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Acetylcholine (ACh) has a critical, modulatory role in plasticity in many sensory systems. In the rat olfactory
system, both behavioral and physiological data indicate that ACh may be required for normal odor memory
and synaptic plasticity. Based on these data, neural network models have hypothesized that ACh muscarinic
receptors reduce interference between learned cortical representations of odors within the piriform cortex.
In this study, odor receptive fields of rat anterior piriform cortex (aPCX) single-units for alkane odors were
mapped before and after either a systemic injection of the muscarinic receptor antagonist scopolamine (0.5
mg/kg) or aPCX surface application of 500 puM scopolamine (or saline/ACSF controls). Cross-habituation
between alkanes differing by two to four carbons was then examined following a 50-sec habituating stimulus.
The results demonstrate that neither aPCX spontaneous activity nor odor-evoked activity (receptive field) was
affected by scopolamine, but that cross-habituation in aPCX neurons was enhanced significantly by either
systemic or cortical scopolamine. These results indicate that scopolamine selectively enhances generalization
between odor representations in aPCX in a simple memory task. Given that ACh primarily affects intracortical
association fibers in the aPCX, the results support a role for the association system in odor memory and

discrimination and indicate an important ACh modulatory control over this basic sensory process.

Central cholinergic systems have been implicated in atten-
tion and memory, and degeneration of these systems may
partially underlie aging/dementia-associated declines in cog-
nitive ability (Olton and Wenk 1987; Fibiger 1991; Everitt
and Robbins 1997). Cortical acetylcholine release is el-
evated during arousal and/or attention (Acquas et al. 1996),
and lesions or pharmacological blockade of central cholin-
ergic synapses impairs cognitive functions (Cheal 1981;
Coyle et al. 1983).

The olfactory system has been an especially useful
model system for studying the role of acetylcholine in
memory. Disruption of normal cholinergic function has
been implicated in disruption of many forms of odor
memory, including simple odor habituation (Hunter and
Murray 1989; Paolini and McKenzie 1993), associative odor
memory (Roman et al. 1993; Ravel et al. 1994; Ferreira et al.
1999; DeRosa and Hasselmo 2000; Winters et al. 2000; see
also Wirth et al. 2000), and odor rule or set learning (Saar et
al. 2001). The mechanisms of cholinergic modulation of
olfactory memory, however, are unknown.

The olfactory system primarily receives cholinergic in-
put from the basal forebrain (Wenk et al. 1977; Shipley and
Ennis 1996), although there is also a small population of
intrinsic cholinergic neurons within the olfactory bulb and
cortex (Phelps et al. 1992). The major source of acetylcho-
line (ACh) to the olfactory system is the horizontal limb of
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the diagonal band of Broca (HLDB), which also receives
olfactory input. In fact, activity within the HLDB and ACh
release are enhanced by olfactory system activation (Inglis
and Fibiger 1995; Linster and Hasselmo 2000). In the olfac-
tory bulb, the first central processor in the olfactory path-
way, ACh modulates activity of both output neurons (mi-
tral/tufted cells) and interneurons through both muscarinic
and nicotinic receptors (Nickell and Shipley 1988; Ravel et
al. 1990; Elaagouby et al. 1991; Castillo et al. 1999). In the
piriform cortex, ACh modulates synaptic transmission be-
tween pyramidal neurons (association fibers; Hasselmo and
Bower 1992; Rosin et al. 1999), modulates pyramidal cell
excitability (Linster et al. 1999) and regulates adaptation of
pyramidal cell firing to step depolarization (Barkai and Has-
selmo 1994). In both the olfactory bulb (Elaagouby and
Gervais 1992) and piriform cortex (Hasselmo and Barkai
1995; Saar et al. 2001), ACh also enhances some forms of
neural plasticity.

Modeling studies of piriform cortex indicate that ACh
may function to reduce interference between different,
stored patterns of odor-evoked activity, and therefore, re-
duce confusion between odorant memories (Hasselmo and
Bower 1993; Linster and Hasselmo, 2001). Therefore, a re-
duction in cholinergic activity within the piriform cortex
during odor exposure and learning should result in interfer-
ence between cortical representations of different odors
that could be expressed as a memory impairment.

