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INTRODUCTION 

The olfactory system comprises a sensory organ (the olfactory epithelium) and specific olfactory 
brain regions, the first of which is the olfactory bulb. The perception of odours poses interesting and 
different problems for the nervous system, problems unique to the odorous world. The first of these 
is that there is no single dimension that relates stimulus to sensation. Vision and hearing are 
stimulated by predictable variations in frequencies of light and sound; touch by variations in 
frequencies of pressure on the skin. Odorant molecules have no obvious connections with each 
other except that they are odorous, that is, they evoke sensations in the olfactory system. The 
second unique attribute of the olfactory system is that there seems to be no limit to the number of 
odorous molecules that can be detected and described. Vision, hearing and touch all operate within 
limited spectra of light sound and pressure, predictable spectra to which the systems have evolved. 
Odorous molecules are mainly limited to molecules of 200-400 mW but within that range there are 
essentially an infinite number of odorous molecules. The molecular structures and highly variable 
and no individual of group of individuals has been exposed to all of the range, or possibly even the 
majority of the range. How then could a system evolve to detect and respond to such an open ended 
set of stimuli? The immune system has a similar task and has solved it by using a variable 
rearrangement of its genetic code to generate protein receptors of huge range. The olfactory system 
has solved this problem by generating a huge number of individual receptor genes. Of the 
approximately 30,000 genes in the mouse genome, more than 1000 of these are genes for olfactory 
receptors (Buck & Axel, 1991). This is a source of wonder - one thirtieth of the genome devoted to 
detecting odours. Interestingly, humans have about 900 olfactory receptor gene sequences but 63% 
are interrupted with sequences so as to render them non-coding, so-called “pseudogenes” (Glusman, 
Yanai, Rubin, et al, 2001), although even humans, with their reduced dependence on smell, have 
about 300 active olfactory receptor genes (Glusman, Yanai, Rubin, et al, 2001). This begs the 
question, what is it about the stimulus that requires such a huge investment of genes? The visual 
system needs only three genes to detect the colour spectrum. The auditory system just requires a 
specialized physical structure, the cochlea, which is constructed via genes used for multiple other 
roles in development. The olfactory system requires one thirtieth of the genome. An intriguing 
aspect of the olfactory system is that these odorant receptor genes are involved both in odorant 
detection as well as establishing the basic anatomy of the olfactory system that allows that 
detection. 

The first part of this review covers this anatomy of the primary olfactory system, the olfactory 
mucosa and olfactory bulb and how this contributes to our current understandings of how the 
chemical properties of odorant molecules are encoded into neural activity. The second part of this 
review covers the consequences of this neural activity and how it defines the regions of the human 
brain involved in olfactory perception.  

1.1 THE OLFACTORY EPITHELIUM  

The olfactory mucosa is the region of the nasal cavity that is specialized for detection of 
odorants. It comprises the olfactory epithelium and its underlying lamina propria. The olfactory 
mucosa is nominally located in the superior and posterior part of the nasal cavity, close to the 
cribriform plate through which the olfactory nerves project to find the olfactory bulb, the initial 
olfactory region of the central nervous system (Figure 1). In adult humans the olfactory mucosa is 
not always contiguous and can be found more anteriorly and inferiorly on the nasal septum and 
lateral wall (Féron, Perry, McGrath, et al, 1998; Leopold, Hummel, Schwob, et al, 2000). 
Unusually, the olfactory epithelium undergoes a continual process of neurogenesis in which new 
neurons are continually generated throughout adult life (see Chapter 2) and this may explain the 
discontinuity and spread of the olfactory mucosa (Féron, Perry, McGrath, et al, 1998). 
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The axons of the sensory neurons leave the olfactory epithelium and gather in bundles within the 
lamina propria to course superiorly and posteriorly as they gather into larger fascicles which form 
the fila olfactoria that traverse the skull base through the many openings of the cribriform plate to 
enter the olfactory bulb. In the olfactory bulb, the axons defasciculate and enter specialized 
structures, glomeruli, within which the sensory axons synapse with the mitral cells of the olfactory 
bulb. 

Insert Fig 1 about here 

Within the olfactory epithelium, the olfactory sensory neurons express just one of the many 
odorant receptor genes (Buck & Axel, 1991). Cells expressing each gene are distributed seemingly 
"randomly" within the olfactory epithelium, subject only to subgroups of these cells being confined 
to several broad regions within the nasal cavity (Ressler, Sullivan & Buck, 1993). Surprisingly, 
when these sensory neurons send their axons to the olfactory bulbs the glomeruli to which they are 
very restricted, confined to a single glomerulus on either side of the olfactory bulb (Mombaerts, 
Wang, Dulac, et al, 1996). Thus in mouse there are approximately 1800 glomeruli (Royet, 
Souchier, Jourdan, et al, 1988) and approximately 1000 receptor genes (Buck & Axel, 1991). 
Recent experiments indicate that each glomerulus is innervated by sensory neurons expressing only 
one receptor gene (Mombaerts, Wang, Dulac, et al, 1996). The identity of the receptor gene borne 
by each sensory neuron is involved in targeting its axon to a specific glomerulus, although the 
receptor gene is necessary but not sufficient to address the axon to a particular glomerulus. 

