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Learning of a complex olfactory discrimination (OD) task results in
acquisition of rule learning after prolonged training. Previously, we
demonstrated enhanced synaptic connectivity between the piriform
cortex (PC) and its ascending and descending inputs from the olfac-
tory bulb (OB) and orbitofrontal cortex (OFC) following OD rule learn-
ing. Here, using recordings of evoked field postsynaptic potentials in
behaving animals, we examined the dynamics by which these synap-
tic pathways are modified during rule acquisition. We show profound
differences in synaptic connectivity modulation between the 2 input
sources. During rule acquisition, the ascending synaptic connectivity
from the OB to the anterior and posterior PC is simultaneously en-
hanced. Furthermore, post-training stimulation of the OB enhanced
learning rate dramatically. In sharp contrast, the synaptic input in the
descending pathway from the OFC was significantly reduced until
training completion. Once rule learning was established, the strength
of synaptic connectivity in the 2 pathways resumed its pretraining
values. We suggest that acquisition of olfactory rule learning requires
a transient enhancement of ascending inputs to the PC, synchronized
with a parallel decrease in the descending inputs. This combined
short-lived modulation enables the PC network to reorganize in a
manner that enables it to first acquire and then maintain the rule.

Keywords: field potentials recordings, olfactory bulb, olfactory rule learning,
orbitofrontal cortex, piriform cortex

Introduction

The ability to extract generalizable rules from specific experi-
ences is a fundamental attribute of higher cognitive function-
ing (Pinker 1991; Penn and Povinelli 2007). Rats trained in a
particularly difficult olfactory discrimination (OD) task demon-
strate a dramatic increase in their capability to acquire mem-
ories of new odors, termed “rule learning,” or “learning set”
(Saar et al. 1998; Slotnick et al. 2000). At the cellular level, rule
learning results in a global change in the 3 components con-
trolling the intrinsic PC circuit: intrinsic neuronal excitability
(Saar et al. 1998; Saar and Barkai 2009), excitatory synaptic
inputs (Saar et al. 1999, 2002, 2012; Knafo et al. 2001, 2005;
Cohen et al. 2008), and synaptic inhibition (Brosh and Barkai
2009; Saar et al. 2012). These modifications have 2 major
common traits:

1. They are widespread throughout the piriform cortex (PC)
network. Both physiological and morphological modifi-
cations are found in most of the studied neurons (Saar et al.
1998, 1999, 2002; Saar and Barkai 2003; Knafo et al. 2005).

2. The time course in which these modifications appear and
disappear is strongly correlated with the time course in
which the skill is acquired and decays (Saar et al. 1998,

1999; Quinlan et al. 2004; Knafo et al. 2005). However,
memories for specific odors outlast these modifications by
far. Thus, the identified modifications are related to rule
learning (learning how to learn), rather than to long-term
memory for the specific odors for which the rats are trained
(Barkai 2005).

Olfactory learning also induces changes in encoding of the
learned odor in the olfactory bulb (OB) (Freeman and Schnei-
der 1982; Wilson and Sullivan 1994; Mandairon et al. 2006;
Doucette and Restrepo 2008) and the orbitofrontal cortex
(OFC; Schoenbaum et al. 1998, 1999, 2003). In particular,
we have reported (Cohen et al. 2008) an enhancement of reci-
procal connectivity between the PC and its ascending input
from the OB and descending input from the OFC 3 days after
learning.

The inputs from the OB are nontopographically spread
across the entire surface of the PC. Individual pyramidal cells
have widespread axonal arbors that extend over nearly the full
length of the cerebral hemisphere (Johnson et al. 2000; Franks
et al. 2011). Accordingly, odor responses are highly distribu-
ted, and responses are rather sparse (Illig and Haberly 2003;
Rennaker et al. 2007; Poo and Isaacson 2009; Stettler and Axel
2009). It has been hypothesized that the PC carries out func-
tions that have traditionally defined association cortex—it
detects and learns correlations between olfactory gestalts and a
large repertoire of behavioral, cognitive, and contextual infor-
mation through reciprocal connections other brain areas, such
as OFC (Haberly 2001; Gottfried and Zelano 2011; Wilson and
Sullivan 2011).

Single units in anterior PC rapidly learn to synthesize
co-occurring odorant features into odor objects, distinct from
their components (Wilson 2000; Kadohisa and Wilson 2006).
These cortical changes allow enhanced behavioral discrimin-
ability of familiar and learned odors (Fletcher and Wilson
2002; Chapuis and Wilson 2011). Disruption of the synaptic
plasticity within the PC (Patil et al. 1998) impairs both learned
cortical processing of odor objects (Wilson 2001; Linster et al.
2009) and olfactory perceptual learning (Fletcher and Wilson
2002). Furthermore, there are significant anatomical and phys-
iological differences between the anterior and posterior PC (Li-
taudon et al. 1997, 2003; Gottfried et al. 2006; Kadohisa and
Wilson 2006). Importantly, the OFC is most strongly and reci-
procally connected with the anterior PC (Illig 2005).

