
Differential effects of muscarinic receptor blockade
in prelimbic cortex on acquisition and memory
formation of an odor-reward task
Anna Carballo-Márquez, Anna Vale-Martínez,1 Gemma Guillazo-Blanch,
Meritxell Torras-Garcia, Núria Boix-Trelis, and Margarita Martí-Nicolovius
Departament de Psicobiologia i Metodologia de les Ciències de la Salut, Institut de Neurociències, Universitat Autònoma
de Barcelona, Barcelona 08193, Spain

The present experiments determined the consequences of blocking muscarinic cholinergic receptors of the prelimbic
(PL) cortex in the acquisition and retention of an odor-reward associative task. Rats underwent a training test (five
trials) and a 24-h retention test (two retention trials and two relearning trials). In the first experiment, rats were
bilaterally infused with scopolamine (20 or 5 µg/site) prior to training. Although scopolamine rats showed
acquisition equivalent to PBS-injected controls, they exhibited weakened performance in the 24-h retention test
measured by number of errors. In the second experiment, rats were injected with scopolamine (20 µg/site)
immediately or 1 h after training and tested 24 h later. Scopolamine rats injected immediately showed severe amnesia
detected in two performance measures (errors and latencies), demonstrating deficits in retention and relearning,
whereas those injected 1 h later showed good 24-h test performance, similar to controls. These results suggest that
muscarinic transmission in the PL cortex is essential for early memory formation, but not for acquisition, of a
rapidly learned odor discrimination task. Findings corroborate the role of acetylcholine in consolidation processes
and the participation of muscarinic receptors in olfactory associative tasks.

It is well known that acetylcholine (ACh), particularly through
muscarinic receptors, is one of the most important modulators of
cognitive processes (for review, see Power et al. 2003). It has been
proposed that cholinergic activity participates in specific stages
of memory formation; for example, ACh plays a crucial role in
taste-associative tasks in signaling the novelty of the informa-
tion, and shows special involvement in the early stages of
memory as opposed to later phases, such as retrieval (Miranda
and Bermudez-Rattoni 1999; Miranda et al. 2003). The impor-
tance of the cholinergic system in initial memory stages has been
complemented with data from microdialysis studies. Learning
has been associated with the increased activity of cholinergic
neurons (Orsetti et al. 1996) and significant cortical ACh aug-
mentation (Miranda et al. 2000), which appears to act on post-
synaptic muscarinic receptors (Ramirez-Lugo et al. 2003). Al-
though muscarinic activation is involved in cognitive functions
such as acquisition or attention, there is also broad evidence that
memory is influenced by cholinergic treatments administered
after training, showing that muscarinic receptors are important
in the modulation of memory consolidation (Power et al. 2003).
Furthermore, increases in cortical ACh levels are observed follow-
ing learning (see Power et al. 2003), which also supports the
notion that ACh release contributes to memory consolidation
(Gold 2003).

A region strongly modulated by cholinergic inputs affecting
cognitive function is the prelimbic (PL) cortex, a component of
the rat’s medial prefrontal region (for review, see Boix-Trelis et al.
2007). This cortical region is involved in complex executive func-
tions, such as attentional selectivity to relevant stimulus features
during learning, working memory, and behavioral flexibility
(Ragozzino et al. 1999, 2003; Dias and Aggleton 2000; Dalley et

al. 2004). Specifically related to muscarinic transmission, most
experiments demonstrated participation of cholinergic musca-
rinic PL receptors in attention and working memory (Ragozzino
2000). However, a number of experiments from Sara’s laboratory
have shown that the PL, along with other brain regions, is critical
for memory consolidation of a simple odor-reward association.
This odor discrimination task (ODT) requires the discrimination
of three odors, one of which is associated with an edible reward
(Sara et al. 1999). The odor-reward association is based on the
rat’s spontaneous exploration behavior and is rapidly acquired in
a single training session consisting of a few trials, which allows a
consistent memory for at least 1 wk. It appears, therefore, well-
suited for the study of time-dependent memory formation and
even initial consolidation processes (see Tronel and Sara 2002,
2003). As for PL involvement in ODT, an immunocytochemical
study marking c-Fos expression demonstrated learning-specific
c-Fos increases in the PL 90 min after ODT acquisition (Tronel
and Sara 2002). Additionally, electrophysiological recordings
suggested post-trial activation of PL neurons during ODT train-
ing (Kublik and Sara 2002). It should be emphasized that phar-
macological approaches have shown different receptors in the PL
region to have different temporal involvement in ODT memory
consolidation. Thus, injections of a NMDA receptor antagonist in
the PL immediately after training induced a robust and enduring
amnesia (Tronel and Sara 2003), whereas injections of a norad-
renergic antagonist impaired a later stage of memory consolida-
tion (Tronel et al. 2004). Nevertheless, the contribution to ODT
of other neuromodulatory systems projecting to the PL, such as
the cholinergic, has not been specified.

