects are evident in the activity of the piriform and
orbitofrontal cortices (Schoenbaum and Eichenbaum, 1995; Chabaud et al.
2000).

An examination of olfactory system anatomy combined with a compari-
son with similar foundations in vision thus suggests that olfactory system sen-
sory physiology is not a passive reflection of what enters the nose. Spatio-
temporal maps of odorant features expressed in the olfactory bulb are actively
read in the light of context and experience. In some situations features A and
B are part of a larger synthetic perceptual odor object, whereas in other situ-
ations one of the features may be filtered as part of background and the other
contributes to an attended to odor object. Experience-dependent cortical syn-
thesis and contextual feedback thus create a flexible system capable of deal-
ing with complex, dynamic stimuli against complex backgrounds—as occurs
in both vision and olfaction. A complete understanding of olfactory percep-
tion requires far more than simply knowing what odorant molecules and mo-
lecular features reach the olfactory epithelium, just as knowing what wave-
lengths and luminance patterns strike the retina is insufficient to predict what
will be visually perceived.

What Research Program Does an Object

Recognition Approach Suggest?

Experimental Psychology

The study of acquired odor characteristics is in its earliest stages. First, rela-
tively few studies have examined the effect of exposure on discriminability.
This is a key point for a mnemonic-based theory of object recognition be-
cause the theory suggests that exposure, and hence the encoding of the odor’s
pattern, should result in enhanced discriminability. Two issues arise here.
First, there has recently been concern in the literature over the reliance on
nonparametric measures of discriminability such as A� (Pastore et al. 2003).
Unfortunately, the most convincing human study of olfactory exposure ef-
fects used this statistical technique. Second, some of the published studies
appear to manifest improvements in discriminability primarily through a re-
duction in false-alarm rates, rather than as we might expect an increase in hit
rate. Consequently, more detailed studies of exposure effects are needed to
ascertain whether they do support the conclusion that we have drawn from
them here, namely, that exposure can act to enhance discriminability.
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A related issue concerns the parameters of odor-odor learning, that is, the
acquisition of odor qualities following exposure to a binary mixture and the
subsequent effects on perception of its parts. Although this effect has now
been replicated many times, this has only been in one laboratory and, of more
empirical concern, is the finding that the effect does not appear to occur for
all odor mixtures. As we speculated earlier on, this may result from the rela-
tive familiarity of the parts used to make the mixture and/or the role that iden-
tifying the mixture elements plays in this process. Counterintuitively, ability
to identify the component elements appears to correlate with larger effects,
however this may simply be a procedural artifact, in that it may reflect a com-
monality of terminology between the characteristics identified by the ex-
perimenter and the participant. Nonetheless, systematic investigation of the 
parameters that govern odor-odor learning would clearly be important for de-
termining how the olfactory system binds disparate olfactory experience into
an odor object.

The rapidity of globalization, especially of dietary and household goods,
should be of major concern to olfactory scientists, because it will, as time ad-
vances, make it harder to explore the effects of cultural differences on odor
perception. An ideal study might compare the discriminability of odors com-
mon and familiar in one culture with a culture where such odors are rarely
encountered and vice versa. Yet this type of study will increasingly prove hard
to conduct as more of the world’s population is exposed to the same type of
smells. Several alternative approaches are, however, available and are yet to
be explored. First, certain inherited genetic conditions such as phenylke-
tonuria impose a restricted diet on its sufferers from very early on that ex-
cludes protein-rich foods. Such individuals might then be poorer in their 
ability to discriminate the odors of such foods, relative to normal controls.
Second, few studies have explored whether discriminative abilities within an
olfactory expert’s area of expertise (e.g., beer, cheese, tea, etc.) really do ex-
ceed those of normal controls, when attention is paid to passive exposure as
it recently has been in wine tasting. Third, individuals who raise their chil-
dren as vegetarians or vegans might also be producing offspring who are se-
lectively poorer at discriminating meat-based smells, relative to those not
raised on such a diet. These types of natural experiments could provide in-
teresting insights into the processes underlying object recognition.

The overarching similarity of all the above is the role that passive exposure
to odors has on the ability to discriminate between them. One might raise two
general comments about this. The first is perhaps the need to develop new
approaches to testing olfactory discrimination that enhance both the sensi-
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tivity and speed with which such information can be experimentally ob-
tained. Olfactory discrimination using triangle tests or other techniques (duo-
trio, 2-alternative forced choice, etc.) are very time consuming and yield rel-
atively little data per participant. Techniques such as those pioneered by
Rabin and Cain, which involve the identification of a target odor in a mix-
ture are the sort of thing we have in mind. Second, we are presuming that
these exposure processes do involve learning, yet in humans the physiology
of this process is unknown and whether such learning is prevented by cholin-
ergic antagonists like scopolamine has not been investigated. Because the
characteristics of exposure effects, such as their rapidity and resistance to in-
terference, do not resemble standard learning models very well, developing
more detailed theoretical accounts that can encompass some of the appar-
ently contradictory findings is needed too.