Rule learning is a dynamic process, perhaps comparable to
opening of a sensitive period. That is, it takes several days of
training to emerge, a period of heightened learning is then
maintained for several days, and then the system can revert
back to normality. The present study is aimed to reveal how
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the PC network and interactions between the PC and its exter-
nal inputs are modified as rule learning develops.

Materials and Methods

Behavioral Procedure
Age-matched adult Sprague Dawley male rats (12–16 weeks of age)
were used. Before training, they were maintained on a 23.5-h water-
deprivation schedule, with food available ad libitum. OD training pro-
tocol was performed with commercial odors that are used regularly in
the cosmetics and food industry. Olfactory training consisted of 20
trials per day for each rat as described previously (Saar et al. 1999)
(Fig. 1A). Briefly, in each trial, the rat had to choose between 2 odors
(positive and negative cues) presented simultaneously. Rats desig-
nated to the trained group were rewarded with water after choosing
the positive cue. The criterion for learning was at least 80% positive-
cue choices in the last 10 trials of a training day. Rats in the pseudo-
trained group were rewarded in a random manner in 50% of the trials,
regardless of the odor they chose.

When reaching the criterion for rule learning, training was contin-
ued with the same pair of odors, except for the last day of training, in
which all rats were trained with a second pair of odors.

Overall, 7 groups were examined: 5 trained groups and 2 pseudo-
trained groups. In the OB-PC pathway, group 1, group 2, and group 3
received electrical stimulation 15 min, 1 h, and 2 h, respectively, after

daily training. Group 4 is a control-trained group in which the same set
of electrodes was implanted, but no stimulation was applied. Group 5
is the trained group for the OFC-PC pathway in which post-training
stimulation in the OFC was applied daily 15 min after each training
session, and groups 6 and 7 are the pseudo-trained groups for each
pathway which received stimulation 15 min after daily training
(Table 1).

Surgery and Recording
Rats were anesthetized with ketamine (ketalar, SC 0.75 mg/kg) and
medetomidine (dormitor, SC 0.5 mg/kg) and were placed in a stereo-
taxic frame with body temperature maintained at 37 ± 0.5°C. The pro-
cedure was performed in a strict accordance with the Haifa University
regulations and guidelines of the National Institutes of Health.

Recordings in the OB-PC Pathway
Small holes were drilled in the skull at various stereotaxic coordinates
for the placement of stimulating and recording electrodes in the brain.
Both stimulating and recording electrodes consisted of stainless steel
wire, 175 μm, insulated with Teflon. The bipolar stimulating electrode
consisted of a pair of twisted stainless steel wires. A skull screw was
used as reference.

For stimulating the ascending pathway, a stimulating electrode was
chronically implanted into the left OB (7.9 mm anterior to bregma;
1.1 mm lateral; 2 mm below the surface of the bulb). Four monopolar

Figure 1. Olfactory discrimination training-apparatus and in vivo fPSPs recordings. (A) Schematic description of the 4-arm maze. Protocols for trained and pseudo-trained rats are
similar: an electronic “start” command opens randomly 2 of 8 valves (V), releasing a positive-cue odor (P) into one of the arms and a negative-cue odor (N) into another. Eight
seconds later, the 2 corresponding guillotine doors (D) are lifted to allow the rat to enter the selected arms. Upon reaching the far end of an arm (90 cm long), the rat body
interrupts an infrared beam (I, arrow) and a drop of drinking water is released from a water hose (W) into a small drinking well ( for a trained rat—only if the arm contains the
positive-cue odor, for pseudo-trained rat—randomly). A trial ends when the rat interrupts a beam, or in 10 s, if no beam is interrupted. A fan is operated for 15 s between trials, to
remove odors. (B) Top: Location of stimulating electrode in the OB and of the 4 recording electrodes in the PC. To record responses to ascending input stimulation, 2 recording
electrodes are located in layer Ia of the anterior PC (APC1 and APC2) and 2 in layer Ia of the posterior PC (PPC1 and PPC2). Bottom: Location of stimulating electrode in the OFC and
of the recording electrode in the anterior PC. To record responses to descending input stimulation, one recording electrode is located in layer Ib/II of the anterior PC (APC). (C)
Simultaneous recordings the PC in response to stimulation of the ascending pathway for the OB. (D) Typical responses recorded in layer Ib of the anterior PC in response to stimuli
applied in the descending pathway form the OFC (see Cohen et al. 2008 for detailed description of location of stimulating and recording electrodes). Arrow in blue and line red show
amplitude measurement of 10%–90% and time distance between the 2 points, used to measure the fPSP slope.
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recording electrodes were chronically implanted ipsilaterally in the PC
(Fig. 1B): 2 electrodes into the anterior PC (APC1: 3.2 mm anterior,
3.5–4.2 mm lateral relative to Bregma; APC2: 1.2 mm, 5 mm lateral rela-
tive to Bregma), and 2 electrodes into the posterior PC (PPC1: 0.8–1.8
mm posterior, 6 mm lateral relative to Bregma; PPC2: 2.8–3.8 mm pos-
terior, 6–7 mm lateral relative to Bregma). Accurate positioning of re-
cording electrode depth was achieved using the field potential profile
evoked in the distal apical dendrites in response to electrical stimu-
lation of OB, during the surgery. In APC1, APC2, PPC1, and PPC2, re-
cording electrode tips were positioned in the superficial cortical area
of layer 1 where the field potential signal (Ketchum and Haberly 1993)
presented large stable amplitude of a negative monosynaptic response,
which corresponded to the approximate depths of 5–5.4, 6.5–7.5, 7.5–
8.2, and 7.6–9 mm, respectively. As expected, the delay of the synaptic
responses in the ascending pathway was increased with increasing dis-
tance from the OB (Fig. 1C). Field postsynaptic potential (fPSP) slope
was calculated using 10–90% of the response from baseline to peak
amplitude.