Neurons within the anterior piriform cortex (aPCX)
display odor-receptive fields (Wilson 1998a, 2000b) similar
to that reported for both olfactory receptor neurons (Sato et
al. 1994; Duchamp-Viret et al. 1999; Malnic et al. 1999) and
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olfactory bulb mitral/tufted cells Imamura et al. 1992; Yo-
koi et al. 1995). However, aPCX neurons are capable of a
high degree of discrimination between odors within their
receptive fields, a capability not expressed by mitral/tufted
cells (Wilson 2000b). For example, habituation to one odor
within the receptive field of an aPCX neuron does not gen-
eralize to responsiveness to other, highly similar odorants
(e.g., varying by only two carbons in molecular length),
whereas mitral/tufted cells show substantial generalization/
cross-habituation between odors within their receptive
fields (Wilson 2000a,b).

This report examines whether the heightened specific-
ity of responses within the aPCX may be related to the
hypothesized (Hasselmo and Bower 1993; Linster and Has-
selmo 2001) cholinergic reduction in interference between
cortical odor representations mentioned above. The results
indicate that the muscarinic ACh receptor antagonist sco-
polamine enhances cross-habituation (generalization) be-
tween odors by aPCX neurons in a simple odor memory
test.

RESULTS
As reported previously, aPCX layer II/III single-units dis-
played odorant receptive fields for a series of alkanes vary-
ing in carbon chain length. Single cells responding reliably
to two or three of the test stimuli were used in this data set.

Systemic injection of scopolamine (0.5 mg/kg) had no
significant effect on spontaneous activity of layer II/III aPCX
neurons (Fig. 1). Spontaneous activity remained around 0.5
Hz after either saline (7 = 15) or scopolamine (7 = 12) in-
jections (ANOVA, F(1,25) = 0.06, N.S.). Surgical exposure
of the cortex and superfusion with aCSF produced a marked
increase in aPCX spontaneous activity over the enclosed
cortex (Fig. 1). Similar to systemic injection, however, ap-
plication of 500 uM scopolamine (n = 14) directly to the
cortical surface had no detectable effect on spontaneous
activity compared to aCSF (n = 14; ANOVA, F(1,26) = 0.006,
N.S).

Odor-evoked activity was also not affected detectably
by either systemic or cortical application of scopolamine.
As shown in Figure 2, both the general characteristics of the
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Figure 2 Representative example of single-unit peri-stimulus time
histograms (100 ms bin width) of odor responses pre- and post-
cortical application of scopolamine (500 pM). The receptive field
of this cell included a vigorous response to heptane, less to nonane,
and no response to pentane (2-sec odor stimuli). Re-testing 10 min
after cortical scopolamine application showed no detectable
change in the odor receptive field.

receptive field (i.e., which odor was maximally excitatory
and which odors were least excitatory) and the quantitative
magnitude of odor-evoked responses were unaffected by
scopolamine (the cell shown in Fig. 2 was exposed to cor-
tical surface application of scopolamine). For analysis, odor
response magnitude (spike count during the two-second
odor stimulus-spike count during the two seconds imme-
diately preceding odor onset) after pharmacological ma-
nipulation was expressed as a percent of the response mag-
nitude pre-drug. As shown in Figure 3, neither systemic
(n = 15/mean; main effect of drug; ANOVA, F (1,51) = 0.21,
N.S.) nor cortical scopolamine (7 = 7-14 cells/mean; main
effect of drug; ANOVA, F (1,61) = 0.01, N.S.) affected odor
response magnitude significantly.

Self-habituation to odor was not affected significantly
by either systemic or cortical scopolamine (Fig. 4). Odor
responses to a 2-sec odor pulse were significantly reduced
following a 50-sec presentation of the same odor, as re-
ported previously (Wilson 1998a), and the magnitude of
this reduction was unaffected by scopolamine.