Insert Fig 2 about here 

Olfactory sensory neurons each respond to many different odorants (Duchamp-Viret, Chaput & 
Duchamp, 1999) even though each is thought to express only a single odorant receptor gene. Thus 
each odorant receptor protein can apparently detect some aspects of a variety of different odorant 
molecules and each odorant can interact with multiple receptors (Araneda, Peterlin, Zhang, et al, 
2004). This heterogeneity of response continues to provide a conundrum for understanding the 
relation between odorant molecular properties and the odorant binding domain within the receptor 
molecule. 

1.2 THE OLFACTORY BULB  

The cellular structure of the olfactory bulb is well established (Mori, 1987). Incoming sensory 
information passes to the mitral and tufted cells that provide the output to the higher olfactory 
centers (Figure 1). This output is heavily modulated by the interneurons present at several 
anatomical and processing levels within the olfactory bulb. Around the glomeruli are several types 
of interneurons, many of which are dopaminergic, whose axons and dendrites form part of the 
complex neuropil within the glomeruli. Deep in the olfactory bulb are the granule cells, which are 
without axon, but whose dendrites connect with mitral cell dendrites in more superficial layers, 
modulating their activity via complementary pairs of synapses from granule cell dendrites to mitral 
and tufted cells and in the reverse direction, so called "dendrodendritic synapses". 

The physiology of the olfactory bulb is dominated by the spatial nature of the input. Specifically, 
because of the spatial patterning of the sensory axons expressing different odorant receptor genes, 
odorants presented in the nose stimulate different patches of glomeruli on the surface of the 
olfactory bulbs. Because each mitral cell has a dendrite in only a single glomerulus, the activity of 
the mitral cells is spatially distributed such that odorants are represented in the olfactory bulb by a 
distributed pattern of mitral cell activity (Leon & Johnson, 2003; Lowe, 2003; Mori, Nagao & 
Yoshihara, 1999). The nature of interneuron connectivity then leads to a sharpening of the response 
of the mitral cell both in time and space, with the effect of narrowing the responses of the mitral 
cells to a smaller number of odorant molecules compared to the sensory neurons (Lowe, 2003; 
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Mori, Nagao & Yoshihara, 1999). Similarly the mitral cell response is narrow in time as well 
(Lowe, 2003; Mori, Nagao & Yoshihara, 1999). 

A notable feature of olfactory bulb anatomy is the convergence of feedback from higher centers 
(see below) whose axons project onto the interneurons at the granule and periglomerular levels. 
Combined with the observation that cellular models of memory are evident in the activity of 
olfactory bulb neurons (Wilson, Fletcher & Sullivan, 2004), these observations suggest that the 
olfactory bulb is not merely a passive conduit for sensory information, modulated and sharpened as 
it is by interneuron activity. There is ample evidence that olfactory bulb physiology is modulated by 
prior exposure and experience with odorants (McLean, Harley, Darby-King, et al, 1999) and 
evidence for feedback superimposed on the olfactory bulb (McLean & Harley, 2004). It is thus 
possible that the olfactory bulb acts as a filter of some sort that matches expected patterns of 
activity associated with food, mates, predators etc with the pattern of sensory nerve activity. 

1.3 WHAT THE NOSE TELLS THE BRAIN 

Any hypothesis about the encoding of odorant molecules must reconcile several aspects of 
human perception. The first is that "odour" does not refer to any obvious specific molecular feature 
of the odorant, for example, all odorants containing sulphur smell "sulphorous" but they do not 
smell the same. This illustrates the second aspect, that there seem to be a huge variety of perceptual 
experiences of "odour" as there are a huge number of odorants. The third aspect is that "odour" is a 
holistic experience, that complex mixtures such as coffee have a single percept, as do single odorant 
molecules. Humans are relatively poor at discriminating component of mixtures and cannot 
distinguish more than 3 or 4 separate components (Laing & Francis, 1989). A fourth aspect is that, 
for most odorants, their identification does not change with concentration - there is perceptual 
constancy with increasing concentration. 

The first evidence proposed for a mechanism of encoding odorants was that different odorants 
were encoded in spatial patterns of activity in the olfactory bulb (Kauer & White, 2001; Leon & 
Johnson, 2003). This hypothesis has proved to be prescient, although it has taken many years and 
the advent of new technologies to provide a satisfactory mechanism for these observations. Initial 
experiments emphasized the spatial differences in activity in the olfactory epithelium but the 
apparent complexity in the connectivity between the epithelium and bulb remained an obstacle to 
understanding. When the true nature of the connectivity was revealed in the expression of olfactory 
receptor genes, the focus turned to the glomeruli of the olfactory bulb as the originators of a "spatial 
code" (Mombaerts, Wang, Dulac, et al, 1996; Mori, Nagao & Yoshihara, 1999; Ressler, Sullivan & 
Buck, 1993). 