Recordings in the OFC-PC Pathway
For stimulating the descending pathway, a stimulating electrode was
chronically implanted into the Ventralis lateralis pars oralis of the left
OFC, which has strong reciprocal connections with the APC (Illig
2005). Electrode position was 3.2 mm anterior to bregma, 2.2 mm
lateral, and 4–4.5 mm below the pial surface. One monopolar record-
ing electrode was chronically implanted in the anterior PC (3.7 mm
anterior to bregma; 3.3–3.6 mm lateral; 5–5.4 mm below the pial
surface) (Fig. 1B). Accurate positioning of recording electrode depth
was achieved using the field potential profile evoked in the proximal
dendrites of pyramidal neurons dendrites in response to electrical
stimulation of OFC, during the surgery. Recording electrode tip was
positioned in the superficial cortical area of layer 1b/II where the field
potential signal (Cohen et al. 2008) presented large stable amplitude of
a negative monosynaptic response.

Following electrode implantation, craniotomy holes were then filled
with a small amount of dental cement and the electrode assembly was
secured firmly to screws previously inserted in the skull. Surgical
wounds were sutured, and antibiotic was injected during and after
surgery to prevent infection.

Stimulating and Recording Protocol During OD Learning
Recordings began at least 2 weeks after the surgery to allow position-
ing and stabilization of the electrodes in the PC and OB areas. Animals
were habituated to a recording box for a minimum 2 days. In vivo base-
line recordings were made 2 days and 1 day before the learning, for
10–15 min. Measurements were made of the slope of fPSP using
averages of 10 successive responses to a given stimulation intensity
(1 mA) applied at 0.1 Hz. The overall average of responses during the
10- to 15-min recording was always equal to the average of any 10 con-
secutive responses. In vivo recordings were performed throughout the
learning period (6–11 days), 15 min after each session was ended,
throughout the training period.

Input–output (I–O) functions for stimulus intensity versus fPSP
magnitude were recorded in response to increasing intensities of

stimulation from 0.3 to 1 mA applied at 0.1 Hz. I–O curves were con-
structed by using averages of 10 successive responses to a given stimu-
lation intensity versus the entire range of intensities sampled. Only
those experiments having stable baselines and stable I–O curves over
multiple trials were included in the analysis.

Evoked responses were digitized (10 kHz) and analyzed using the
Cambridge Electronic Design 1401+ and its Spike2 software. Off-line
measurements were made during the surgery of the slope of fPSP
using averages of 5 successive responses to a given stimulation inten-
sity applied at 0.1 Hz. Test stimuli (monopolar pulses, 100 μs duration)
were delivered at 0.1 Hz. For responses in both pathways, fPSP slope
was calculated using 10–90% of the response from fPSP onset to peak
amplitude (Fig. 1D). As can be seen in the example recordings in
Figures 3–6, fPSP enhancement was usually not accompanied by
changes in the latency to amplitude.

Notably, each rat was stimulated either in the ascending or the des-
cending fibers. Thus, the comparison between the effects of the 2
stimulation sites was made between the 2 experimental groups.

Histology
After termination of the electrophysiological recordings, lesions were
made by passing anodal currents (10 mA for 3 s) through the stimulat-
ing electrode and recording electrodes. The brains were removed and
frozen with dry ice. Brain slices of 60 μmwere cut using a cryostat. The
electrode tract and lesion locations were identifiable under a light
microscope.