In cells from control animals, this habituation was
highly odor-specific, with minimal cross-habituation of al-
kanes differing in carbon chain length by two or four car-
bons. however,
showed significant cross-habituation between alkanes (Fig.
4; systemic scopolamine: ns = 8-21 cells/mean; ANOVA,
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Figure 1 Spontaneous activity pre- and post-systemic (left) or cor-
tical (right) scopolamine. Control animals were injected with saline
or had ACSF applied to the cortical surface. Cells in the exposed
cortex had substantially higher spontaneous activity than closed-
skull animals, but scopolamine had no detectable effect on spon-
taneous activity.
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Figure 3 Response magnitude (as expressed as a percent of pre-
drug magnitude) across all three odorants tested pre- and post-
systemic (left) or cortical (right) scopolamine. Control animals were
injected with saline or had ACSF applied to the cortical surface.
Odorant response magnitude was not modified detectably by sco-
polamine.
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ACh Modulation of Olfactory Cortex Receptive Fields
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Figure 4 Self- and cross-habituation to odorants pre- and post-
systemic (left) or cortical (right) scopolamine. Control animals were
injected with saline or had ACSF applied to the cortical surface.
Scopolamine had no significant effect on self-habituation but en-
hanced cross-habituation to other alkane odorants significantly.

main effect of Drug, F(1,87)=12.28, P<0.01, and
drug x odor difference interaction, F(2,87) = 4.91, P <0.01;
cortical scopolamine: ns = 5-18 cells/mean; ANOVA, main
effect of Drug, F(1,71) = 9.63, P <0.01, and drug x odor dif-
ference interaction, F(2,71) = 2.35, P = 0.10, N.S.). Post-hoc
Fisher tests revealed a significant (P <0.05) effect of scopol-
amine at the two and four carbon chain length difference in
both systemic and cortical application paradigms. The ef-
fects of scopolamine were relatively robust, being apparent
not only in these averaged data, but also when examined on
a cell-by-cell basis. For example, with cortical surface sco-
polamine treatment, 81% of individual cells showed at least
a 50% reduction of response magnitude to odors either two
or four carbons different than the habituating stimulus. This
is compared with only 40% of ACSF-treated cells. Therefore,
as opposed to control cells, habituation to one odor in the
presence of scopolamine significantly reduced responses to
other, similar odors.

DISCUSSION

Our results show that the muscarinic receptor antagonist
scopolamine selectively enhanced generalization between
odors by aPCX single-units in a simple odor memory task
(habituation) without producing a detectable effect on
spontaneous activity, the magnitude of odor-evoked activ-
ity, or habituation itself. This effect was expressed follow-
ing either systemic injection or direct application of scopol-
amine to the aPCX surface, indicating direct involvement of
cortical muscarinic receptors.

Odor-evoked activity and odor discrimination, as deter-
mined by partial mapping of receptive fields was not af-
fected by scopolamine. For example, individual cells that
responded to one particular odor and not to another before
scopolamine, continued to do so after scopolamine. Odor
discrimination as determined by cross-habituation, how-
ever, was impaired significantly by scopolamine. In fact,
cross-habituation levels under scopolamine were similar to
that reported for olfactory bulb mitral/tufted cells (Wilson
2000b). Again, this scopolamine effect appears to be attrib-
utable to a blockade of receptors within the aPCX itself,
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given that aPCX cortical surface application had the same
effect as systemic injection. Systemic scopolamine injection
has been also shown recently to not affect spontaneous or
odor-evoked oscillatory activity of local field potentials re-
corded in the aPCX, although it significantly modulates field
potentials in other regions of the olfactory pathway
(Chabaud et al. 2000).

There are at least two interpretations of the scopol-
amine-induced enhancement in cross-habituation in the
aPCX. First, scopolamine may produce a purely sensory
deficit wherein similar odors cannot be discriminated by
cortical neurons because of a scopolamine-induced change
in cortical activation patterns. Therefore, for example, sco-
polamine could enhance the size of aPCX neuron receptive
fields (through disinhibition of association fiber synapses or
changes in membrane excitability; Hasselmo and Bower
1992) with a loss of discrimination between odors within
that enlarged field. This does not appear to be the case in
the present data because scopolamine did not detectably
alter aPCX single-unit receptive fields or the magnitude of
odor-evoked responses (e.g., Figs. 2 and 3). Similarly, ACh
release (via nucleus basalis stimulation) in the auditory cor-
tex does not appear to modify single-unit receptive fields, as
long as the release is not specifically, repeatedly paired with
an auditory stimulus (Bakin and Weinberger 1996).