This is an important issue, as a better understanding of the
neurochemistry of medial prefrontal cortical function is neces-
sary (Robbins 2005). In this respect, a recent study showed that
20 µg of the muscarinic blocker scopolamine administered before
training in the PL disrupted learning of an olfactory relational
task, the social transmission of food preference (Boix-Trelis et al.
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2007). The present research further ex-
amined the involvement of the PL mus-
carinic receptors in the acquisition and
memory formation of ODT, which may
be considered another naturalistic asso-
ciative olfactory task. Experiment 1
evaluated the effects of bilateral doses of
scopolamine (20 µg or 5 µg/site) in the
PL, prior to training, on ODT acquisition
and 24-h tests to determine whether
muscarinic receptors are involved in
ODT learning. Experiment 2 explored
the consequences of injecting 20 µg of
scopolamine in the PL after training to
assess its effects on ODT memory con-
solidation. Two post-training time
points were considered, both immedi-
ately or 1 h after acquisition. These two
respective intervals were chosen to de-
termine the temporal participation of
muscarinic receptors in ODT consolida-
tion, as ACh is reported to be involved in
early memory formation.

Results

Experiment 1

Histology
At the end of the experiment, the rats
were subjected to histological verifica-
tion of cannula placements. The thionin
injection analyses indicated that the
fluid spread ventral and lateral to the in-
jection site and that it was concentrated
in the intended area. For the final
sample we only considered rats with
their cannula tips in the PL within the
area delimited by the anterior cingulate
and infralimbic cortices, and in which
no tissue damage due to the rate or vol-
ume of the infusions was detected (Fig.
1A). Specifically, the cannulae were lo-
cated along different brain coordinates
from 3.70 to 2.70 mm anterior to
bregma (Fig. 1B) according to the stereotaxic atlas (Paxinos and
Watson 1997). Twenty-seven rats were excluded from behavioral
data analyses since their cannulae were unintentionally im-
planted outside of the PL (infralimbic, forceps minor corpus cal-
losum, or III ventricle; n = 14) or due to technical problems dur-
ing the scopolamine infusion (n = 13). Thus, the final sample was
made up of 40 subjects distributed into the following groups:
SCOP20 (n = 12), SCOP5 (n = 15), and VEH (n = 13).

Behavioral testing
Rats were injected with scopolamine or vehicle and then trained
in the ODT in five trials (grouped in two blocks: Acq123 and
Acq45). The test phase, 24 h after acquisition, was not preceded
by scopolamine injections and consisted of four trials (two
blocks of two trials each: retention and relearning), the first of
which was not rewarded. The analysis of latencies to find the
correct sponge and make the nose-poke response for the four
blocks did not show statistically significant differences between
groups and the interaction Group � Block was not significant
either. Nevertheless, the Block factor was statistically significant
(F(3,111) = 33.19; P < 0.0001) (Fig. 2A). In contrast, the analysis

of the number of errors demonstrated that the Group and
Group � Block factors tended to statistical significance
(F(2,37) = 2.73; P = 0.079 and F(6,111) = 1.91; P = 0.086, respec-
tively). Also, the Block factor was highly significant
(F(3,111) = 12.88; P < 0.0001) (Fig. 2B).

Acquisition
Rapid learning was demonstrated by the progressive decrease, in
the course of acquisition trials, in latency to nose-poking the
correct sponge (F(1,37) = 63.92; P < 0.0001) and in the number of
errors (F(1,37) = 17.76; P < 0.0001) (Fig. 2). Although muscarinic
blockade was carried out before ODT training, no statistically
significant between-group differences were detected in any ac-
quisition block in terms of latencies or errors.

Retention and relearning
The mean latencies and errors for each group in the two reten-
tion and the two relearning trials of the 24-h test can be seen in
Figure 2. As for latency, no significant differences were detected
in any block of the 24-h test. However, contrast analyses indi-
cated that SCOP rats made more errors than VEH rats in retention

Figure 1. (A) Photomicrograph of Cresyl violet staining at the level of the PL area (AP, 3.50 mm
anterior to bregma) showing the cannula track and the microinjector tip of a representative subject.
(B,C) Microinjector tip placements for different groups throughout the rostral-caudal extent of the PL
(from 3.70 to 2.70 mm anterior to bregma) in experiments 1 (B) and 2 (C). Reprinted with permission
from Elsevier © 1997, Paxinos and Watson (1997). (�) n = 1, (*) n = 2, (+) n = 3. (Cg1) Cingulated
cortex area 1; (fmi) forceps minor of the corpus callosum; (IL) infralimbic cortex; (PL) prelimbic cortex.
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(SCOP20: F(1,37) = 14.07; P = 0.001, SCOP5: F(1,37) = 7.94;
P = 0.008), and relearning (SCOP20: F(1,37) = 4.24; P = 0.047). The
analysis of the two types of errors (nose-poke into nonrewarded
sponges–commission and failure to nose-poke after sniffing
the rewarded sponge–omission) showed in retention that
SCOP20 rats made significantly more commissions and omis-
sions than VEH rats (F(1,37) = 8.49; P = 0.006, F(1,37) = 5.80;
P = 0.021), and that SCOP5 rats made more omissions than VEH
rats (F(1,37) = 5.05; P = 0.031).

