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Abstract

Olfactory perceptual learning is a relatively long-term, learned increase in perceptual acuity, and has
been described in both humans and animals. Data from recent electrophysiological studies have
indicated that olfactory perceptual learning may be correlated with changes in odorant receptive
fields of neurons in the olfactory bulb and piriform cortex. These changes include enhanced
representation of the molecular features of familiar odors by mitral cells in the olfactory bulb, and
synthetic coding of multiple coincident odorant features into odor objects by cortical neurons. In this
paper, data are reviewed that show the critical role of acetylcholine (Ach) in olfactory system function
and plasticity, and cholinergic modulation of olfactory perceptual learning at both the behavioral and
cortical level.

Olfactory memory plays an important role in many aspects of mammalian behavior including
mate choice and recognition (Brennan and Keverne 1997), mother—infant interactions
(Kendrick et al. 1992;Leon 1992;Wilson and Sullivan 1994;Fleming et al. 1999;Sullivan et al.
2000a), food localization and preferences (Mennella and Beauchamp 2002), and emotional
state (Otto et al. 2000). For the most part, the study of olfactory memory has focused on
associative memory in which the odor signaling a mate, offspring, mother, or appetitive or
aversive stimulus has been learned through temporal association between the odor and the
stimulus. Through the learned association, the odor can come to elicit situation specific and
appropriate behavioral responses. Acetylcholine (Ach) is an important modulator of olfactory
associative memory, with both pharmacological receptor blockade (Ravel et al. 1994;DeRosa
and Hasselmo 2000) and lesions of cholinergic projections neurons (Roman et al. 1993;Linster
et al. 2001) able to impair acquisition. Similarly, impairments in olfactory memory associated
with Alzheimer’s disease, may be at least partly mediated by cholinergic dysfunction (Coyle
et al. 1983).

Another form of olfactory learning, and the focus of this review, is perceptual learning.
Perceptual learning results in a form of implicit memory that allows for enhanced perceptual
discrimination (perceptual acuity) of previously experienced stimuli. Recent evidence indicates
that behavioral olfactory perceptual learning and its neural correlates are modulated by
acetylcholine.

Olfactory Perceptual Learning

Perceptual learning has several defining characteristics (Gilbert et al. 2001). First, the learned
changes in perceptual acuity are largely specific for the trained stimuli, with some minimal
generalization or transfer, and are long-lasting. Second, the learned changes generally do not
occur following passive stimulation, but require attention by the animal. The attentional
component can be mimicked by activation of cholinergic systems (Rasmusson and Dykes
1988;Metherate and Weinberger 1989;Edeline et al. 1994). Finally, the learned changes in
behavioral acuity are often correlated with changes in cortical receptive fields. Examples of
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perceptual learning include improvements in somato-sensory discrimination of spatially or
temporally varied tactile stimuli (Recanzone et al. 1992a;Godde et al. 1996), improvements in
auditory discrimination of small variations in pitch of sound stimuli (Delhommeau et al.
2002;Demany and Semal 2002), and improvement in discrimination of minor offsets in
vertically or horizontally oriented discontinuous lines in a visual vernier acuity task (McKee
and Westheimer 1978;Fahle and Edelman 1993).

Perceptual learning can also include changes in figure-ground perceptual grouping and
identification of collections of visual features as single, unique visual objects, such as faces
(Rolls 2000). For example, in the classic perceptual grouping stimulus consisting of a high-
contrast image of a Dalmatian dog drinking from a water dish, determining which spots
constitute the Dalmatian (which visual features should be grouped into the single visual object
of Dalmatian) and which constitute the background is greatly facilitated by previous experience
with the image and with Dalmatian dogs.