The second interpretation of the scopolamine-en-
hancement of cross-habituation is a confusion in the cortical
representation of simple odor memory. Therefore, during
post-habituation receptive field mapping, the cell may “re-
call” incorrectly which odor was experienced during the
habituation exposure. This confusion could be mediated by
a scopolamine-induced lack of specificity in synaptic plas-
ticity evoked by the prolonged odor exposure. Whereas
odor habituation is associated with odor-specific depression
of the afferent LOT synapses (Wilson 1998b), the associa-
tion fiber synapses are also highly plastic and this associa-
tion fiber plasticity has been hypothesized to be critical for
odor memory (Haberly 1985; Hasselmo et al. 1990). Accord-
ing to network modeling of the piriform cortex by Has-
selmo and co-workers (Hasselmo et al. 1990; Hasselmo and
Barkai 1995), ACh suppression of association fiber synapses
during odor learning allows for the selective plasticity nec-
essary for odor memory, while preventing nonselective
plasticity that could produce interference between repre-
sentations of multiple odors within the piriform cortex.
Given that the HLDB is activated by olfactory input (Linster
and Hasselmo 2000), novel (as used here) or biologically
significant odorants could enhance ACh release, which
could form a feedback system that allows on-line fine tuning
of plasticity and memory formation in the piriform cortex
(Linster and Hasselmo 2001). Blockade of piriform ACh re-
ceptors, therefore, would produce nonselective synaptic
plasticity and confusion or interference between stored rep-
resentations. These results appear to support this hypoth-
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esis, and further, imply a role for cortical association fibers
in odor-specific habituation, in addition to that shown pre-
viously for afferent synapses (Wilson 1998b).

Comparison With Other Systems

There are several striking parallels between the olfactory
system and the higher-order visual cortices, as described
recently by Haberly (2001). In the visual system, peripheral
and primary cortical neurons have simple, feature-detecting
receptive fields, responding maximally, for example, to a
contrast edge or bar of light. In higher order visual cortex,
however, such as inferotemporal cortex, receptive fields
are much more complex, with maximal responses elicited
only by an appropriate combination of features, such as a
face (for recent reviews, see Logothetis and Sheinberg
1996; Miyashita and Hayashi 2000; Rolls 2000; Tanaka
2000). In fact, some neurons express view-invariant recep-
tive fields, where the effective stimulus can be rotated
around an axis, yet still produce a maximal response in the
neuron. Importantly, complex and view-invariant receptive
fields of inferotemporal cortex neurons require experience
for their formation (Rolls 2000), although the experience
can be as little as five seconds (Tovee et al. 1996).

In the olfactory system, as in vision, more peripheral
neurons, such as receptor neurons, and mitral/tufted cells
appear to function primarily as feature detectors. Both theo-
retical (Haberly 2001) and recent cross-habituation studies
(Wilson 2000a,b), however, suggest that receptive fields in
piriform cortex may be similar to higher order, auto-asso-
ciative cortices, rather than primary sensory cortex. Specifi-
cally, piriform cortex receptive fields may be similar to in-
ferotemporal cortex complex visual receptive fields, with
individual neurons responding to odors as unique en-
sembles of features, that once combined, are treated as a
single complex stimulus. For example, single units in the
aPCX show minimal cross-habituation between binary odor
mixtures and their components, suggesting that the aPCX
treats the mixture as a completely different stimulus than
either of its component features (Wilson 2000a; piriform
cortex receptive fields may also be multimodal, responding
to the sensory context or reward associations of odors;
Schoenbaum and Eichenbaum 1995). If piriform cortex is
functioning similar to inferotemporal cortex, then forma-
tion of these odor feature ensembles should require some
minimal experience (the odors used in this study were all
novel to the animal). Without appropriate experience (or
with the normal effects of experience blocked by scopol-
amine as described above) the piriform may not be able to
create odor feature ensembles, and therefore may respond
to odors based on the presence of specific features alone —
similar to what has been reported for mitral/tufted cells.
Therefore, as shown in this paper, as with feature-detecting
mitral/tufted cells (Wilson 2000b), scopolamine-treated
aPCX neurons show strong cross-habituation to similar
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odors. It should also be noted that cholinergic lesions dis-
rupt inferotemporal cortex-mediated visual discriminations
(Barefoot et al. 2000).