To control for localization of the scopolamine effect on the
ODT 24-h test, performances of SCOP rats discarded from the
main analyses (see Histology section) and VEH rats were com-
pared. Such an analysis demonstrated no significant differences
between these groups in retention or relearning.

Performance did not seem to be related to deficits in olfac-
tory sensitivity, since no statistically significant between-group
differences were observed when the latency to find a buried
cookie was analyzed (Fig. 3).

Experiment 2
In order to analyze the role of PL muscarinic transmission in ODT
consolidation, rats in Experiment 2 were injected with scopol-

amine in the PL immediately or 1 h after ODT training and tested
24 h later. A 20-µg dose was used, as it was the most effective to
increase the number of errors in Experiment 1.

Histology
The cannula implantations were similar to those described for
Experiment 1 (see Fig. 1C). Twelve rats were excluded from be-
havioral data analyses according to the same criteria as in Experi-
ment 1. Thus, the final sample was made up of 63 subjects dis-
tributed into the following groups according to drug (scopol-
amine or vehicle) and microinfusion delay (immediate or 1 h):
SCOP-Immed (n = 18), VEH-Immed (n = 15), SCOP-1h (n = 14),
and VEH-1h (n = 16).

Behavioral testing
Rats were trained in the ODT in five trials (Acq123 and Acq45),
and were then injected with scopolamine. The 24-h test con-
sisted of four trials (retention, two trials, and relearning, two
trials) as in Experiment 1. In both performance measures, latency
and number of errors, there were statistically significant effects
of Group (F(3,59) = 6.31; P = 0.001, F(3,59) = 4.10; P = 0.01), Block
(F(3,177) = 14.03; P < 0.0001, F(3,177) = 10.23; P < 0.0001), and
Group � Block (F(9,177) = 4.63; P < 0.0001, F(9,177) = 4.54;
P < 0.0001) (Fig. 4).

Acquisition
Rapid learning was observed by the progressive decrease in la-
tency to make the nose-poking response (F(1,59) = 69.82;
P < 0.0001) and the progressive decrease in the number of errors
(F(3,177) = 24.28; P < 0.0001). No between-group differences were
found in any acquisition measure (Fig. 4).

Retention and relearning
As seen in Figure 4, scopolamine administered immediately after
acquisition impaired performance in the 24-h test. Regarding la-
tency to make the correct response (Fig. 4A), SCOP-Immed rats
showed significantly more latency in nose-poking the rewarded
sponge than VEH-Immed rats both in retention (F(1,59) = 10.71;
P = 0.002) and relearning (F(1,59) = 5.79; P = 0.019). Differences
were also detected between SCOP-Immed and SCOP-1h both
in retention (F(1,59) = 13.70; P < 0.0001) and relearning
(F(1,59) = 5.43; P = 0.023). However, there were no significant dif-
ferences between SCOP-1h and VEH-1h in any block.

Figure 2. Pre-acquisition scopolamine injections in the prelimbic cor-
tex. (A) Latency to make the correct response (�SEM) over the three first
acquisition trials (Acq123), the two last acquisition trials (Acq45), the two
first 24-h test trials (Retention), and the two last 24-h test trials (Relearn-
ing). All groups show similar performance both in acquisition and 24-h
test. (B) Number of errors before making the correct response (�SEM)
over the three first acquisition trials (Acq123), the two last acquisition
trials (Acq45), the two first 24-h test trials (Retention) and the two last
24-h test trials (Relearning). All groups show similar performance in the
acquisition, but both SCOP groups commit more errors than the control
group in the retention phase, and the SCOP20 group in the relearning
the phase. (**) P � 0.001, (*) P < 0.05.

Figure 3. Latency to find the buried cookie (�SEM) in the olfactory
perception test. SCOP groups show similar latencies to the control group.
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A similar pattern of results is shown when errors are ana-
lyzed (Fig. 4B). In retention, there were differences between
SCOP-Immed group and both VEH-Immed and SCOP-1h groups
(F(1,59) = 11.58; P = 0.001 and F(1,59) = 15.43; P < 0.0001, respec-
tively) and also in relearning between SCOP-Immed and VEH-
Immed (F(1,59) = 6.05; P = 0.017). In retention, SCOP-Immed rats
made significantly more commissions and omissions than both
VEH-Immed (F(1,59) = 9.17; P = 0.004, F(1,59) = 9.68; P = 0.003)
and SCOP-1h rats (F(1,59) = 11.12; P = 0.001, F(1,59) = 13.92;
P < 0.0001). In relearning, SCOP-Immed rats also made more
commissions and omissions than VEH-Immed rats (F(1,59) = 4.47;
P = 0.039, F(1,59) = 7.39; P = 0.009).

Moreover, the SCOP-Immed group showed significantly
more latency to nose-poking and made more total errors in the
retention trials compared with the last acquisition trials (Acq45)
(Latencies: F(1,59) = 39.56; P < 0.0001 and Errors: F(1,59) = 31.95;
P < 0.0001), in contrast with the remaining groups, which did
not show such a decrease in performance.