In the olfactory system, perceptual learning has been hypothesized to be critical for normal
olfactory discrimination (Cleland et al. 2002;Fletcher and Wilson 2002;Wilson and Stevenson
2003). Most odors experienced in the environment are complex mixtures, and even
monomolecular odorants are hypothesized to be processed by the olfactory periphery as
composed of multiple features (Polak 1973). However, despite the complex nature of odor
stimuli, odors are generally perceived to be unique single stimuli, or odor objects (Liang and
Francis 1989;Wilson and Stevenson 2003), which may or may not share similarities with their
components (e.g., Linster and Smith 1999;Kay et al. 2003). In fact, the ability to analytically
process odors (identify components within mixtures) is severely limited when mixtures exceed
three or four components (Liang and Francis 1989). Thus, olfactory perception appears to be
highly synthetic (configural), whereas initial, peripheral odorant processing is highly analytical
(Mori et al. 1999). It has been proposed that the synthetic nature of olfactory perception, that
is, treating complex odorant stimuli as single odor objects, involves and in fact requires learning
(Granger and Lynch 1991;Hudson 1999;Haberly 2001;Wilson and Stevenson 2003). Through
experience, combinations of odorant features extracted at the periphery become synthesized
into odor objects by central cortical circuits (Wilson 2003).

In addition to the synthesis of odor objects, and potentially as a by-product of this synthesis,
perceptual learning can also enhance discriminability of similar odorants. For example, in
human subjects, exposure to previously unfamiliar odorants significantly enhances
discriminability of those odorants from each other compared with performance of subjects that
did not receive the initial familiarization regime (Rabin 1988;Jehl et al. 1995). Similarly, rats
are very poor at discrimination of novel ethyl ester molecules differing in length by a single
carbon, but have no difficulty discriminating novel ethyl esters differing by four carbons
(Fletcher and Wilson 2002). However, prior associative training with one of the ester odors
significantly enhances discriminability of that odor from esters differing by one carbon, 24 h
later. Similar results have been obtained in several olfactory perceptual learning paradigms
(Cleland et al. 2002;Linster et al. 2002).

Importantly, just as in perceptual learning in other sensory systems, olfactory perceptual
learning shows limited generalization. Thus, training an animal with a seven-carbon ester (ethyl
heptanoate) enhances discrimination between that odorant and an eight-carbon ester (ethyl
octanoate). Training to ethyl heptanoate also enhances other one-carbon discriminations of
ethyl esters, such as between ethyl butyrate and ethyl valerate. However, training to the slightly
different molecule isoamyl acetate does not generalize to the ethyl esters (Fletcher and Wilson
2002).
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Thus, as an animal learns that a particular odor signals an aversive or appetitive reward, at the
same time the representation of that odor is somehow modified to make it more distinctive
from other similar odors. Our recent work indicates that this modification in the odor
representation occurs in both the olfactory bulb and piriform cortex, but it is the piriform
cortical changes that underlie the synthetic nature of olfaction. Importantly, both behavioral
olfactory perceptual learning and presumed neural correlates in the piriform cortex are ACh-
dependent.

Neural Correlates of Olfactory Perceptual Learning

It is hypothesized that olfactory perceptual learning, as with perceptual learning in other
sensory systems, is associated with changes in receptive fields of central neurons (Gilbert et
al. 2001). Second-order neurons in the olfactory system, olfactory bulb mitral cells, and third-
order neurons, piriform cortical pyramidal cells, display odorant receptive fields for stimuli in
odorant space. An experience-dependent change in these receptive fields, for example,
enhancement in contrast between similar odorant features encoded by mitral cells, or
enhancement in combinatorial synthesis by piriform cortical neurons, could improve
behavioral odor discrimination.

Olfactory Bulb Mitral Cells

Specific mitral cells receive direct excitatory input from a genotypically homogeneous
population of olfactory receptor neurons that synapse on the mitral cell apical dendritic tuft
within the glomerular neuropil (Vassar et al. 1994;Tsuboi 1999). Olfactory receptor neurons
(Malnic et al. 1999;Araneda et al. 2000;Firestein 2001;Wachowiak and Cohen 2001) and
olfactory bulb glomeruli (Friedrich and Korsching 1997;Rubin and Katz 1999;Uchida et al.
2000;Meister and Bonhoeffer 2001;Johnson et al. 2002) have odorant receptive fields for
molecular features, rather than odorant molecules as a whole, and thus respond to many
odorants as long as that molecular feature is present. Odorant features may include such things
as a particular range of carbon chain lengths, the presence or location of a functional group,
some combination of these, or some yet-to-be-determined variables (Mori et al. 1999). As
might be expected given the direct excitatory receptor input, mitral cell odorant receptive fields
are very similar to those of receptor neurons (Mori et al. 1999), responding to multiple odorants
sharing a common feature. Cross-habituation studies indicate that habituation to that feature
reduces responsiveness of the mitral cell to all odorants within its receptive field, as would be
expected for a feature-detecting neuron.