Statistical Analysis
For the behavior analyses, between-groups comparison was done
using repeated-measures ANOVA for all the groups (control and
trained groups), and post hoc Fisher tests were then applied to
compare the groups (control and trained groups). Student’s t-test was
also used to compare the groups where appropriate.

For the recording analyses in the OB-PC pathway, we used the
averages of 2 electrodes for each individual (N = 5 for each group). We
used 2-way repeated-measures ANOVA to test the effect of the days as
within-subject factor and of the group as between-subject factor. We
used “Huynh-Feldt correction”when required.

In the OFC-PC pathway, we used 2-way repeated-measures ANOVA
to test the effect of the days as within-subject factor and of the group as
between-subject factor.

Results

Effect of Electrical Stimulation on Learning
As previously shown, OD learning requires 7–8 days of train-
ing on average for the first pair of odors and only 1 day for a
subsequent new pair of unfamiliar odors (Saar et al. 1998,
1999; Saar and Barkai 2003), indicating that rule learning
has been completed. In the present study, all rats trained with
a second pair of odors reached the criterion for learning within
1 day of training. Electrical stimulation, aimed to monitor
learning-induced modulation of the evoked field potentials
amplitudes, was applied daily after each training session. Daily
post-training stimulation of the OB enhanced the rate of OD
learning dramatically. Such enhancement was apparent when
stimulation was applied at 15 min (Group 1, n = 7 rats), 1 h
(Group 2, n = 4), or 2 h (Group 3, n = 4) after training. Rats that
received such daily stimulation after each training session com-
pleted rule learning within 4–5 days (Fig. 2). Rats in which the
same set of electrodes was implanted, but no stimulation was
applied (Group 4, n = 6) and rats in which post-training stimu-
lation in the OFC was applied daily 15 min after each training
session (Group 5, n = 6) required 10 days of training to reach
the rule-learning criterion (Fig. 2), a significantly longer time

Table 1
Summary of training protocols

Procedure Pathway Description

Group 1 Trained OB-PC 15 min. Post-training daily stimulation
Group 2 Trained OB-PC 1 h. Post-training daily stimulation
Group 3 Trained OB-PC 2 h. Post-training daily stimulation
Group 4 Trained OB-PC Implanted group, without stimulation
Group 5 Trained OFC-PC 15 min. Post-training daily stimulation
Group 6 Pseudo-trained OB-PC 15 min. Post-training daily stimulation
Group 7 Pseudo-trained OFC-PC 15 min. Post-training daily stimulation

Note: Stimulating and recording protocols of the groups used in the study.
Group 1: n= 7; Group 2: n= 4; Group 3: n= 4; Group 4: n= 6; Group 5: n= 6; Group 6: n= 6;
Group7: n= 4.
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period. A repeated-measures ANOVA across the first 7 days of
training and including all 7 conditioning groups showed a sig-
nificant main effect of training day (F6,180 = 12.94, P < 0.001), a
significant main effect of group (F6,180 = 17.41, P < 0.001) and a
significant group × day interaction (F36,180 = 2.99, P < 0.001).
Post hoc Fisher tests revealed a significant difference between
the OB-stimulated groups (groups 1, 2 and 3) and all other
groups on days 5, 6, and 7. A second repeated-measures
ANOVA was performed on the 3 groups trained for 12 days.
There was a significant main effect of day (F11,132 = 11.02,
P < 0.001) and a significant group × day interaction (F22,132 =
5.85, P < 0.001). Post hoc tests revealed a significant differ-
ence between the OFC-stimulated (Group 5) and pseudo-
conditioned group (Group 7, n = 4) and between the No-stim
group (Group 4) and the pseudo-conditioned group (Group
7), but no difference between the OFC stimulated (Group 5)
and NO-Stim group (Group 4) on days 9–12. Notably, OFC
stimulation had no detectable effect on learning rate.

Transient Potentiation of Synaptic Responses Evoked
in the Ascending Pathway During Learning
During learning, synaptic responses evoked by stimulating the
OB each day 15 min after the training session showed a stable
response throughout the training period (7 days) in the PC of
pseudo-trained rats, with a small nonsignificant tendency
toward reduction as training proceeded (Figs 3B and 4). These
data indicate that without learning, the ascending evoked

synaptic response maintains stability for long periods of time
and is not modified by the electrical stimulation itself. Thus,
the protocol in this study is appropriate for the examination of
learning-induced synaptic modifications during learning.