The low number of SCOP-Immed rats eliminated due to his-
tological criteria (n = 2) did not allow for comparisons of their

performance with that of VEH rats in order to control for the
specific effect of scopolamine in the PL.

Discussion
Present experiments report, for the first time, that muscarinic
receptors are involved in an early consolidation phase of memory
for a simple odor-reward association, but do not appear indis-
pensable to the acquisition of the task. Experiment 1 indicated
that rats injected with scopolamine (5 µg or 20 µg) in the PL
before training normally acquired the task, but made more errors
than the control rats in an ODT test conducted 24 h later. Both
SCOP groups showed poorer retention than the VEH group, and
SCOP20 had an inferior relearning ability regarding the total
number of errors. The deficit in retention shown by the rats in-
fused with the higher dose seems to be unspecific regarding the
type of errors (commissions and omissions), while the rats receiv-
ing the lower dose of scopolamine only showed more omissions.
Results from Experiment 1 may indicate a role of PL muscarinic
receptors in ODT memory formation, which was confirmed in
Experiment 2. Experiment 2 showed that 20-µg scopolamine in-
jections in the PL cortex immediately after ODT learning pro-
duced amnesia in retention and difficulties in relearning when
the rats were tested 24 h later. Latencies and the two types of
errors were affected, indicating that scopolamine infused without
delay after training showed a remarkably disruptive effect on the
whole 24-h session. Moreover, the performances in the first re-
tention trials for the SCOP-Immed group were significantly
poorer than in the final acquisition trials. The scopolamine ef-
fects are time dependent, as this treatment delayed for 1 h after
training did not affect ODT retention or relearning. All of the
above would suggest that muscarinic blockade in the PL may
entirely affect the initial stages of ODT memory consolidation.

Although the present experiments were not specifically
aimed at evaluating the persistence of scopolamine-induced am-
nesia, the deficits do not seem to be transient. Rats injected im-
mediately after training showed a strikingly poorer performance
throughout the four trials in the 24-h test compared with con-
trols and rats injected 1 h after training, indicating that the defi-
cits were robust and lasted for at least 24 h. However, considering
that SCOP20 (Experiment 1) and SCOP-Immed (Experiment 2)
started from a large number of errors in retention, and that no
effects were found on acquisition (Experiment 1), it may be con-
sidered that the differences between SCOP and VEH rats in re-
learning would possibly disappear with further relearning trials.
When comparing both experiments, it can be noted that the
vehicle group from the first experiment showed more latency to
make the correct response in acquisition than vehicle rats from
the second experiment. This may be due to the fact that rats from
Experiment 1 were injected just before acquisition. Since the in-
jection involves restraint, such a stressful procedure may have
produced a slowing-down effect on performance. Nevertheless,
by Acq45, vehicle rats from both experiments showed similar
latencies, indicating that the possible effect of previous manipu-
lation would seem momentary. Also, the differences in the total
number of errors are much smaller, as all of the control animals
committed few errors.

Current findings are broadly consistent with studies that
have implicated ACh in olfactory memories. Thus, disruption of
normal cholinergic function has frequently been implicated in
interference of many forms of odor memory, such as simple ha-
bituation (Hunter and Murray 1989), perceptual learning
(Fletcher and Wilson 2002; Wilson et al. 2004), and odor rule or
set learning (Saar et al. 2001). Of significant relevance to the
current study is the fact that ACh also modulates olfactory asso-
ciative memory, with both lesions of the cortical cholinergic pro-

Figure 4. Post-acquisition scopolamine injections (immediately or 1 h
after) in the prelimbic cortex. (A) Latency to make the correct response
(�SEM) over the three first acquisition trials (Acq123), the two last ac-
quisition trials (Acq45), the two first 24-h test trials (Retention), and the
two last 24-h test trials (Relearning). The SCOP-Immed group demon-
strates more latency to nose-poking than VEH-Immed and SCOP-1h both
in retention and relearning. (B) Number of errors before making the
correct response (�SEM) over the three first acquisition trials (Acq123),
the two last acquisition trials (Acq45), the two first 24-h test trials (Re-
tention), and the two last 24-h test trials (Relearning). The SCOP-Immed
group commit more errors than the VEH-Immed group both in retention
and relearning and also the SCOP-1h group in retention. The SCOP-
Immed group significantly impaired performance from Acq45 to Reten-
tion, indicated by higher latencies and more errors. (***) P < 0.0001; (**)
P � 0.01; (*) P < 0.05.
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jection neurons (Roman et al. 1993; Linster et al. 2001; Vale-
Martínez et al. 2002) and pharmacological receptor blockade
(Ravel et al. 1994; De Rosa and Hasselmo 2000) capable of im-
pairing several tasks. The present results, together with those
reported earlier, suggest that disturbance of cholinergic func-
tion—and, in particular, muscarinic transmission—may have a
significant impact on different olfactory memory tasks.