Mitral cell odorant receptive fields and odorant responsiveness can be modified by experience.
Work from several labs has shown that associative odor conditioning (Freeman and Schneider
1982;Faber et al. 1999;Ravel et al. 2003) and even simple odorant exposure (Buonviso and
Chaput 2000;Perez-Orive et al. 2002) can modify subsequent mitral cell responsiveness and/
or olfactory bulb local field potential responses to those odorants. As described below, olfactory
bulb changes may also underlie learning involved with biologically significant events such as
mother—infant interactions (Coopersmith and Leon 1984;Kendrick et al. 1992;Wilson and
Sullivan 1994;Brennan and Keverne 1997).

Although these studies have demonstrated changes in evoked responses to specific odors, they
have not examined changes across the odorant receptive field. Recently, we have demonstrated
that simple odor exposure can produce shifts in odorant receptive fields toward the exposed
odor (Fletcher and Wilson 2003). Odorant receptive fields of mitral cells for a homologous
series of ethyl esters were mapped before and up to 1 h after a 50-sec exposure to one of the
odorants within the receptive field. The exposure odorant was either the ester with a carbon
chain length that produced the maximal response in the cell, or an ester that had a carbon chain
length two carbons longer than the most effective odorant. For cells exposed to the maximally
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effective stimulus (and in unexposed control cells), there was an initial generalized habituation
across the receptive field immediately after the exposure, but following recovery from
habituation, the general shape of the odorant receptive field did not change over the course of
the hour. However, in cells exposed to an odor two carbons away from the peak, the odorant
receptive field demonstrated a significant shift toward the exposure odorant by the end of the
1-h recording. In some cases, this shift was sufficient to make the exposure odor become the
new most effective odorant for that cell (Fletcher and Wilson 2003).

These exposure-induced changes in mitral cell odorant receptive fields are highly reminiscent
of receptive field plasticity in other sensory systems (Gilbert et al. 2001). In thalamocortical
sensory systems, single neurons receive input from diverse afferents with a subset of afferents
more effective at driving the cell than others. For example, thalamic and cortical neurons in
the auditory pathway receive inputs conveying information about a variety of tonal frequencies,
some of which are more effective than others, resulting in a receptive field in frequency space
where the cell is maximally responsive to certain frequencies (Weinberger 1995). Experience
can shift this receptive field by modifying the relative strength of the afferent synapses coding
the experienced frequency, producing an enhanced representation of the learned tone, and
presumably, enhanced discriminability of that tone (Weinberger 1995). Changes in lateral
inhibition (Pettet and Gilbert 1992;Xing and Gerstein 1994) and temporal synchrony of
coactive cells (Recanzone et al. 1992b) can also manifest changes in receptive fields that could
contribute to perceptual learning in thalamocortical systems.

In contrast, given the homogeneous receptor input to mitral cells, plasticity of diverse afferents
does not at first seem to be a likely mechanism of mitral cell odorant receptive field experience-
induced change. However, the glutamatergic olfactory receptor-to-mitral cell synapse can
express plasticity of such long-term potentiation (Ennis et al. 1998); thus, past activity could
influence subsequent response patterns. A change in afferent synaptic strength could modify
the balance between afferent excitation and the extensive lateral inhibitory networks impinging
on mitral cells, potentially resulting in a shifted odorant receptive field.