There are many ways to examine the spatial nature of responses in the olfactory glomeruli. The 
one that has allowed the most extensive and thorough examination is the method of uptake of 2-
deoxyglucose, a molecule accumulated by active neurons that can be revealed by autoradiography 
in histological sections. After a thorough series of investigations in which the mapping of active 
glomeruli was correlated with systematic variation in odorant stimuli, several features of a "spatial 
code for odour" were discerned (reviewed in (Leon & Johnson, 2003)). It is apparent that the 
surface of the olfactory bulb is composed of groups of glomeruli, "modules", that appear to encode 
molecular functional groups (Figure 3). Thus, for example, all ketones would activate glomeruli in 
the same modules, which would be spatially separate from the module activated by acids, or 
alcohols (Leon & Johnson, 2003). Molecules of similar structure, such as organic acids with 
increasing carbon chain lengths, would activate neighbouring glomeruli with the focus of activity 
moving systematically across the surface of the olfactory bulb. These observations suggest that 
olfactory bulb activity is "chemotopically" organised, its role being to parse the odorant signal into 
a set of activities representing functional groups, carbon chain length and other structural features 
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(Leon & Johnson, 2003). 

Insert Figure 3 about here 

These observations at the level of the glomerulus are reinforced by observations of the responses 
of mitral cells after systematic analyses of their responses to odorants within molecular series 
(reviewed by (Mori, Nagao & Yoshihara, 1999)). Each mitral cell is connected to a single 
glomerulus and so its responses must be dominated by the activity in that glomerulus and, by 
inference, by the activity of the single odorant receptor present in the sensory neurons projecting to 
that glomerulus (Johnson, Woo & Leon, 1998). Mitral cells adjacent to each other project to the 
same, or neighbouring glomerulus. Careful investigation of neighbouring mitral cells indicates that 
they have similar responses and they tend to be activated by odorants of a similar molecular class, 
such as acids or ketones, or those containing a benzene ring (Mori, Nagao & Yoshihara, 1999). 
Mitral cells separated spatially are activated by odorants carrying different functional groups (Mori, 
Nagao & Yoshihara, 1999), an observation that would be predicted by the spatial differences in 
activity across the glomeruli (Johnson, Woo & Leon, 1998). Thus the mitral cells appear to function 
as "molecular feature detectors", a property brought about by the spatial segregation of inputs into 
the olfactory bulb by way of the singular expression of odorant receptors in individual sensory 
neurons and their targeting to distinct points in a spatial "map" on the surface of the olfactory bulb. 

An understanding of this spatial map is now such that the neural map can be predicted from the 
structure of the molecule (Leon & Johnson, 2003) but is this information used by the animal? The 
evidence for this comes from a study of the ability of rats to discriminate optical isomers 
(enantiomers), molecules that differ in structure as mirror images. Enantiomers that humans can 
identify as different (l- and d-carvone), activated different spatial maps of glomeruli activity and 
were discriminated by rats (Leon & Johnson, 2003). Enantiomers that humans do not distinguish (l- 
and d-limonene, l- and d-terpinen-4-ol), activated similar spatial maps of glomerular activity and 
were not discriminated by rats in non-reinforced behavioural testing (Linster, Johnson, Morse, et al, 
2002). It is notable that the variation of glomerular activity within the larger modules allows rats to 
discriminate otherwise similar enantiomers, if the learning is reinforced (Linster, Johnson, Yue, et 
al, 2001), and that the glomerular activity is enhanced by reinforcement (Coopersmith & Leon, 
1984). This ability to learn to make use of small differences in glomerular activity may explain the 
remarkable ability of rats to learn to discriminate odorants even after large lesions of the olfactory 
bulb (Bisulco & Slotnick, 2003). 

In summary, the functional anatomy of the primary olfactory pathway appears to impose a 
spatial component to the activity of cells within the olfactory bulb such that a "topographic map" of 
activity across the surface of the olfactory bulb is converted into a "chemotopic map" of molecular 
features extracted from the odorant stimulus. Our present level of understanding suggests that these 
molecular features are then reassembled into more complex representations of the stimuli, at least in 
the piriform cortex. In concept at least, this aspect of olfactory processing resembles that which 
occurs in the visual cortex whereby the visual image is initially decomposed into salient features in 
the responses of primary cortical neurons, (features such as orientation, velocity and direction of 
movement, colour) before being reassembled into more complex representations of faces, hands, 
movement. 

1.4 OTHER CHEMOSENSORY SYSTEMS IN THE NOSE 

It is commonly known that "smelling" an odour is a function of the nose and that the "olfactory 
system" is responsible for this sensation, starting with the sensory organ, the olfactory mucosa, in 
the dorso-posterior part of the nasal cavity. Less well known is the contribution of the trigeminal 
nerve in odour sensation, especially in perceptions of odour "strength" and pungency. 
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The trigeminal nerve innervates the face, including the oral and nasal cavities, and the cornea 
and conjunctiva of the eye (Silver & Finger, 1991). In animal experiments it is shown that the 
trigeminal nerve responds to many chemical compounds that are "odorous" to humans (Silver & 
Finger, 1991) and humans judged to have no functional olfactory system, can detect a large range of 
odorants presented to the nose, presumably via the trigeminal nerve (Doty, Brugger, Jurs, et al, 
1978). Therefore any consideration of olfactory anatomy and function must acknowledge the 
contribution of sensations via this "somatosensory" input. 