In contrast, OD learning resulted in a transient increase in
the ascending pathway-evoked response throughout the PC.
In the anterior PC, a potentiation of the OB fPSP was observed
during the first 4 days of learning (i.e., before rule learning
completion, see Fig. 2 for OB stimulation). Two-way repeated-
measures ANOVA showed significant differences between
days (F3.6, 29.2 = 9.52, P < 0.001) and between groups (F1.8 =
47.77, P < 0.001) and, in addition, a significant interaction
between day and group (F3.6, 29.2 = 6.84, P = 0.001). The
trained group showed a pattern of increase in the first 2 days
(max = 134 ± 6.38) and sharp decrease of ∼20% in the fifth day
of the experiment (Figs 3 and 5). The pattern of changes
between days in the slope of fPSPs (Fig. 3A) was significantly
different among the 2 groups.

Similar results were obtained in the posterior PC, 2-way
repeated-measures ANOVA showed significant differences be-
tween days (F6,48 = 7.82, P < 0.001) and between groups
(F1.8 = 194.19, P < 0.001) and, in addition, a significant inter-
action between day and group (F6,48 = 4.49, P = 0.001). Here too,
enhanced fPSP response was detected in the trained group only
(n = 5 rats) during rule learning. The averaged fPSP increased in
the first 4 days (max = 134.4 ± 7.44) and sharp decrease of ∼25%
in the fifth day of the experiment (Figs 3 and 6).

Figure 2. Learning curves of the different experimental groups. Learning curve for trained and pseudo-trained rats expressed as correct choices in the last 10 trials of the day. The
learning curve shows a gradual improvement in performance in all groups of trained rats and no learning in pseudo-trained rats, which show no preference for any of the odors during
the entire training period. Notably, when daily stimulation was applied to the OB, learning was completed within 5 days, while rats stimulated at the OFC show no advantage in
learning over naive rats implemented with stimulating electrodes but not stimulated. Values represent mean ± SE. *P<0.05. **P<<0.05. Numbers of rats are noted in the text.
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Thus, a strong correlation was observed between the learn-
ing stage and the dynamics of change in the field potentials’
slope evoked by OB stimulation; a significant, uniform in-
crease in slopes of the ascending pathway-evoked fPSP was
observed throughout the acquisition phase of the rule. This in-
crease was followed by return of the amplitude to the baseline
on the day after, when training was continued with a new pair
of odors.

Learning-Related Transient Depression in the
Descending Pathway
During learning, synaptic responses evoked by stimulating the
OFC each day 15 min after the training session showed a stable
response throughout the training period (7 days) in the PC of
pseudo-trained rats (Fig. 7). These data indicate that without
learning, the descending pathway-evoked synaptic response
also maintains stability for long periods of times.

In sharp contrast to synaptic enhancement observed in
the ascending pathway, OD learning resulted with a transient
substantial decrease in synaptic response in the PC evoked by
stimulating the descending pathway. Decreased fPSP was
observed during the first 10 days of learning (i.e., before rule
learning completion, see Fig. 2 for OFC stimulation).

Two-way repeated-measures ANOVA showed significant
differences between days (F11, 77 = 5.31, P < 0.001*) and
between groups (F1.7 = 69.73, P < 0.001) and in addition a

significant interaction between day and group (F11, 77 = 5.91,
P < 0.001) (Fig. 7). The pattern of changes between days, in
the slope of fPSPs (Fig. 9), was significantly different among
the 2 groups. The pseudo-trained group showed no changes
between days (Figs 7 and 8) while the trained group showed a
pattern of decrease, up to 32%, in the fPSP slope, which re-
turned to pretraining values as rule learning was completed
the (Figs 7 and 9).

Thus, a strong correlation was observed also between the
learning stage and the dynamics of change in the field poten-
tials’ slopes evoke by OFC stimulation. Moreover, the transient
change in the OFC-evoked response mirrored that evoked by
OB simulation; OB-evoked fPSP was enhanced during rule
learning, while OFC-evoked fPSP was reduced during learn-
ing. This difference was maintained throughout the learning
period although the time course of learning was strongly af-
fected by the daily OB stimulation.

Discussion

Odor memory displays higher order characteristics, such as
object-oriented perception (Gottfried 2010; Yeshurun and
Sobel 2010; Wilson and Sullivan 2011), pattern completion
(Barnes et al. 2008; Chapuis and Wilson 2011), transitive infer-
ence (Dusek and Eichenbaum 1997), and rule learning (Saar
et al. 1998; Slotnick et al. 2000). While some of these