In addition, the inhibitory networks themselves may undergo experience-dependent plasticity
that could result in modified receptive fields. For example, dopamine release from
juxtaglomerular neurons can act presynaptically on receptor neuron afferents to reduce receptor
activation of bulb circuits (Sallaz and Jourdan 1992;Wachowiak and Cohen 1999;Ennis et al.
2001) and mitral cell odor responsiveness (Wilson and Sullivan 1995). Juxtaglomerular cell
dopamine expression is regulated by afferent activity, with decreased afferent input producing
dramatic, rapid down-regulation of dopamine synthesis (Baker et al. 1988;Philpot et al.
1998). Thus, prolonged exposure to a particular odor or odorant feature could modulate
dopamine release (Coopersmith etal. 1991) and subsequent mitral cell odorant receptive fields.

Inhibitory granule cells, which form the largest population of olfactory bulb neurons, are also
a prime candidate for experience-dependent change. Granule cells form dendrodendritic
reciprocal synapses with mitral cells and are also the primary target of centrifugal fibers to the
bulb. Associative odor learning activates c-fos expression in granule cells (Woo et al.
1996;Allingham et al. 1999), neurogenesis/survival of newly formed granule cells (Rochefort
et al. 2002), odor-evoked GABA release (Brennan et al. 1998;Okutani et al. 1999), and, in
some cases, mitral cell suppressive responses to learned odors (Wilson et al. 1987).

Together, these mechanisms could result in modified mitral cell odorant receptive fields and
refinement in odorant feature encoding, and, in turn, contribute to experience-dependent
changes in odorant discrimination as described above. Perhaps most importantly, the refined
olfactory bulb output could contribute to greater fidelity in the synthetic coding of odorant
objects in the piriform cortex, as described below.
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Piriform Cortex

As noted above, odorant receptive fields of neurons in the piri-form cortex differ from those
of mitral cells in that cortical neurons appear to respond to odorants as a whole, rather than to
individual odorant features. The best evidence of this synthetic nature of cortical odorant
receptive fields comes from cross-habituation studies. As noted above, in mitral cells,
habituation to one odor produces cross-habituation to the other odors within the receptive field.
However, in piriform cortical neurons, habituation to one odorant produces only slight cross-
habituation to the other odorants within the receptive field (Wilson 1998a). In fact, habituation
to a binary mixture produces minimal cross-habituation to the components (Wilson 2003),
indicating that the cortical neuron treats the mixture as a unique odorant object, different from
the components.

Importantly, however, the enhanced odorant discrimination in the piriform cortex requires
experience (Fig. 1A). When exposed to novel odorants for <10-20 sec, piriform cortical
neurons behave like feature-detecting mitral cells and show strong cross-habituation. Only
when exposed to odorants for at least 50 sec do the enhanced discrimination and synthetic
processing phenomena become apparent (Wilson 2003). These results indicate that cortical
neurons/circuits “learn” to synthesize the combination of features present in an odorant into
an odorant object, but that this learning takes time.

Synthesis of features within the piriform cortex could occur through convergence of mitral cell
axons conveying activity from different olfactory receptors (Zou et al. 2001), and/or
convergence of the broadly dispersed intracortical association fiber system (Haberly 2001).
We propose that most plasticity-dependent synthesis occurs via the intracortical association
fiber system for at least two reasons. First, the mitral cell synapses show robust activity-
dependent short-term depression during prolonged odor stimulation (Wilson 1998b) or tetanic
stimulation (Best and Wilson 2002). This depression may contribute to cortical odor
habituation (Wilson 1998b), but presumably does not enhance synthetic coding. The second
reason to focus on the association fiber system is that these synapses display robust, activity-
dependent associative long-term potentiation (Stripling et al. 1988;Kanter and Haberly
1990;Patil et al. 1998), precisely the type of mechanism that could allow for experience-
induced synthetic coding of coactive inputs. Computational models of the piriform cortex
(Granger and Lynch 1991;Hasselmo et al. 1992;Hasselmo and Barkai 1995) support a role of
association fiber plasticity in olfactory associative memory function.