Some considerations should be made in order to clarify our
results, especially those from Experiment 1. Firstly, it is impor-
tant to determine whether the impairments in errors reported in
ODT retention and relearning reflect decreases in olfactory sen-
sitivity. In our research, odor-detection performance was not af-
fected by infusions of scopolamine, as shown in the olfactory
perception test. Such data agree with a recent study reporting
that systemic administration of different doses of scopolamine,
which are known to influence odor memory and learning, did
not cause alterations in the odor-detection performance of rats
(Doty et al. 2003). Secondly, the duration of the scopolamine
action in the brain is an aspect to consider in the explanation of
our findings. In Experiment 1, SCOP animals were trained under
the influence of scopolamine and tested 24 h after training in an
“off-drug” state. As effective doses of anticholinergic drugs have
been shown to produce state-dependent learning, we cannot ab-
solutely rule out the possibility of state-dependent learning as an
explanation for the impairment in an ODT 24-h test. It has been
reported, however, that scopolamine induced state dependency
only after over-reinforcement, when high systemic doses were
used (Quirarte et al. 1994). Considering that our training was
accomplished in only five trials, and that Experiment 2 demon-
strated an undoubted effect on ODT consolidation, a state-
dependent learning interpretation would not appear to be the
timeliest. Thirdly, specificity of the scopolamine effect in the PL
cortex and not in the surrounding areas may be inferred from the
fact that rats injected in the vicinity of the PL and controls
showed similar performances in the 24-h test. Taken together,
the most plausible explanation would be that scopolamine in the
PL may have influenced brain processes underlying the early
storage of new odorous information, confirmed by an amnesic
effect of the 24-h test in the second experiment.

Experiment 1 indicated that muscarinic cholinergic trans-
mission in the PL cortex is not essential for discrimination learn-
ing based on odorous stimuli. This is in accordance with studies
showing that the blockade of muscarinic receptors in the PL does
not impair visuospatial discriminations (Ragozzino 2000). In-
deed, the studies analyzing the effects of scopolamine infusions
specifically in the rat medial prefrontal cortex mainly implicate
muscarinic transmission in working memory or short-term
memory (Broersen et al. 1995; Granon et al. 1995; Ragozzino
and Kesner 1998; Chudasama et al. 2004) and attention (Robbins
et al. 1998). As scopolamine in Experiment 1 was administered
before behavioral testing, it may have acted by influencing such
processes. However, scopolamine administered before training
did not prevent a rapid learning of the task (Experiment 1).
Moreover, in Experiment 2, muscarinic activation remained in-
fluential in memory after the animals were no longer attending
to a new training experience. In view of both this and the fact
that ODT does not specifically tax working memory or attention,
an interpretation of results from Experiment 1 purely derived
from impairments in such cognitive functions would not be
the most appropriate. In fact, the present experiments suggest
that muscarinic action in the PL is not critical for olfactory dis-
crimination (Experiment 1), and it is not limited to working
memory or attention, but is involved in processing information
for early memory consolidation of a simple odor-reward task (Ex-
periment 2).

Previous evidence indicated that cortical muscarinic activa-

tion is a critical component in the modulation of memory con-
solidation for several kinds of tasks, apart from other possible
influences on acquisition or attention. In this respect, it has been
demonstrated that antimuscarinic treatments administered post-
training, in the cingulated or insular cortices, disrupted consoli-
dation of new memories in paradigms such as inhibitory avoid-
ance (Riekkinen et al. 1995; Miranda and Bermudez-Rattoni
2007) or familiarization with a novel gustatory stimulus (Gutier-
rez et al. 2003). It has also been shown that cholinergic projec-
tions from the nucleus basalis to the cortex are required for post-
training amygdalar modulation of memory storage processes in
an inhibitory avoidance task (Power et al. 2002). Consistent with
such findings, ACh levels in the cortex have been reported to be
enhanced after a spatial discrimination (Toumane et al. 1988)
and an operant conditioning (Orsetti et al. 1996). Such increases
were also observed in the hippocampus, but persisted longer in
the cortex (prefrontal and parietal). Additionally, muscarinic re-
ceptors contribute to memory formation, principally through
postsynaptic receptors. Thus, taste-aversion initial memory for-
mation was abolished by injections of pirenzepine (a post-
synaptic M1 and M3 receptors antagonist) but not AFDX 116 (a
pre-synaptic M2 receptor antagonist) (Ramirez-Lugo et al. 2003).
Present results also agree with findings demonstrating that M1
receptor knockout mice had pronounced consolidation deficits
in the absence of acquisition deficits (Anagnostaras et al. 2003).
To address the issue of how the specific cellular effects of ACh
within cortical structures could underlie the role of ACh in the
encoding of new memories, it has been proposed that ACh in-
creases the strength of afferent input relative to feedback (via
muscarinic presynaptic inhibition of excitatory feedback syn-
apses). ACh can also activate intrinsic mechanisms for persistent
spiking of individual cortical neurons, which could provide a
mechanism for maintenance of information both for short-term
memory and encoding of information into long-term memory
(Hasselmo 2006).