Comparison With Behavioral Data

Scopolamine has been reported to impair behavioral odor
habituation (Hunter and Murray 1989) and behavioral asso-
ciative odor memory (DeRosa and Hasselmo 2000; Ravel et
al. 1994). This cholinergic modulation of behavioral re-
sponses may be mediated by several brain regions in addi-
tion to the aPCX (e.g., Ravel et al. 1994; Linster and Has-
selmo 1997), however these results should shed light on
neural substrates of some of these behavioral effects. It
should be noted that the effects of scopolamine reported
here for the anesthetized rat may be reduced from those
that occur in awake, freely moving animals that could have
higher or more dynamic levels of aPCX muscarinic receptor
activation.

At least two studies have examined the role of ACh in
rat behavioral odor habituation. These studies indicate that
systemic scopolamine (Hunter and Murray 1989) and le-
sions of the horizontal limb of the diagonal band (Paolini
and McKenzie 1993) impair the habituation of odor inves-
tigation latency and duration. The Hunter and Murray
(1989) data are somewhat compromised by general behav-
ioral deficits induced by the scopolamine injections, al-
though the results are interpreted as indicating that odor
habituation was reduced by scopolamine. For statistical
comparison, however, responses to the habituating odor
were compared with responses to a novel odor — re-
sponses to the novel odor were expected to differ signifi-
cantly from the habituation odor (e.g., the animal should
investigate a novel odor longer than the habituated odor). A
close examination of Figures 3B and 4C in that paper
(Hunter and Murray 1989), however, indicates that al-
though 0.5 mg/kg of scopolamine did eliminate differences
between the responses to the habituated odor and the novel
odor, the lack of difference appears, in fact, to be attribut-
able to a reduction in responsiveness to the novel odor
rather than an increased (less habituated) response to the
habituated odor. Therefore, the behavioral scopolamine
data of Hunter and Murray (1989) may actually correspond
well with the single-unit results observed here in suggesting
a scopolamine-induced generalization of odor habituation
with relatively little effect on habituation itself.

In addition to odor habituation, ACh also modulates
associative learning of behavioral odor responses. For ex-
ample, scopolamine (at the same systemic dose as used
here, 0.5 mg/kg) decreased the probability of correct
choices in a delayed match to sample odor task, even with
no delay imposed between sampling and match choice
(Ravel et al. 1992). Similarly, in a simultaneous odor dis-
crimination task requiring memory of odor pairs, scopol-
amine (0.5 mg/kg) significantly impaired acquisition of
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Figure 5 Cresyl violet-stained coronal section through aPCX
showing electrode tract and example of an odor response from a
layer I/l neuron recorded at the asterisk (single unit extracted for
analysis from this raw recording with template-matching). Single
units used in this study were from aPCX layer Il or Ill. Respiratory
cycle was determined from chest wall movement. (E) Exhalation; (1)
inhalation.

overlapping pairs, yet had little effect on nonoverlapping,
distinct pairs (DeRosa and Hasselmo 2000). These results
have been interpreted as a scopolamine-induced increase in
interference between odorant representations in the olfac-
tory system, similar to that reported here at the aPCX single-
cell level.

Conclusions

‘Whereas both receptor neurons and olfactory bulb mitral
cells have odor-receptive fields that imply a high degree of
odor discrimination near the periphery, both behavioral
(Slotnick and Berman 1980; Staubli et al. 1987) and physi-
ological (Wilson 2000a,b) data indicate that the piriform
cortex is critically involved in discrimination and memory
of complex and/or very similar odorants. The piriform cor-
tex has been hypothesized to be involved in synthesizing
odorant features, extracted by more peripheral olfactory
structures, into perceptual odor wholes and perhaps includ-
ing multi-modal associations, similar to the higher-order cor-
tical processing of complex visual stimuli (Hasselmo et al.
1990; Haberly 2001). This synthesis may involve rapid syn-
aptic plasticity that creates a unique combinatorial repre-
sentation of the multiple features of a single odorant, or the
multiple components of an odorant mixture (Haberly 1985;
Lynch 1986; Hasselmo et al. 1990; Wilson, 2001). Piriform
cortex synaptic plasticity, therefore, may be a normal part
of processing complex odorants, in addition to being re-
quired for more traditional memory tasks. Therefore, cho-
linergic modulation of this cortical plasticity (Hasselmo and
Barkai 1995; Saar et al. 2001) and of cortical odor represen-
tations (this data) may underlie the behavioral deficits in
olfactory behavior observed following manipulations of the
cholinergic system.