Thus, experience-dependent associative plasticity of cortical synapses is proposed as a
mechanism of synthetic coding in the piriform cortex. Once the combinations of odorant
features expressed in an odor are encoded synthetically in the cortex, cortical neurons can
continue to respond even in situations of partially degraded input, thus treating stimuli
composed of multiple features as single objects and enhancing discriminability between those
objects. We hypothesize that it is this enhancement of cortical discrimination and synthetic
coding that drives enhanced odor acuity at the behavioral level.

Acetylcholine and Olfactory Perceptual Learning

ACh from the basal forebrain has been demonstrated to serve an important function in attention,
arousal, learning and memory, as well as the hypothesized neural substrates of these behavioral
phenomena in a wide variety of experimental paradigms (e.g., Deutsch 1971;Bear and Singer
1986;Givens and Olton 1994;Aigner 1995;Bakin and Weinberger 1996;Blokland 1996;Sarter
and Bruno 1997;Kilgard and Merzenich 1998). For example, in the auditory system, both
learned behavioral tone discrimination and the suspected neural correlates of auditory
conditioning are similarly modulated by manipulations of cholinergic systems—disruption of
normal cholinergic activity impairs behavioral auditory conditioning and neural plasticity,
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whereas enhancement of cholinergic activity facilitates behavioral learning and cortical
plasticity (e.g., Caine et al. 1981;Bakin and Weinberger 1996;Kilgard and Merzenich
1998;McLin 111 et al. 2002).

In olfaction, both behavioral perceptual learning and its hypothesized neural correlates are
modulated by ACh (Fig. 1B,C). The cholinergic projections to the olfactory bulb and piriform
cortex arise primarily from the horizontal limb of the diagonal band of Broca (HLDB; Shute
and Lewis 1967;Wenk et al. 1977;Macrides et al. 1981;Luskin and Price 1982;Zaborszky et
al. 1986). Interestingly, this area also receives input from the olfactory system (Broadwell
1975;Linster and Hasselmo 2000); thus, cholinergic feedback can be, at least in part, regulated
by odorant stimulation itself. ACh modulates several aspects of central olfactory neuron
physiology and circuit function that may be important for perceptual learning. Furthermore,
disruption of olfactory system ACh increases behavioral generalization between molecularly
similar odors (Linster et al. 2001) and impairs olfactory perceptual learning (Fletcher and
Wilson 2002), whereas the ACh agonist physostigmine can enhance odor discrimination in
rats (Doty et al. 1999).

Although there may be a small population of intrinsic cholinergic neurons in both the olfactory
bulb and piriform cortex (Phelps et al. 1992), the majority of cholinergic input to these olfactory
structures originates in the basal forebrain nucleus of the HLDB. In the olfactory bulb,
cholinergic fibers terminate in all layers, although they are significantly densest in the internal
plexiform layer and glomerular layer (Carson and Burd 1980;Halasz and Shepherd 1983;Kasa
et al. 1995). ACh has several disparate postsynaptic consequences in the olfactory bulb,
mediated by both muscarinic and nicotinic receptors (Nickell and Shipley 1988b;Ravel et al.
1990;Elaagouby et al. 1991;Castillo et al. 1999), although the primary target appears to be
interneurons (Nickell and Shipley 1988a;Kunze et al. 1991;Kasa et al. 1995). ACh infusion
into the olfactory bulb can produce not only immediate modulation of bulb circuit excitability
(Elaagouby et al. 1991) but also more long-lasting increases in bulb excitability (Elaagouby
and Gervais 1992). Blockade of olfactory bulb muscarinic receptors with scopolamine disrupts
short-term memory in an olfactory delayed match-to-sample task (Ravel et al. 1994).

In the piriform cortex, cholinergic fibers from the HLDB terminate heavily in Layers Il and
I11 and less heavily in Layer I, and in contrast to the olfactory, the primary target appears to be
the principal output neurons, pyramidal cells of Layers Il and I11 (Luskin and Price 1982). ACh
appears to have three major functional consequences on piriform cortical circuit function: (1)
a selective modulation of intracortical association fiber synapses, with minimal effects on
afferent synapses (Hasselmo and Bower 1992;Linster et al. 1999); (2) a reduction in pyramidal
cell after-hyperpolarization and spiking adaptation to current steps, and thus a potential
increase in signal-to-noise ratios (Barkai and Hasselmo 1994;Saar et al. 2001); and (3)
modulation of long-term potentiation of association fiber synapses (Hasselmo and Barkai
1995). Acetylcholine does not appear to modulate cortical habituation to odorants (Chabaud
et al 2000;Wilson 2001).