Figure 3. Rule learning-induced enhancement of synaptic transmission in the ascending pathway is similar for the APC and PPC. (A) Examples of synaptic response evoked each
day after training in response to stimulation at intensity of 1 mA in the APC and PPC from the same rat. In both recording sites, the maximal response occurs at the third day during
learning. (B) Time course and enhancement of the synaptic response evoked by stimulating the ascending pathway is similar throughout the piriform cortex. For each rat, responses
recorded with the 2 electrodes in the APC were averaged to calculate the APC response, and responses recorded with the 2 electrodes in the PPC were averaged to calculate the
PPC response. Recordings from 5 rats were averaged for each group. Values represent mean ± SE. *P< 0.05 between a particular training day and the baseline recoding in trained
rat prior to training. #P<0.05 between trained and pseudo-trained rats.
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apparently higher order phenomena derive from computations
within the olfactory system itself, others emerge due to inter-
actions with, or within, other systems. In particular, key roles
have been suggested for the OB (Wilson and Sullivan 1994;
Linster et al. 2001; Fletcher and Wilson 2003; Churchwell et al.
2009), the entorhinal cortex (Xu and Wilson 2012), and the
OFC (Roesch et al. 2007; MacDonald 2008; Churchwell et al.
2009). Indeed, we showed previously that both the ascending
and descending synaptic inputs to the PC, from the OB and
OFC are enhanced 3 days after learning (Cohen et al. 2008).
Here, we examined the dynamics of changes in synaptic
strength in the 2 pathways during the prolonged process of
rule learning. We found profound differences between the
effects of OB and OFC input to the PC, which suggest they
have different roles in rule learning.

In particular, enhanced responses to afferent stimuli have
been detected in the PC following OB stimulation. Several
lines of evidence suggest that enhanced amplitude of evoked
field potentials represents the cellular and network processes
underlying rule learning:

1. Enhanced evoked field potentials occur during rule learn-
ing only; once rule learning is completed, the field poten-
tials resume their prelearning values. Further training with
a new pair of odors does not result in changes in the field
potentials’ amplitude.

2. Such enhanced field potentials occur simultaneously
throughout the PC, anterior as well as posterior (Fig. 3).

3. Such enhancement is pathway specific; it occurs only after
OB stimulation.

4. Enhanced field potentials are detected only in rats that
learn the rule. Exposure to the odors and olfactory maze
(pseudo-trained group) does not result in such changes.

Electrical Stimulation of OB Enhances Rule Learning
Daily electrical stimulation applied to the OB for up to 2 h after
training reduced by half the number of trials required acquir-
ing the rule (Fig. 2). However, the electrical stimulation did not
modify the synaptic responses in the control groups, indicating
that such changes in evoked synaptic responses are learning
dependent.

Notably, OFC stimulation had no detectable effect on learn-
ing rate (Fig. 2). Thus, given that both the OB and OFC project
to the PC, these results suggest that the enhancement in learn-
ing rate may not be due to stimulation induced activation of
the PC itself. Rather, the results suggest that the OB-PC inter-
action pathway has a key role during the course of OD rule
learning. Interestingly, enhanced response to OB stimulation is
observed as soon as after the first day of training, when per-
formance is still at chance level. Furthermore, the level of OB
activity may affect odor processing (Mandairon et al. 2006)

Figure 4. Synaptic connectivity in ascending pathway is not modified in pseudo-trained rats. (A) Examples of responses to OB stimulation in the anterior and posterior PC before
learning (base) and 3 days during learning. Traces for 3 stimulation intensities are shown. (B) Example of analysis of the input–output function of the synaptic response in the
ascending input to APC and PPC. The strength of synaptic response remained stable for all stimulus intensities throughout the training period.
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and/or memory consolidation and thus the rate of odor learn-
ing. The processes taking place in the first relay of the olfactory
system during the 2 first hours postlearning have already been
suggested to support olfactory memory consolidation (Mouly
et al. 1990, 1993). Olfactory learning-related activity (Martin
et al. 2007; Kay and Beshel 2010) and experience-induced
plasticity have been shown to occur also within the OB
(Wilson and Sullivan 1994; Linster et al. 2001; Ravel et al. 2003;
Doucette et al. 2011; Fletcher 2012). The OB has been
suggested to have a specific role in enhancing olfactory dis-
crimination and learning (Shimshek et al. 2005; Escanilla et al.
2010). Learning-induced changes within the PC seem to not
only modify the responses of the cortical neuron directly but
also shape subsequent mitral and tufted cell-response patterns
(Manabe et al. 2011; Markopoulos et al. 2012). Understanding
of how OB stimulation influences these properties may give
insight into the neurobiology of odor memory and perception.

Several previous studies have shown that brain stimulation
can enhance learning. For example, deep brain stimulation of
the entorhinal cortex improved spatial learning in adult mice
(Stone et al. 2011). A recent study in epileptic patients showed
that stimulation of the entorhinal region enhanced memory of
spatial information when applied during learning (Suthana
et al. 2012). Here, we suggest that low-frequency stimulation
applied to the OB during rule learning enhanced the rate of

the learning. Several delays were examined but future work
would be important to check if such a facilitation of learning
would still have been observed after longer delays.