The effective site of action of the scopolamine injection in
the PL confirms the importance of this cortical area in ODT. The
PL cortex has reciprocal connections to olfactory bulbs (Neafsey
et al. 1986) and piriform cortex (Datiche and Cattarelli 1996),
and it is activated after learning the ODT task (Tronel and Sara
2002). Other studies indicate that NMDA receptors in the PL
region are also important in the early stages of ODT memory
consolidation, reporting a pattern of results much similar to the
present findings. The NMDA antagonist APV injected in the PL
immediately after training (as opposed to 2 h) disrupted the re-
tention and slowed down the relearning of the task, both tested
48 h after training (Tronel and Sara 2003). There are also consis-
tent observations as to the involvement of the noradrenergic
system in ODT memory consolidation. The blockade of �-adren-
ergic receptors in the PL 2 h after training (but not 5 min) in-
duced a profound amnesia assessed 48 h later (Tronel et al. 2004).
Together, previous data and present results suggest that different
neurochemical mechanisms may subserve different ODT
memory phases. Accordingly, glutamatergic and cholinergic sys-
tems may contribute to the initial stages of memory formation,
whereas noradrenaline may have a delayed role in a late phase of
ODT long-term memory consolidation.

One of the most remarkable interactions between neuro-
transmitter systems is the inter-related activity between ACh and
glutamate to regulate neural plasticity. Plasticity in the visual,
somatosensory, and auditory sensory cortices requires engage-
ment of muscarinic receptors (Delacour et al. 1990; Kirkwood et
al. 1999; Miasnikov et al. 2001). Muscarinic receptors may me-
diate cortical plasticity via glutamate receptors, activating second
messenger systems (Cox et al. 1994), G protein-mediated events
in the post-synaptic cell related to memory formation (Aramakis
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et al. 1997). Therefore, it is tempting to suggest that these two
neurotransmitter systems may act cooperatively in the PL cortex
to regulate early ODT memory formation, initiating intracellular
events related to plastic changes. A comparable interpretation
has been proposed for the gustatory memory consolidation in
the insular cortex (Miranda et al. 2003). There are also a number
of studies stressing the synergistic interaction between choliner-
gic muscarinic and glutamatergic NMDA receptors in the modu-
lation of some forms of learning and memory. Thus, blockade of
cholinergic and glutamatergic systems induced drastic memory
impairments, stronger than blockade of either system alone
(Ohno and Watanabe 1996; Li et al. 1997; Hlinak and Krejci
1998; Monteiro Moreira et al. 2005). In this respect, it has been
suggested that one of ACh’s actions is to modulate hippocampal
and cortical neurons, thereby reducing interference so that new
associations can be formed from afferent inputs utilizing gluta-
mate (Aigner 1995).

The involvement in odor-reward associative learning of cor-
tical regions other than PL, hippocampal, and other subcortical
structures has also been studied. A study using c-Fos immunore-
action showed significant post-training activation of orbital cor-
tex and basolateral amygdala, but not central amygdala (Tronel
and Sara 2002). These regions, along with prelimbic, piriform,
and infralimbic cortices, are thought to act in concert to link
sensory (olfactory) and emotional (reward) information (Ongur
and Price 2000). However, the two latter cortical regions did not
show increases in post-training c-Fos expression (Tronel and Sara
2002). As for the hippocampal involvement in ODT, injections of
an NMDA antagonist into the dorsal hippocampus had no effect
on retention, consistently with the observation that hippocam-
pal regions (CA1, CA3, DG) showed no learning-related c-Fos
activity (Tronel and Sara 2002, 2003). In accordance with such
evidence, we suggest that muscarinic blockade in orbitofrontal
cortex or basolateral amygdala might disrupt ODT memory for-
mation. Moreover, it would be interesting to study whether sco-
polamine applied in the lateral habenula might affect retention
or retrieval, as it showed strong activation after ODT retrieval
(Tronel and Sara 2002).

In conclusion, the current research indicates that musca-
rinic receptors may play an important role in the regulation of
early stages of ODT memory formation in the PL cortex. Such
receptors seem to be essential for good consolidation during a
precise time window; possibly from the initial phases of learning
to several minutes after learning, but are not required 1 h after
training to show a normal ODT performance 24 h later. Further
knowledge is needed to ascertain interactions in the PL cortex
between the muscarinic and other neurotransmitter receptors,
such as NMDA, and the molecular events through which ACh
modulates this odor-reward association. More data are also
needed as to the effects of muscarinic blockade of other brain
regions to determine the cholinergic circuit underlying the for-
mation of ODT memory.

Materials and Methods

Experiment 1

Subjects
Sixty-seven male Wistar rats obtained from our laboratory breed-
ing stock with a mean age of 94.39 d (SD = 6.14) and a mean
weight of 436.29 g (SD = 39.33) at the beginning of the experi-
ment were used. All rats were housed singly in 22 � 22 � 14-cm
plastic-bottomed cages with sawdust bedding, kept under condi-
tions of controled temperature (20°C –23°C) and humidity (40%–
70%), and maintained on a 12-h light–dark cycle (lights on at
8:00 a.m.). Experiments were performed during the light phase of
the cycle. Rat-chow pellets (Panlab S.L, A04) and water were pro-

vided ad libitum except during habituation, training, and testing
sessions, when rats were submitted to a food restriction schedule
(12 g/day, to maintain body weight at 85% of freely feeding
weight). The animals were handled daily for ∼10 min and re-
strained for 2 min to habituate them to the injection procedure.
All of the procedures were carried out in compliance with the
European Community Council Directive for care and use of labo-
ratory animals (86/609/ECC) and with the Generalitat de Cata-
lunya authorization (DOGC 2073 10/7/1995, DARP protocol
number 3211).