Olfactory guided behaviour, most notably food selection and eating, also involves the gustatory 
system as well as the olfactory and trigeminal systems. The gustatory system provides perceptions 
of sweet, sour, salty and bitter as well as umami, the taste of monosodium glutamate (Gilbertson, 
Damak & Margolskee, 2000). The trigeminal nerve in the mouth provides touch, temperature and 
"hot spicy" sensations and the three sensory systems contribute to the perception of flavour, the 
"taste" of food. Commonly persons reporting loss of “taste” of food actually have olfactory deficits 
(Doty, Bartoshuk & Snow, 1991). This is evident in human cerebral imaging experiments where the 
orbitofrontal cortex and insular cortex (see below) are activated by olfactory, gustatory and 
trigeminal stimuli.  

1.5 THE HIGHER OLFACTORY (AND CHEMOSENSORY ) CENTERS  

1.5.1 Anatomy  

The olfactory system is characterized by relatively direct connections (that is, few synapses) to 
brain structures implicated in memory and emotion such as the hippocampus, thalamus, and frontal 
cortex. It thus gives the impression of a phylogenetically ancient sensory integration system 
isolated from the more recent neocortex. 

1.5.1.1 The primary olfactory cortex 

The olfactory tract carries the axons leaving the olfactory bulb and these project to the structures 
collectively termed the primary olfactory cortex comprising the anterior olfactory nucleus, the 
olfactory tubercle, the piriform cortex, the periamygdaloid cortex (that overlies the amygdaloid 
complex), the lateral entorhinal cortex, the cortical amygdaloid nuclei, the ventral tenia tecta, and 
the nucleus of the lateral olfactory tract (Figure 4) (Allison, 1954; Carmichael, Clugnet & Price, 
1994). 

Insert Figure 4 about here 

Caudomedially, the entorhinal cortex gives way to the parasubiculum, presubiculum and 
subiculum, the latter blends with field CA1 of Ammon’s horn of the hippocampus. This continuous 
expanse of gradually changing cortical architecture from the olfactory bulb to the CA fields of the 
hippocampus was one reason why early anatomists referred to this region as the rhinencephalon 
(from the Greek ‘rhines’, a nose), believing that it constituted the "smell brain". It is still recognized 
that the olfactory system is the sensory system with the most direct access to the hippocampus. 

Though historically referred to as a "nucleus", the anterior olfactory nucleus is now considered a 
cortical structure. In the monkey, this consists of a single, loosely arranged layer of cell bodies deep 
to a thin plexiform layer (Price, 1990). In the human, this structure is less distinct, delimited from 
the adjacent orbital neocortex only by slight differences in cell size and packing density (Price, 
1990). The axons of anterior olfactory nucleus project either rostrally to the ipsilateral olfactory 
bulb or caudally joining the anterior commissure to cross the midline and terminate in the 
contralateral anterior olfactory nucleus and/or olfactory bulb. From a functional point of view, the 
major interbulbar connections of the anterior olfactory nucleus implicate this structure in the 
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interhemispheric processing of olfactory information (Shipley & Reyes, 1991), particularly 
olfactory memories (Kucharski & Hall, 1987). There is evidence that bi-nasal mechanisms operate 
in the spatial localization of odours (Bennett, 1968) and the anterior olfactory nucleus system may 
play a significant role in such mechanisms. 

In the rat and the monkey, the piriform cortex is the largest of the olfactory areas and occupies a 
central position in the primary olfactory cortex (Carmichael, Clugnet & Price, 1994). Rostrally, it is 
situated on the posterior orbital surface, caudal to the anterior olfactory nucleus and lateral to the 
lateral olfactory tract. At the limen insula, it continues caudally and ventrally onto the dorsomedial 
edge of the temporal lobe (Carmichael, Clugnet & Price, 1994). In man, the piriform cortex is found 
in two parts which face each other around the choroidal fissure, forming the superior and inferior 
lips of the rostral part of this fissure and which are continuous in the fundus of this fissure (Allison, 
1954; Eslinger, Damasio & Van Hoesen, 1982; Poellinger, Thomas, Lio, et al, 2001). The superior 
lip is the frontal piriform region whose laminar organization consists of two cell layers, olfactory 
tract fibers terminating mainly in the outer plexiform layer. The inferior lip is the temporal 
prepiriform cortex, that is of similar laminar organization to the frontal region. 

The olfactory tubercle in rodents and rabbits is a prominent bulge on the base of the hemisphere 
just caudal to the olfactory peduncle (Shipley & Reyes, 1991). Like the anterior olfactory nucleus 
and piriform cortex, the olfactory tubercle has a superficial plexiform layer, but the deeper cellular 
architecture of the tubercle is intermediate between a cortical and a striated structure (Heimer, 
Zaborsky, Zahm, et al, 1987). Unlike the piriform cortex, the tubercle differs does not send a 
reciprocal projection to the olfactory bulb (Shipley & Reyes, 1991). In monkey, the olfactory 
tubercle is subdivided into several parts (Turner, Gupta & Mishkin, 1978) but in the human it is 
poorly developed and difficult to distinguish (Price, 1990). 