As noted above, blockade of ACh in the olfactory system or lesions of the HLDB impair
olfactory memory in several paradigms (Ravel et al. 1994;DeRosa and Hasselmo 2000;Linster
et al. 2001;Saar et al. 2001). Similarly, systemic scopolamine injections impair olfactory
perceptual learning (Fletcher and Wilson 2002). Fletcher and Wilson (2002) trained animals
with a novel odorant (15 4-sec odor stimuli paired with footshock) after receiving either an
injection of scopolamine (0.2 or 0.5 mg/kg) or saline and then returned the rats to their home
cages. The next day, odorant discrimination tests were performed between the trained odorant
and odorants in a homologous series varying in carbon chain length. Animals that had been
trained the previous day with saline injections were able to discriminate the trained odorant
from an odorant differing by a single carbon (e.g., ethyl heptanoate vs. ethyl octanoate).
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Completely untrained animals cannot make this discrimination, indicating that the trained
animals are showing perceptual learning. However, blockade of cholinergic muscarinic
receptors with 0.5 mg/kg scopolamine during training (there was no drug present during testing)
prevented this perceptual learning. Scopolamine-injected animals were unable to make the one-
carbon difference discrimination, performing similarly to untrained controls.

These results imply that ACh is an important modulator of olfactory perceptual learning. Given
the neural circuitry and synaptic functions described above, ACh could impose this modulation
via actions within the olfactory bulb, piriform cortex, or both. Results from computational
modeling indicate that cholinergic modulation of lateral inhibition in the olfactory bulb could
enhance distinctiveness of activity patterns evoked by similar odorants and thus enhance
behavioral discrimination of those odorants (Linster and Cleland 2002). Thus, if initial
exposure and attention to odorants enhanced cholinergic release in the olfactory bulb, there
could be aresulting increase in lateral inhibition and increase in odor discrimination. However,
to account for the long duration of olfactory perceptual learning described above, these
cholinergic-induced changes in lateral inhibition would similarly have to extend beyond the
initial training phase. Now that exposure-induced changes in mitral cell odorant receptive fields
have been described (Fletcher and Wilson 2003), investigation of the role of ACh in this
plasticity is warranted.

Computational modeling and experimental analysis of cholinergic effects in the piriform
cortex, on the other hand, imply that training or attention-induced ACh cortical release could
produce long-lasting changes in the strength of association fiber synapses, which could
hypothetically result in storage of synthetic representations of the experienced or learned odor
(Hasselmo and Barkai 1995;Saar et al. 1999). In fact, scopolamine either given systemically
at the same dose that blocks behavioral olfactory perceptual learning or applied directly to the
surface of the piriform cortex prevents exposure-induced enhancement of odor discrimination
by cortical neurons (Wilson 2001).

Specifically, as described above, pyramidal-cell single units in the piriform cortex show
enhanced discrimination of similar odorants after 50 sec of exposure to those odorants
compared with cortical discrimination of completely novel odorants (<10 sec of exposure),
and compared with olfactory bulb mitral cell discrimination. This emergence of enhanced
cortical discrimination over the course of the 50-sec odorant exposure indicates that the cortex
may be learning that a particular combination of coincident odorant features represents a single
odor object. Disruption of cortical cholinergic input during the odorant exposure, which impairs
normal cortical plasticity, prevents the emergence of enhanced odor discrimination by cortical
neurons (Wilson 2001).

Thus, these results describe a modulatory role of ACh in olfactory perceptual learning at both
the behavioral and cortical single-unit level. The results imply that attention or arousal, which
can elevate cholinergic release by basal forebrain neurons (Acquas et al. 1996), could not only
enhance the probability of associative, declarative memory for the odor (e.g., this odor signals
reward), but also enhance the perceptual distinctiveness of that stimulus from similar stimuli.