MATERIALS AND METHODS

Long-Evans hooded rats, anesthetized with urethane (1.5 g/kg) and
freely breathing were used as subjects. A monopolar, tungsten elec-
trode was placed in the lateral olfactory tract (LOT) to allow physi-
ological placement of a tungsten microelectrode (5-12 Mohm) into
layer II or III of the aPCX, as described previously (Wilson 1998a).
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The recording electrode was lowered from the dorsal skull surface
in both preparations described below. Recordings were made from
neurons in layer II/III, and confirmed as single units with autocor-
relation display of refractory periods and in some cases, template-
matching (Spike2, CED, Inc). The respiratory cycle was monitored
with a piezoelectric device sensitive to chest wall movements.

Odorant stimulation was performed with computer-driven so-
lenoids adding saturated odorant vapor into a clean, humidified
airstream (800 mL/min) to produce 107" dilutions, as described
previously (Wilson 2000a). Odorants consisted of 0.1 mL of pen-
tane, heptane, or nonane applied to syringe filters. Each odorant
had its own solenoid and syringe filters were located downstream
of the solenoids, therefore the solenoids were not contaminated by
odorants. Odorant stimulation was initiated at the transition from
inhalation to exhalation and had a duration of either 2 sec (test
stimuli) or 50 sec (habituating stimuli). Individual animals were
exposed to a particular habituating stimulus only once. Baseline
odorant-receptive field mapping involved at least a 60-sec inter-
stimulus interval.

The effects of the acetylcholine muscarinic receptor antago-
nist scopolamine on single-unit spontaneous and odor-evoked ac-
tivity was examined in two ways. Systemic manipulation involved
an i.p. injection of either 0.5 mg/kg scopolamine-HBr (Sigma) or
equal volume saline control. Odorant-receptive fields were mapped
before and 30-90 min after the systemic injection followed by
habituation to one of the odors and receptive field remapping. In
different animals, the aPCX was exposed by careful removal of the
skull overlying the aPCX before electrode implantation. The dura
was removed and the cortex bathed in artificial cerebrospinal fluid
(aCSF, 124 mM NaCl, 5 mM KCl, 1.24 mM KH,PO,, 2.4 mM CaCl,
1.3 mM MgSO,, 26 mM NaHCO;, 10 mM glucose). As noted below,
spontaneous activity in the exposed cortex preparation was higher
than in the enclosed cortex preparation, which could be caused by
trauma of dissection or composition of the aCSF. Odor responses in
these animals, however, appeared normal. Odorant-receptive fields
were mapped, then the aCSF was removed by absorption and re-
placed with either 500 uM scopolamine in aCSF or aCSF control.
Receptive field remapping and habituation were repeated at least 5
min after surface application.

A typical experiment involved mapping the odorant receptive
field twice, followed by the pharmacological manipulation. After a
delay appropriate for the mode of drug application, the receptive
field was then remapped and the animal habituated to one of the
three odors. Receptive field remapping then occurred 20-50 sec
after the end of the habituation stimulus and again at least 2 min
later. For statistical analyses, the number of cells/group varied be-
tween different measures because of differences in odor respon-
siveness (i.e., whether the cell responded to all three odors tested
or not) and which odor was selected to be the habituation odor
(i.e., whether it was pentane or nonane that allowed testing of
length difference of both two and four carbons, or if it was hep-
tane, which only allowed testing differences of two carbons). In
addition, those cells showing no initial spontaneous activity (0 Hz)
were not included in statistical comparisons of change in sponta-
neous activity rates. In some animals, electrode placements were
verified at the end of the experiment in cresyl violet-stained coronal
sections (Fig. 5).
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