The entorhinal cortex is located in man in the ventromedial surface of the temporal lobe. This 
area is comparatively large in humans. It constitutes an essential component of the hippocampal 
formation and the route through which the neocortex interacts with the hippocampus. Ramon y 
Cajal (Cajal, 1901-1902) identified it in human and then differentiated seven layers. Brodmann 
(Brodmann, 1909) called this region area 28, and depicted a medial area that he called area 34. 
Subsequent studies increased the number of divisions to as many as 23 different fields (Insausti, 
Tuñón, Sobreviela, et al, 1995). In short, the entorhinal cortex of man is heterogeneous and 
complex. Knowledge about its connections derives largely from data in nonhuman primates. In the 
monkey, the olfactory input to the entorhinal cortex is about 12.5% of the total entorhinal surface 
area (Amaral, Insausti & Cowan, 1987) whereas in rat, at least half receives fibers from the 
olfactory bulb (Carmichael, Clugnet & Price, 1994). Such a diminution of the olfactory influence 
over the entorhinal cortex, and thereby over the hippocampal formation, presumably reflects the 
greater prominence of the visual system in primates (Carmichael, Clugnet & Price, 1994). The 
entorhinal cortex in humans is probably involved in memory processing (Van Hoesen, Hyman & 
Damasio, 1991). 

1.5.1.2 Reciprocal connections of the olfactory system 

One feature of the olfactory system that distinguishes it from other sensory systems is a 
tremendously rich supply of centrifugal fibers (Doty, Bromley, Moberg, et al, 1997). The most 
prominent projections to the olfactory bulb come from the pyramidal cells of the anterior olfactory 
nucleus, the piriform cortex, the lateral entorhinal cortex, the amygdaloid areas, the nucleus of the 
lateral olfactory tract, the diagonal band of Broca, the raphe nuclei, the locus coeruleus, and the 
hypothalamus (McLean & Shipley, 1987; Price & Powell, 1970; Shipley & Adamek, 1984). These 
centrifugal projections may play a substantial role in the modulation of behavior (Pager, Giachetti, 
Holley, et al, 1972; Royet & Pager, 1980; Royet & Pager, 1981). 
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1.5.1.3 The secondary olfactory areas 

The major projections of the piriform cortex are to the amygdala, entorhinal cortex, dorsomedial 
nucleus of thalamus, hypothalamus, ventral putamen, orbitofrontal cortex, and insular cortex 
(Benjamin & Jackson, 1974; Krettek & Price, 1978; Powell, Cowan & Raisman, 1965; Price & 
Slotnick, 1983; Scott & Leonard, 1971). Direct input to the prefrontal cortex from the olfactory 
bulb and piriform cortex are also reported (Cinelli, Ferreyra-Moyano & Barragan, 1987; Gerfen & 
Clavier, 1979). The dorsomedial nucleus of the thalamus has connections with a wide expanse of 
orbitofrontal cortex (Potter & Nauta, 1979; Von Bonin & Green, 1949; Walker, 1940). 

The orbitofrontal cortex is very little developed in rodents compared with its great development 
in primates (Critchley & Rolls, 1996). In the macaque, the orbital and medial parts of the prefrontal 
cortex constitute just over half of the prefrontal cortical surface area and approximately 6% of the 
total cortical surface (Carmichael, Clugnet & Price, 1994). Analyzing the architectonic structure of 
the orbital and medial parts of the prefrontal cortex, these authors reveal a mosaic of 22 distinct 
areas in the orbital and medial prefrontal cortex (Figure 5). Most of these are subdivided from 7 
larger areas originally defined by Walker (Walker, 1940). Of these 22 areas, nine receive a direct 
projection from the primary olfactory cortex (Carmichael, Clugnet & Price, 1994) without an 
intervening synapse in the dorsomedial thalamus in contrast to other sensory modalities. In rat, the 
orbitofrontal cortex plays a role in the organization of odour-guided behavior and in cross-modality 
integration (Eichenbaum, Shedlack & Eckmann, 1980). In monkey it is involved in association 
learning (Rolls, 2004). 

Insert Figure 5 about here 

1.5.2 Function 

Until recent developments human brain imaging, understanding of the neural correlates of 
human olfaction was obtained from human lesion studies (Abraham & Mathai, 1983; Eichenbaum, 
Morton, Potter, et al, 1983; Eskenazi, Cain, Lipsitt, et al, 1988; Gazzaniga, Risse, Springer, et al, 
1975; Gordon & Sperry, 1969; Mair & Engen, 1976; Zatorre & Jones-Gotman, 1991). With the 
development of functional magnetic resonance imaging (fMRI) and the positron emission 
tomography (PET), it was possible to reveal large-scale activation patterns associated with 
particular cognitive processes allowing the identification of the neural networks specifically 
activated by chemosensory stimuli (Royet & Plailly, 2004; Zald & Pardo, 2000; Zatorre & Jones-
Gotman, 2000). These emerging data are providing an exciting new understanding of brain function 
and are leading to specific and exceptional insights, as discussed below. 