Surgery
Animals were anesthetized and underwent stereotaxic implanta-
tion of chronic double-guide cannulae following procedures ex-
plained in detail elsewhere (Boix-Trelis et al. 2007). Each guide
cannula comprised two 26-gauge metal tubes that were 1.2 mm
apart, projecting 2.9 mm from the pedestal (Plastics One, Bilaney
Consultants GMBH). The stereotaxic coordinates for the PL were:
AP, +3.5 mm from bregma; ML, �0.6 mm from midline; and DV,
�2.9 mm from cranium surface (Paxinos and Watson 1997).
Sterile dummy stylets (Plastics One) were placed into the cannu-
lae to prevent occlusion. Each rat received buprenorphine
(Buprex, Schering-Plough S.A.) to reduce post-surgical pain
(s.c. 0.5 mg/kg). After surgery, rats were returned to home cages
for 7 d before behavioral training (3 d for recovery, 3 d for food
restriction, and 1 d for habituation). During the 7-d recovery
period, rats were handled and weighed daily and the dummy
stylets were changed every other day.

Microinfusion procedure
Immediately before ODT training, the rats were gently restrained
while the dummy stylets were removed and replaced with a 33-
gauge stainless-steel double injector (Plastics One) extending
1 mm below the cannula tips. The double injectors were con-
nected by polyethylene tubing (Plastics One) to two 5-µL sy-
ringes (Hamilton, Microliter Syringes) mounted in an infusion
pump (11 Plus Syringe Pump, Harvard Apparatus Inc.). Scopol-
amine (Scopolamine Hydrobromide USP, Sigma-Aldrich) was dis-
solved in PBS (0.1 M at pH 7.4) in two different doses: 20 µg/
hemisphere (SCOP20 group) and 5 µg/hemisphere (SCOP5
group). The rats in the control VEH group received vehicle (PBS)
injections. The solutions were infused bilaterally in a volume of
0.5 µL/hemisphere for 2 min. The injectors were left in place for
1 min after the infusion was complete to allow for diffusion.

Apparatus
The training apparatus and behavioral procedures are explained
elsewhere (Quiroz-Padilla et al. 2007). The training box con-
tained three sponges with a 3-cm diameter hole cut into the
center, placed in glass slide holders of the same size. The food
reinforcement used was a crispy chocolate rice breakfast cereal
(Kellogg’s) that was placed at the bottom of the opening in the
sponge. Each sponge was impregnated with an odor by placing
the essence on each of its corners. Odors used were vanilla
(0.2 mL), orange (0.6 mL), and anise (0.3 mL) (Vahiné). All be-
havioral sessions were recorded by a video camera (Panasonic
NV-RX22EG) connected to a monitor.

Behavioral procedures

Habituation sessions
Rats were submitted to three habituation sessions before surgery
to familiarize them with the reinforcement and the training box,
and they were food-deprived for 5 d before the first habituation
session. In the habituation sessions, the rats were given free
access to the reinforcement in a plastic bottomed cage
(50 � 22 � 14 cm) until they consumed 10 pieces of cereal. The
rats were then placed in the training box and allowed to explore
it for 45 min on the first day, 30 min the second day, and 15 min
the third day. Six days after surgery, rats were food-deprived
again and submitted to an identical 15-min habituation period.
The same day, rats were also adapted to a mock infusion protocol
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(no solutions injected) in order to minimize any stress associated
with the procedure.

Acquisition session
One day after the post-surgery habituation, rats received a bilat-
eral intracerebral infusion of 20 µg of scopolamine, 5 µg of sco-
polamine, or PBS in the PL immediately before ODT training.
Training was carried out in a single five-trial session, according to
procedures previously described (Quiroz-Padilla et al. 2007). The
trials were grouped into two blocks: Acq123 (when learning was
in progress) and Acq45 (when learning was more stable and
reached an asymptotic level) (Sara et al. 1999). The reinforcement
was chocolate rice cereal placed at the bottom of the opening in
the target sponge. The reinforcement was associated with the
same odor across trials, and the target odor was randomly as-
signed to each rat in a counterbalanced way for all groups. The
sponges with the nonreinforced odors did not contain food.
Sponges were placed in any three of the four corners of the box,
and the position of each odor within the box was changed for
each trial according to a previously determined protocol.

The rats were placed in the training box, in the corner with-
out a sponge, with their heads facing the wall. There was a 6-min
limit for the rat to find and consume the reinforcement and the
intertrial interval was 1 min. Latency before a correct response
(nose-poking into the target sponge) and number of errors were
scored. Two different errors were combined: errors of commis-
sion (nose-poking into a non-target sponge) and omissions (sniff-
ing the target sponge not followed by nose-poking) (Tronel and
Sara 2003).