As we suggested earlier, there are good reasons to suppose that hedonic
learning and perceptual learning may have different characteristics. The
foundation for this assumption is still rather limited. For example, nobody has
as yet directly compared whether the perceptual changes noted in odor-taste
learning are as sensitive to counter-conditioning as its hedonic consequences.
Similarly, we do not know whether the effect of verbal labels on hedonic judg-
ments of odors reflect the same degree of plasticity, as the effect of verbal la-
bels on an odor’s perceptual qualities. In both these cases we might expect
greater plasticity for hedonic responding.

The application of cognitive neuroscience approaches, neuroimaging and
neuropsychology, to the study of olfaction has a long history, but unfortu-
nately for us its focus has been largely empirically driven, rather than theory
based. Neuroimaging offers an exciting avenue to study whether learning
processes for hedonic, odor-odor, odor-taste, and mere exposure techniques
involve similar or divergent learning systems. Likewise, neuropsychology al-
lows us to test whether the deficits observed in HM, of absent odor quality
perception, is something particular to him, or whether this occurs more gen-
erally in patients with lesions to the piriform cortex. The discovery of more
patients who are unable to differentiate smell on the basis of quality, but who
can on the basis of intensity, and who show intact sensitivity on similar tests
in other sensory modalities, would be a major boost for an object recognition
account of olfactory perception. Moreover the close link observed between
qualitative deficits in olfactory perception and dense amnesia also demands
exploration to identify whether a common neural substrate may underlie
both conditions.

A further question that has seen relatively little exploration in the neuro-
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psychological literature is whether appropriate hedonic judgments for odors
can occur in the absence of object recognition. That is, for HM for example,
although not able to smell the qualities petrol and coffee, would coffee still
smell more pleasant than petrol? We have presumed here that object recog-
nition takes place before the assignment of hedonic tone, yet there is very lit-
tle evidence to support this assertion. To find, as two papers suggest, that ap-
propriate hedonic responses may occur in the absence of object recognition
would indeed be a most challenging and fascinating finding, as it would im-
ply two separate olfactory recognition systems in humans.

The constraints that are imposed on a mnemonic system have been quite
well explored in the human literature, but not in the animal literature. With
two exceptions, we know little about the ability of animals to discriminate
component parts of complex mixtures, about the degree to which they can
redintegrate a percept from a fragmented stimulus, their ability to engage in
exposure-based learning, both unimodal and cross-modally, the extent to
which the latter are similarly resistant to interference and the neural sub-
strates that underpin these effects.

Finally, a set of more general issues have been raised by our theoretical
perspective. First, exactly how do top-down and bottom-up processing inter-
relate? We do not know whether top-down processing actually affects percep-
tion, in terms of say perceived odor quality or discriminability, or whether any
such effects are a consequence of differing descriptions of the same odor. Sec-
ond, more generally for olfactory cognition, we are still unclear as to whether
there are separate and dissociable short- and long-term stores, whether the dif-
ficulty that participants have in evoking odor images and the difficulty they
have in naming odors are related, and more fundamentally, why odor nam-
ing is so poor. Third, we started this chapter by reiterating the differences be-
tween a labeled-line system dependent with fixed responses against a plastic
system with flexible responses. Exactly how valid is this distinction in the light
of the finding that many pheromones, the archetypal example of fixed re-
sponding, are themselves odor mixtures of sometimes high complexity?

Sensory Physiology

The view of olfaction outlined in this volume also leads to a variety of spe-
cific, testable predictions about the sensory physiology of the mammalian ol-
factory system. These predictions specifically derive from the view of olfac-
tion as an experience-dependent, object-synthesizing process, and as such
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should promote novel lines of investigation currently being overlooked. Four
such predictions regarding olfactory sensory physiology are outlined here.

First, it is predicted that odor coding and internal representation of odor
quality should vary with past experience. These changes could be expressed
at any level of the central olfactory system and should outlast duration of the
induction stimulus. That is, even during very short stimulus presentations,
odor responses of glomeruli, second- and third-order olfactory neurons change.
These changes reflect adaptation and dynamic modulation of local circuit
function on the scale of seconds. However, there should also be lasting im-
pressions of past odor experience, distinct from these short-term changes.
Thus, familiar odorant features may be differentially encoded (e.g., single
cell evoked spike rate, odorant receptive field width, or ensemble spike syn-
chrony) compared with the same odorant features when experienced for the
first time. Evidence exists for such changes (Fletcher and Wilson 2003), al-
though additional work is needed. How long this effect of familiarity lasts may
depend on the duration of past exposure and/or on the nature of the past ex-
posure. If the odorant was experienced in an aversive conditioning context,
for example, the extent or duration of change in feature encoding may be en-
hanced.

The odorant responses of third-order neurons and/or neurons responsible
for odor object perception should also reflect odorant familiarity. Odorant
discrimination ability or ensemble spiking activity may be expected to change
as odor objects are learned. Evidence for such changes in piriform cortical
neuron odorant receptive fields has been reported (Wilson 2003). As noted
below, the changes in odorant receptive fields may include enhanced robust-
ness when responding to slightly altered inputs, as for example with changes
in odorant intensity or variations in odorant backgrounds.