When odorants are passively delivered to subjects the right orbitofrontal cortex is activated, and 
sometimes the piriform cortex (Francis, Rolls, Bowtell, et al, 1999; Levy, Henkin, Hutter, et al, 
1997; O'Doherty, Rolls, Bowtell, et al, 2000; Savic, Gulyas, Larsson, et al, 2000; Small, Jones-
Gotman, Zatorre, et al, 1997; Sobel, Prabhakaran, Desmond, et al, 1997; Sobel, Prabhakaran, 
Hartley, et al, 1998; Sobel, Prabhakaran, Zhao, et al, 2000; Yousem, Williams, Howard, et al, 1997; 
Zatorre, Jones-Gotman, Evans, et al, 1992). The right orbitofrontal cortex is always activated, 
independently of which side of the nose is stimulated, although right nostril stimulation is a more 
effective stimulus (Savic & Gulyas, 2000; Zatorre & Jones-Gotman, 2000). Asymmetry is also 
observed in perception of complex stimuli by other sensory modalities (Bryden & Bulman-Fleming, 
1994). The relative lack of activation of the piriform cortex is consistent with rapid habituation after 
an initial rapid activation (Poellinger, Thomas, Lio, et al, 2001; Sobel, Prabhakaran, Zhao, et al, 
2000) as observed in rat piriform cortex (Litaudon, Mouly, Sullivan, et al, 1997). The odorant-
activated regions of the orbitofrontal cortex (within Brodmann Area 11) is more posterior than that 
identified in human lesion studies (Brodmann Area 13) (Abraham & Mathai, 1983; Jones-Gotman 
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& Zatorre, 1993; Rausch, Serafetinides & Crandall, 1977; Zatorre & Jones-Gotman, 1991; Zucco & 
Tressoldi, 1988). This odorant-activated region is strongly connected with the piriform cortex and 
amygdala (Zald & Pardo, 2000; Zatorre & Jones-Gotman, 2000), is structurally homologous to 
Walker’s area 13 in the monkey (Walker, 1940) and has been identified previously as an olfactory 
area in humans (Petrides & Pandya, 1994). 

When odorants are delivered to subjects involved in specific olfactory tasks, it is possible to 
reveal more detailed information regarding successive steps of odour processing. These tasks 
currently used in olfaction (detection, discrimination, recognition memory, identification) (Dade, 
Zatorre & Jones-Gotman, 2002; Kareken, Doty, Moberg, et al, 2001; Savic, Gulyas, Larsson, et al, 
2000; Zatorre & Jones-Gotman, 2000), or inferred from recent concepts of cognitive psychology 
(intensity, pleasantness, familiarity and edibility judgements) (Royet, Koenig, Gregoire, et al, 1999) 
reflect different levels of olfactory processing, ranging from simple sensory analysis to deep or 
semantic analysis. They have revealed specific activation in a neural network including many brain 
regions (orbitofrontal, piriform, entorhinal, and inferior frontal cortices, amygdala, hypothalamus, 
cingulate gyrus, thalamus, insula, cerebellum, visual areas). Overall, olfactory functions seem to be 
organized in both a parallel and hierarchical manner, depending on the character and complexity 
of the task (Royet, Hudry, Zald, et al, 2001; Royet, Koenig, Gregoire, et al, 1999; Savic, Gulyas, 
Larsson, et al, 2000). 

1.5.2.1 Odour familiarity and memory 

The piriform cortex in humans appears to be involved in odour recognition memory, as indicated 
by strong bilateral PET activity in long-term, rather than short-term, recognition tasks (Dade, 
Zatorre & Jones-Gotman, 2002). In rat, the piriform cortex is involved in associative learning and 
memory(Haberly & Bower, 1989; Hasselmo & Barkai, 1995; Jung, Larson & Lynch, 1990; 
Litaudon, Mouly, Sullivan, et al, 1997). In agreement with this, the human piriform cortex is active 
during odour familiarity judgements (Plailly, Bensafi, Pachot, et al, 2003), in addition to the right 
orbitofrontal cortex (Royet, Hudry, Zald, et al, 2001; Royet, Koenig, Gregoire, et al, 1999). Other 
structures of the medial temporal lobe such as the hippocampus and the perirhinal and 
parahippocampal regions are currently of interest in several aspects of memory such as associative 
vs. non-associative memory, episodic vs. semantic memory, and recollection vs. familiarity (Squire, 
Stark & Clark, 2004). Accordingly, it is not surprising that these areas are activated during odour 
discrimination (Kareken, Mosnik, Doty, et al, 2003; Savic, Gulyas, Larsson, et al, 2000), familiarity 
judgements (Plailly, Bensafi, Pachot, et al, 2003), and during familiar odour stimulation (Savic & 
Berglund, 2004). Further studies are nevertheless needed to clarify the specific roles these different 
areas in olfactory memory. 

“Working memory” refers to the short-term maintenance and active manipulation of information 
while performing complex cognitive tasks (Baddeley, 1996). There is much evidence that the 
prefrontal cortex is involved in working memory (Goldman-Rakic, 1995). Both olfactory and face 
working memory engage the dorsolateral (BA 9/46), ventrolateral (BA 47/12), and frontal polar 
cortices leading to the conclusion that working memory engages frontal cortical areas 
independently of the sensory modality, although modality-specific populations of neurons within 
these regions cannot be excluded (Dade, Zatorre, Evans, et al, 2001). 