Temporal and Spatial Properties of Enhanced OB-PC
Synaptic Connectivity
Interestingly, enhancement in OB-PC pathway is evident only
while the rat is acquiring the rule. Once rule learning is com-
pleted, the synaptic response resumes its control value. We ob-
served a significant increase and then decrease in the slope of
the fPSP in trained rats throughout a wide range of stimulus in-
tensities during learning. Such a uniform enhancement that
persists with increasing stimulus intensity (which presumably
increases the number of activated ascending fibers) suggests
that learning-induced enhancement in synaptic connectivity
occurs in most of the synapses activated in this pathway.

Rule learning-related transient enhancement was observed
in both the anterior and posterior PC regardless of the signifi-
cant anatomical and physiological differences between the
anterior and posterior PC. As one moves from anterior to pos-
terior PC, these differences include more diffuse afferent ter-
mination zones, an expansion of association fibers relative to
afferent fibers (Neville and Haberly 2004), and stronger input
from nonolfactory areas such as amygdala (Majak et al. 2004).

Figure 5. Transient enhancement synaptic connectivity from the olfactory bulb to the anterior PC during rule learning. (A) Examples of responses to OB stimulation in the anterior
PC before learning (base) and 3 days during learning. Enhanced synaptic responses are evident for all 3 shown stimulation intensities. (B) Example of analysis of the input–output
function of the synaptic response in the ascending input to APC on the first 4 days of training. The strength of synaptic response increases each day for all stimulus intensities until it
reaches its peak on the third and fourth day of training, before rule learning is completed (see Fig. 2). (C) Example of analysis of the input–output function of the synaptic response in
the ascending input to APC starting 5 days of training. The strength of synaptic response first decreases slightly between the fifth and sixth day of training, and then resumes its
pretraining value (base). Notably, although training on the seventh day was performed with a pair of new odors, the synaptic response did not potentiate again.
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Associated with these anatomical changes, important infor-
mation processing and experience-dependent differences
emerge in the posterior PC, including coding of odorant simi-
larities or odor qualities (Litaudon et al. 2003; Gottfried et al.
2006; Kadohisa and Wilson 2006), and encoding of nonolfac-
tory stimulus associations with odors (Chabaud et al. 2000;
Moriceau and Sullivan 2006; Calu et al. 2007).

Taken together, our data suggest that during rule learning
the PC undergoes a widespread transient change, in which the
cortical network is physiologically and anatomical reorganized
to enable rule-learning acquisition and maintenance.

Transient Decrease of Synaptic Strength in the OFC-PC
Pathway
We previously described enhanced synaptic connectivity in the
descending pathway to the PC from the OFC after OD rule
learning (Cohen et al. 2008). The short latency of the evoked
fPSP in the OFC-APC pathway and its stability suggests that the
connection is monosynaptic. Thus, learning-induced modifi-
cations in synaptic strength should occur at synaptic connec-
tions onto layer II/Ib pyramidal neurons.

Here, we show a large, transient decrease in this descending
pathway during rule learning. We observed a significant de-
crease and then return to control values, in the descending

pathway throughout a wide range of stimulus intensities. Such
a uniform difference between groups that persists with increas-
ing stimulus intensity, that presumably increases the number
of activated descending fibers, suggests that learning-induced
depression in synaptic connectivity occurs in most of the sy-
napses activated in this pathway. Here too, once rule learning
was complete, training with a new pair of odors did not induce
any modifications of the synaptic response.

This finding strongly indicates that the partial shutdown of
the OFC-PC pathway accompanies the process of rule learning.
Interestingly, what may be presented as the mirror phenom-
enon was detected in the human cortex; a week of odor depri-
vation resulted in reduced odor-activation of the PC, but
enhanced activation of the OFC (Wu et al. 2012). This effect
was also transient and reversed when odor deprivation period
ended. Thus, while a strong correlation was observed between
rule learning and transient reduction in the OFC-PC connec-
tivity, the full significance of such physiological manifestation
to complex learning remains to be determined.