Twenty-four hour test session
Twenty-four hours after training, rats were tested for retention
and relearning ability using the same procedure as during train-
ing, except for the fact that the first test trial was not reinforced
and there were four trials in total. The first trial served as a direct
measure of memory of the previous training. Since the first trial
was not reinforced, the second trial reflected resistance to extinc-
tion, which is considered an indirect measure of retention (Sara
et al. 1999; Tronel and Sara 2003; Torras-Garcia et al. 2005). The
last two trials were an index of the rats’ relearning ability (Sara et
al. 1999; Tronel and Sara 2003; Torras-Garcia et al. 2005). Laten-
cies before correct responses and number of errors were also
scored during this test.

Olfactory perception test
To rule out olfactory alterations due to the scopolamine infu-
sions, an additional olfactory perception test was conducted at
the end of the experiment (Wrenn et al. 2003; Quiroz-Padilla et
al. 2006) on a sample of each group (SCOP20, n = 10; SCOP5,
n = 8; and VEH, n = 9). Twenty-four hours before the olfactory
test, rats were habituated to butter-flavored cookies (Brambly
Hedge). The rats were then food restricted for 24 h prior to the
infusion and the test. Immediately before the test, rats were in-
fused with scopolamine (20 µg or 5 µg) or PBS. The test was
conducted in clean rat cages (50 � 22 � 14 cm) and a piece of
cookie was buried in one corner of the cage. The rat was then
placed in the cage, and the latency to find the buried cookie and
commence eating was timed.

Histology
Upon completion of the behavioral study, SCOP20, SCOP5, and
VEH rats were deeply anesthetized with an overdose of sodium
pentobarbital (Dolethal, 200 mg/kg; Vetoquinol S.A.). Previously,
a subset of rats received a 0.5-µL infusion of 5% thionin (Thionin
acetate, Sigma-Aldrich) through each guide cannula. Rats were
perfused transcardially with 0.9% saline followed by 10% forma-
lin. The cannulae were carefully removed and brains postfixed in
formalin for at least 24 h and then submerged in a 30% sucrose
solution prior to sectioning. Coronal 40-µm sections were cut on
a cryostat (Shandom Cryotome FSE, Thermo Electron Corpora-
tion), mounted, and stained with Cresyl violet. The sections were
examined to verify cannula placement by two independent ob-
servers under a light microscope (Olympus BX 41; Olympus Op-

tical CO, LTD). Microphotographs of the cannula placements
were taken with a digital camera (Olympus DP70).

Data analysis
The analysis was carried out by means of a 3 � 4 mixed analyses
of variance (ANOVA; SPSS v14), in which the between-factor was
Group (SCOP20, SCOP5, and VEH) and the within-factor was
Block. The Block factor consisted of four measures: Acq123 (the
average scores for the first three trials of the acquisition), Acq45
(the average scores for the last two trials of the acquisition), Re-
tention (the average scores for the first two trials of the 24-h test)
and Relearning (the average scores for the last two trials of the
24-h test). The dependent variables were Latencies and Errors.
Corresponding contrasts were performed when necessary.

Regarding the olfactory test, an additional ANOVA analysis
was applied considering Group (SCOP20, SCOP5, and VEH) as
the independent variable, and Latency in finding the buried
cookie as the dependent variable.

Experiment 2

Subjects
Seventy-five male Wistar rats obtained from our laboratory
breeding stock with a mean age of 97.25 d (SD = 3.28) and a
mean weight of 422.85 g (SD = 38.50) at the beginning of the
experiment were used. The animals were housed and maintained
under the same conditions described for Experiment 1.

Surgery
The surgical protocol and stereotaxic coordinates were identical
to Experiment 1.

Microinfusion procedure
The microinfusion procedures were the same as in Experiment 1,
but only a 20-µg dose of scopolamine was administered to rats in
the scopolamine groups. The rats in the control groups received
PBS injections. SCOP-Immed and VEH-Immed rats were injected
immediately after the last training trial, whereas SCOP-1h and
VEH-1h rats received microinfusions 1 h after training. During
the training-to-injection interval the rats were returned to their
home cage.

Behavioral procedures

Habituation sessions
All behavioral procedures were similar to those described for Ex-
periment 1. Rats were submitted to three habituation sessions
before surgery and to a fourth one before ODT training.

Acquisition session
Training was carried out in the same way as Experiment 1, except
for the fact that bilateral PL infusions were administered after the
last training trial, at two different delays in separate groups (im-
mediately or 1 h afterward).

Twenty-four hour test session
Twenty-four hours after training, all rats were tested for retention
and relearning ability as in the first experiment.

Histology
The histological procedures and the criteria applied were the
same as in Experiment 1.

Data analysis
Similarly to Experiment 1, the main analyses of the acquisition
data were carried out by means of 4 � 4 mixed ANOVA, with the
independent variable Group (SCOP-Immed, VEH-Immed, SCOP-
1h, and VEH-1h) and the dependent variables Latencies and Er-
rors. Regarding the Block within-factor, two blocks of trials were
considered in both the acquisition (Acq123 and Acq45) and the
24 h test (Retention and Relearning). Corresponding between-
and within-group contrasts were also planned.
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