1.5.2.2 Odour identification  

The left inferior temporal gyrus (BA 47) is activated in making edibility judgements about 
odours, a task thought to involve the activation of semantic odour representations (Royet, Koenig, 
Gregoire, et al, 1999). We demonstrated that activation of this area was related to naming odours, 
an interpretation corroborated by more recent studies showing its activation during odour 
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identification (Kareken, Mosnik, Doty, et al, 2003). Activation of this region during a familiarity 
judgement task is also reported, reflecting the fact that odour familiarity is a strong predictor of 
odour naming (Royet, Koenig, Gregoire, et al, 1999; Savic & Berglund, 2004). Edibility 
judgements about odours also activate visual areas (Qureshy, Kawashima, Imran, et al, 2000; 
Royet, Hudry, Zald, et al, 2001; Royet, Koenig, Gregoire, et al, 1999). Visual areas may be 
important for evoking the object evoked by the odour, participating in the semantic processing of 
odours, and hence assisting in judgements about edibility.  

1.5.2.3 Odour pleasantness and hedonic judgement 

It is well known that most salient characteristic of an odour is pleasantness (Engen & McBurney, 
1964), but involvement of orbitofrontal cortex and amygdala was shown only recently. Highly 
aversive odorants activate the left orbitofrontal cortex and the amygdala bilaterally, while less 
aversive odorants activate only the left orbitofrontal cortex (Zald & Pardo, 1997). The left 
orbitofrontal cortex and amygdala further operate in unison when exposed to an unpleasant odorant 
but not during a task involving only odorant detection (Zald, Donndelinger & Pardo, 1998). 

The left orbitofrontal cortex, temporal pole, and superior frontal gyrus are activated in PET scans 
when subjects are presented with emotionally valenced olfactory, visual, and auditory stimuli 
(Royet, Zald, Versace, et al, 2000). This suggests that pleasant and unpleasant emotional 
judgements call upon the same core network in the left hemisphere regardless of the sensory 
modality. In contrast, the left amygdala is more easily activated by emotionally valenced olfactory 
stimuli than by other sensory stimuli (Royet, Zald, Versace, et al, 2000). This is consistent with the 
idea that odours are more emotional and more potent activators of the amygdala than visual and 
auditory stimuli.  

Odour and taste intensity is shown to be associated with activation of the amygdala and piriform 
cortex (Anderson, Christoff, Stappen, et al, 2003; Rolls, Kringelbach & De Araujo, 2003; Small, 
Gregory, Mak, et al, 2003). However, activity within the left amygdala and piriform cortex is also 
found to be significantly correlated with subjective ratings of perceived aversiveness, but not with 
perceived intensity (Royet, Plailly, Delon-Martin, et al, 2003; Zald & Pardo, 1997). These apparent 
discrepancies are explained by the fact that unpleasant odours can induce intense negative 
emotional reactions (e.g., disgust) whereas pleasant odours rarely induce intense emotional reaction 
(e.g., euphoria). Thus the greater activation by unpleasant odours reflects the strength of the 
emotional response rather than sensory intensity. This is consistent with the hypothesis that the 
amygdala mediates both negative and positive emotions, and that differences in activity of this area 
stem from the intensity of the induced emotion (Rolls, 1999). Accordingly, the activation of 
amygdala by negative stimuli (Gottfried, Deichmann, Winston, et al, 2002; Royet, Plailly, Delon-
Martin, et al, 2003; Zald & Pardo, 1997) can be explained by the level of arousal that these stimuli 
induce (Zald, 2003). 

In contrast to the amygdala, the left orbitofrontal cortex is activated when subjects are 
specifically asked to judge whether an odour is pleasant or unpleasant compared to passively 
smelling these same odorants (Royet, Plailly, Delon-Martin, et al, 2003). This finding suggests that 
the left orbitofrontal cortex is involved in the conscious assessment of the emotional quality of 
odours. Hence, orbitofrontal cortex activation during passive detection of mildly pleasant and 
unpleasant odorants (Zald & Pardo, 1997) is probably evoked by spontaneous hedonic judgements. 