Given that some biologically significant odorants may be encoded by
more hardwired circuits (e.g., odors of pheromones or predators), it is pre-
dicted that central encoding of some odorants will not be affected by famil-
iarity or past experience. Thus stimulus selection will be important in testing
these hypotheses.

A second prediction stemming from the mnemonic view of olfaction is
that olfactory bulb glomerular layer odor maps will be read differently de-
pending on past experience and temporal patterns of odor input. For exam-
ple, presentation of an odor against a background will produce glomerular
activation that includes features of both background and foreground odors.
How this mixed map is read by cortical circuits should depend on whether
the background or foreground odors are familiar. Features of familiar objects
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will be preferentially grouped into those objects, despite the presence of dis-
cordant features that may belong to background, and greater confusion and
mixing should occur if the odors are unfamiliar. Figure-ground separation
should also be most effective when the background stimulus begins prior to
the onset of the figure stimulus, providing an opportunity for cortical circuits
to adapt to the background stimulus. These two predictions suggest that how
glomerular activity maps are read will vary and suggest that knowing the map
alone will not invariably allow prediction of the odor percept.

A third prediction is that odor object synthesis should enhance perceptual
constancy despite stimulus intensity induced changes in glomerular odor
maps. This is similar to the second prediction in that functional imaging data
suggest that, as stimulus intensity increases, glomerular activity maps change,
often expanding to include previously silent glomeruli (Leon and Johnson
2003). This expansion presumably reflects the reduced selectivity of olfactory
receptor neurons at high stimulus concentrations (Malnic et al. 1999). With
familiar odorants, changes in stimulus concentration and thus odor maps
should be compensated for by the robust nature of pattern completion and
recognition of familiar object synthesis circuitry in the piriform cortex (Barkai
et al. 1994). There should be some limits to perceptual constancy, however,
wherein odorant that evoked drastically different glomerular activity patterns
at different concentrations may evoke different percepts.

Finally, a fourth prediction is that different olfactory functions may
emerge at different stages of olfactory system ontogeny. For example, in ro-
dents mitral cells and their targets in the olfactory cortex are present early in
development, though their dendritic projections to glomeruli are exuberant
and less well defined during the first postnatal week compared with mature
rats. Given that these basic convergent projections to cortex and intracortical
association fibers are present early, simple odor discrimination (behaviorally
and at the single-unit level) might be expected to be relatively normal
(Fletcher et al. 2005). However, the primary inhibitory interneuron in the ol-
factory bulb, granule cells, emerge very late in development. If these cells
subserve lateral inhibition, then receptive fields and behavior discrimination
of very similar odorants might be expected to be impaired early in develop-
ment. On the other hand, if the primary function of granule cells instead is
to serve as a target of cortical feedback so as to allow expectation and context
to shape odor discrimination and recognition, then simple odor discrimina-
tion may be intact in young animals. In this latter view, more complex
processes such as figure-ground separation, expectation, and contextual mod-
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ulation of perception may not be expected to occur until later in develop-
ment.

Regarding development and the effects of experience, it is also important
to recognize that most laboratory animals are raised in severely restricted ol-
factory environments. Olfactory restriction and enrichment during early de-
velopment can have profound effects on olfactory system structure and func-
tion (Brunjes and Frazier 1986). It will be important to consider to what
extent such systems truly reflect normalcy, or whether greater care should be
taken to provide macrosmatic animals with richer sensory environments.

Conclusion

The transduction of electromagnetic energy by the eye and the processing of
this information by the brain allow us to detect, discriminate, and recognize
a wide variety of objects. These visual objects can be recognized in a variety
of different orientations, under different lighting conditions, and when par-
tially occluded. These ecological aspects of vision have been of primary im-
portance in shaping theories of object recognition, all of which rely on learn-
ing and memory. In olfaction, a similar focus on the ecology of perception
requires a system capable of recognizing entities composed of tens or hun-
dreds of chemicals, against a shifting and equally complex olfactory back-
ground. In just the same way that contemporary theories of visual object
recognition have been shaped by the demands that the visual environment
places on it, a similar acknowledgment in olfaction demands a system that
can correlate and encode features and then later extract this information 
from a complex olfactory scene—object recognition. Similarly, just as object
recognition in vision relies, as the name itself implies, on a major role for
learning and memory, so too we have argued here that the same applies with
equal force in olfaction. If this is not enough, a growing body of experimental
evidence, much of which has been reviewed in this book, neurophysiologi-
cal, neuropsychological, and psychological, also converges on this conclu-
sion. In sum, learning and memory are vital components in a comprehen-
sive understanding of olfactory perception as they underpin the most crucial
process in determining what we perceive when smelling an odor, its recog-
nition as a discrete and highly correlated combination of chemicals—an odor
object.
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