Early Olfactory Learning: A Special Case?

The rat olfactory system is functional early in development, and learned odors are critical for
neonatal survival in many mammalian species. In rats, neonates learn the odor of their mother
through an associative conditioning mechanism involving pairing of maternal odor with other
maternal stimuli such as warmth, milk, and grooming (Hofer and Sullivan 2001). The pups
learn both an approach response and generalized behavioral activation to the maternal odor.
Given the effects of early experience in other sensory systems, it seems likely that this early
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learning may not only result in learned preferences, but also affect perceptual olfactory acuity.
To our knowledge, however, olfactory perceptual learning in neonates has not been examined.

Early associative olfactory learning is correlated with specific changes in olfactory bulb
processing of the learned odors (Coopersmith and Leon 1984;Wilson and Sullivan 1994), and
these changes require activation of centrifugal inputs to the bulb during conditioning. The most
thoroughly studied of these inputs is norepinephrine (NE) from the locus coeruleus (Sullivan
et al. 1989;Sullivan and Wilson 1994). Blockade of NE-p receptors within the olfactory bulb
(Sullivan et al. 1992) or lesions of the locus coeruleus (Sullivan et al. 1994) during training
prevent early olfactory learning, whereas activation of NE-3 receptors within the olfactory bulb
(Sullivan et al. 2000b) or pharmacological stimulation of the locus coeruleus (Sullivan et al.
2000b), paired with odor stimulation, allows early olfactory learning.

Of particular relevance to the present review, cholinergic stimulation of the locus coeruleus,
which enhances mitral cell responsiveness to olfactory nerve input (Jiang et al. 1996), is
sufficient to produce a learned odor preference in neonates when paired with odor stimulation
(Sullivan et al. 2000b). ACh can also directly modulate NE release from locus coeruleus
terminals within the olfactory bulb (EI-Etri et al. 1999), thus serving as another site for
interaction between these systems in regulation of early olfactory learning. It is yet to be
determined if this learned preference is associated with a change in perceptual acuity for the
learned odor, but these results imply an important role of ACh in olfactory learning throughout
life.

Olfactory perceptual learning is a rapid form of plasticity with neural correlates in both the
olfactory bulb and piriform cortex. Olfactory perceptual learning may be critical for normal
synthetic coding of complex odorants to allow recognition of perceptual odor objects. ACh
plays a critical role in modulating behavioral perceptual learning and its cortical neural
correlates. Thus, disturbance of cholinergic function could have a significant impact on normal
olfactory function and implicit olfactory memory.
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Figure 1.

Odor discrimination is enhanced by experience and modulated by acetylcholine. (A) Following
50 sec of exposure to a novel binary mixture, olfactory bulb mitral cells show poor
discrimination of the mixture from its components (strong cross-habituation), while cells in
the anterior piriform cortex could show discrimination (only weak cross habituation). The
enhanced cortical discrimination, however, requires sufficient past experience. Exposure to a
novel mixture for only 10 sec is insufficient to allow good discrimination between the mixture
and its components. These data are consistent with experience-dependent synthetic coding in
the piriform cortex, with familiar mixtures treated as unique odor objects, distinct from their
components (from Wilson 2003). (B) The experience-induced enhancement in cortical odor
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discrimination can be blocked by application of the muscarinic receptor antagonist
scopolamine to the piriform cortical surface during exposure to the novel odorant. Similar
results are observed after systemic 0.5 mg/kg scopolamine injections. In this example, cells
are tested for discrimination of alkanes differing in carbon chain length (from Wilson 2001).
(C) Prior exposure enhances discriminability of similar odorants (ethyl esters varying in carbon
chain length) behaviorally, as assessed with odor-evoked cardiac orienting responses (cf.
trained vs. untrained cross-habituation). Systemic scopolamine during the training phase
prevents this perceptual learning (from Fletcher and Wilson 2002).
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