System Activity During Rule Learning
During OD rule learning rats develop a strategy for performing
the task skillfully (Saar et al. 1998). The development of a
strategy temporally corresponds to the enhancement of the

Figure 6. Transient enhancement synaptic connectivity from the olfactory bulb to the posterior PC during rule learning. (A) Examples of responses to OB stimulation in the posterior
PC before learning (base) and 3 days during learning. Enhanced synaptic responses are evident for all 3 shown stimulation intensities. (B) Example of analysis of the input–output
function of the synaptic response in the ascending input to APC on the first 4 days of training. Here too, the strength of synaptic response increases each day for all stimulus
intensities until it reaches its peak on the fourth day of training, before rule learning is completed (see Fig. 2). (C) Example of analysis of the input–output function of the synaptic
response in the ascending input to APC starting 5 days of training. Here too, the strength of synaptic response first decreases slightly between the fifth and sixth day of training, and
then resumes its pretraining value (base). Notably, although training on the seventh day was performed with a pair of new odors, the synaptic did not potentiate again.
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Figure 7. Time course of reduced transmission in the descending pathway. (A) Examples of synaptic response evoked each day after training in response to stimulation at intensity
of 1 mA in the APC. In this example, the maximal response occurs at the fifth and sixth day during learning. (B) Time course of reduction in the synaptic response evoked by
stimulating the descending. For each rat, responses recorded with one electrode in the APC. Recordings from 5 rats were averaged for each group. Values represent mean ± SE.
*P<0.05 between a particular training day and the baseline recoding in trained rat prior to training. #P< 0.05 between trained and pseudo-trained rats. Note that the averaged
value resumes its initial value on the ninth day of training, somewhat before when rule learning is completed.

Figure 8. Synaptic connectivity in descending pathway is not modified in pseudo-trained rats. (A) Examples of responses to OFC stimulation in the anterior PC before learning
(base) and 3 days during learning. Traces for 3 stimulation intensities are shown. (B) Example of analysis of the input–output function of the synaptic response in the descending
input to APC. The strength of synaptic response remained stable for all stimulus intensities throughout the training period.
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ascending inputs and the reduction of the descending
inputs. Such a strong transient reduction in the weight of the
descending synaptic pathway may be explained by several
possibilities:

First, rule-learning acquisition might be dependent on
bottom-up inputs (and perhaps reciprocal inputs) rather than
top-down inputs. The input from the OB to the PC reflects the
identity of the odor and the inputs from the OFC to the PC are
assumed to reflect the reward value of specific trained odors
(Schoenbaum and Eichenbaum 1995). As the rule-learning
phase is related to the ability to enter into a learning mode
(learning how to learn), rather than a long-term memory for
the specific trained odors, descending information transmitted
in the OFC-PC pathway might not be crucial for the acquisition
phase. Second, a temporary decrease in strength of OFC-PC
pathway may serve as to counterbalance for over excitation in
the PC during learning (such that is induced by enhanced
OB-PC connectivity). It should be noted that a similar enhance-
ment in simple odor learning has been observed after lesions
of the entorhinal cortex (Wirth et al. 1998) further suggesting
that some situations are enhanced by reduced top-down inter-
ference. Finally, ascending inputs from the PC terminate in the

distal parts of the apical dendrites and descending inputs ter-
minate on the proximal dendrites. Thus, the proximal inputs
must be shut down to allow the distal inputs from the OB to
reach the pyramidal cell bodies without being modified by
proximal inputs from another source.

Notably, in a previous study (Cohen et al. 2008), we found
that OD learning results in a postlearning enhancement of
the OB-PC- and OFC-PC-evoked synaptic responses 3 days
after learning (Cohen et al. 2008). The important difference
between the previous and the present studies is that here we
examined these pathways during the learning. We show that
the transient reduction in the OFC-evoked fPSP is apparent
only during learning; the synaptic response resumes its pre-
training value with rule-learning completion. Thus, we suggest
that postlearning mechanisms are involved to maintain long-
term modifications more efficiently by enhancement of both
pathways after the learning.

To summarize, our data suggest that complex olfactory
learning is not simply divided between different stations of the
olfactory pathways, but requires a combined and correlated
activation of the different brain regions, such as the OB, the
PC, and the OFC. In addition, this multifaceted activation is

Figure 9. Transient decrease in synaptic connectivity from the orbitofrontal to the anterior PC during rule learning. (A) Examples of responses to OFC stimulation in the anterior PC
before learning (base) and 6 days during learning. Reduced synaptic responses are evident for all 3 shown stimulation intensities. (B) Example of analysis of the input–output
function of the synaptic response in the descending input to APC on the first 8 days of training. The strength of synaptic response decreased each day for all stimulus intensities until
it reaches its lowest peak on the sixth day of training, before rule learning is completed (see Fig. 7). (C) Example of analysis of the input–output function of the synaptic response in
the ascending input to APC starting 9 days of training. The strength of synaptic response remains slightly decreases during the ninth day of training, and then resumes its pretraining
value (base). Notably, although training on the 12th day was performed with a pair of new odors, the synaptic was not reduced again.
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different in the “acquisition” of the rule learning and in the
modulation of specific trained odors following the learning.
The process is dynamic, comparable to opening of a sensitive
period in which a period of heightened learning is then
opened and maintained for several days, and then the system
activity can revert back to normality.
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