The insular cortex is activated by both olfactory and gustatory stimulation (Cerf-Ducastel & 
Murphy, 2001; Faurion, Cerf, Van De Moortele, et al, 1999; Kareken, Mosnik, Doty, et al, 2003; 
Savic, Gulyas, Larsson, et al, 2000; Small, Jones-Gotman, Zatorre, et al, 1997; Small, Zald, Jones-
Gotman, et al, 1999; Zatorre, Jones-Gotman, Evans, et al, 1992), especially when stimuli are 
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unpleasant (Royet, Plailly, Delon-Martin, et al, 2003; Zald, Lee, Fluegel, et al, 1998). "Pure" 
olfactory stimuli such as vanillin activate only the primary olfactory areas, while irritating stimuli 
such as acetone activate the anterior and central insula and claustrum (Savic, Gulyas & Berglund, 
2002). The activations with acetone are reported to resemble those observed with various painful 
stimuli (Casey, Minoshima, Morrow, et al, 1996; Rainville, Carrier, Hofbauer, et al, 1999), and are 
therefore attributed to trigeminal stimulation by acetone. Insular activation is also observed after 
tactile, electrical, vibratory, and thermal stimulations, as well as swallowing, urinary 
retention/micturation, and visceral stimulation (Peyron, Laurent & Garcia-Larrea, 2000). Insula 
activation is also found during biological urges, such as dyspnea, hunger, thirst, and nausea 
(Banzett, Mulnier, Murphy, et al, 2000; Peiffer, Poline, Thivard, et al, 2001; Tataranni, Gautier, 
Chen, et al, 1999), as well as during a variety of emotional conditions such as for instance exposure 
to frightening faces, sadness, anguish, fear, happiness, sexual excitation, phobia, obsessive-
compulsive urges (Damasio, Grabowski, Bechara, et al, 2000; Morris, Friston, Buchel, et al, 1998; 
Rauch, Savage, Alpert, et al, 1995). It is though that the anterior insula may therefore serve as an 
internal alarm centre alerting to potentially distressing interoceptive sensory stimuli, and imbuing 
them with negative emotional significance (Reiman, 1997). Consistent with this interpretation, we 
recently showed that the anterior insula is activated when subjects inhale a disgusting odour as well 
as when they observe faces showing expressions of disgust (Wicker, Keysers, Plailly, et al, 2003). 

1.5.3 Summary and Conclusions 

The last ten years has witnessed tremendous advances in the understanding of the olfactory 
system. Advances in genetics and molecular biology have provided an understanding of the sensory 
transduction in the olfactory epithelium and have elucidated the spatial mechanisms underlying the 
encoding of odorant properties in the olfactory bulb. Advances in brain imaging are confirming the 
neuroanatomy of olfactory regions in the human brain and allowing for the first time, analyses of 
the neural correlates of complex olfactory functions in human cognition. For example, insights into 
brain lateralization can be gained from the common finding of the PET and fMRI studies described 
above, that the right hemisphere is more involved in recognition memory, whereas the left 
hemisphere is more involved in the emotional processing of odours. These basic perceptual 
processes appear to be lateralized in the orbitofrontal cortex and primary olfactory areas (for 
review, (Royet & Plailly, 2004)). 
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Figure Legends 

Figure 1 

Each olfactory sensory neuron in the nose (OSN) projects its axon to a single glomerulus (GL) in 
the olfactory bulb where it synapses with a mitral cell (M) and perhaps a  tufted cell (T), both of 
which provide the output to the olfactory cortex. Sensory information is modulated by 
periglomerular interneurons (PG) and the inhibitiory granule cells (G). Each glomuerulus receives 
input from hundreds of olfactory sensory neurons. Each mitral and tufted cell receives input from a 
single glomerulus. Modified from (Mori, Nagao & Yoshihara, 1999). 

Figure 2 

The inputs to the olfactory bulb preserve, in a broad way, spatial relationships between olfactory 
sensory neurons. The olfactory epithelium can be divided into four “zones”, characterised by the 
subfamilies of the olfactory receptor genes expressed by the sensory neurons in those zones. These 
four epithelial zones are represented by four zones of projection of the sensory axons to glomeruli 
on the surface of the olfactory bulb. Within each epithelial zone, each sensory neuron expresses a 
single olfactory receptor gene. Within the bulbar zone, each glomerulus receives axons from 
sensory neurons expressing a single olfactory receptor gene. Each olfactory receptor gene is 
represented by two glomeruli, one on the lateral surface and one on the medial surface of the 
olfactory bulb. Modified from (Mori, Nagao & Yoshihara, 1999). 

 
Figure 3 

Odorants stimulation in the nose is represented as a spatial pattern of activity within the olfactory 
bulb. Odorant-induced activity is be measured by the uptake of 2-deoxy-glucose and the positions 
of the active glomeruli are noted on a standardised “map” of the surface of the olfactory bulb. On 
the left is an example of a such a map in which the bulbar surface is represented as a flat surface 
with the regions indicated. On the right the map is subdivided into subregions or “modules” which 
are defined by odorant-induced activity within the glomeruli. These modules represent regions of 
active glomeruli, each of which was active during stimulation by at least 3 out of 54 odorants 
tested. For most odorants a modules on the medial aspect corresponded to a module on the lateral 
aspect shown by upper and lower case letters. Each odorant activated a different combination of 
modules, giving a unique pattern of activity for each odorant. Modified from (Leon & Johnson, 
2003). 

Figure 4 

Major efferent connections of the olfactory system. Cortical regions are indicated with rectangles 
and subcortical regions with ovals. AON, anterior olfactory nucleus; MOB, main OB; OE, olfactory 
epithelium (From (Shipley & Reyes, 1991)). 
 
Figure 5 
Unfolded map of prefrontal cortex showing the areal boundaries. The top and bottom of the map 
represents the depths of the principle sulcus, and the orbital and medial wall cortices lie in the 
centre. AONl and AONm, lateral and medial divisions, anterior olfactory nucleus; G, gustatory 
cortex; Iai, Ial, Iam, Iapl and Iapm, intermediate, lateral, medial, posterolateral, and posteromedial 
agranular insular area; OT, olfactory tubercle; PC, piriform cortex; PrOC, precentral opercular 
cortex (From (Carmichael, Clugnet & Price, 1994)). 
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