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Abstract
Interference with cholinergic functions in hippocampus and prefrontal cortex impairs learning and
memory for social transmission of food preference, suggesting that acetylcholine (ACh) release in
the two brain regions may be important for acquiring the food preference. This experiment
examined release of ACh in the hippocampus and prefrontal cortex of rats during training for
social transmission of food preference. After demonstrator rats ate a food with novel flavor and
odor, a social transmission of food preference group of rats was allowed to interact with the
demonstrators for 30 min, while in vivo microdialysis collected samples for later measurement of
ACh release with HPLC methods. A social control group observed a demonstrator that had eaten
food without novel flavor and odor. An odor control group was allowed to smell but not ingest
food with novel odor. Rats in the social transmission but not control groups preferred the novel
food on a trial 48 hr later. ACh release in prefrontal cortex, with probes that primarily sampled
prelimbic cortex, did not increase during acquisition of the social transmission of food preference,
suggesting that training-initiated release of ACh in prelimbic cortex is not necessary for
acquisition of the food preference. In contrast, ACh release in the hippocampus increased
substantially (200%) upon exposure to a rat that had eaten the novel food. Release in the
hippocampus increased significantly less (25%) upon exposure to a rat that had eaten normal food
and did not increase significantly in the rats exposed to the novel odor; ACh release in the social
transmission group was significantly greater than that of the either of the control groups. Thus,
ACh release in the hippocampus but not prelimbic cortex distinguished well the social
transmission vs. control conditions, suggesting that cholinergic mechanisms in the hippocampus
but not prelimbic cortex are important for acquiring a socially transmitted food preference.
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INTRODUCTION
The view that acetylcholine (ACh) is an important regulator of memory and neural plasticity
is supported by a wide array of findings. For example, systemic administration of
cholinergic agonists generally enhance, and antagonists impair, learning and memory in
human and non-human subjects (Hasselmo, 2006; Power et al., 2003; Kenney and Gould,
2008; Weinberger, 2007; Gold, 2008; Micheau and Marighetto, 2011). In addition, direct
injections of cholinergic drugs into specific brain areas enhance and impair memory in tasks
associated with those brain areas (e.g.: Boccia et al., 2009, 2010; Raybuck and Gould, 2010;
Pang et al., 2010; Liu and Liang, 2009; Herrera-Morales et al., 2007; Malin and McGaugh,
2006; Power et al., 2003; Rogers and Kesner, 2003; Bunce et al., 2004). Similarly, lesions of
cholinergic inputs to specific brain memory systems impair memory for associated tasks,
though partial lesions of cholinergic input to the hippocampus results in deficits in only
some tasks that are impaired by lesions of the hippocampus per se (Chang and Gold, 2004;
Parent and Baxter, 2004).

These lesion and pharmacological studies are supported by neurochemical measurements of
ACh release. When measured by in vivo microdialysis, release of ACh is correlated with
learning and memory measures, varying across neural systems depending on the particular
memory tasks (Gold, 2003, 2004). ACh release in the hippocampus is associated with
working memory assessed on a spontaneous alternation task, and glucose enhancement of
memory in that task is accompanied by augmentation of training-related ACh release in the
hippocampus (Ragozzino et al., 1996, 1998; Stefani and Gold, 2001). ACh release during
learning and memory tasks also reflects activation of different brain areas important for
those tasks (Chang and Gold, 2003; McIntyre et al., 2003a,b; Ihalainen et al., 2010; Roland
and Savage, 2007; Morris et al., 2010), and may contribute to coordination of competition
and competition of neural systems during learning (Gold, 2003, 2004; Pych et al., 2005a,b).

The present experiment examines ACh release during learning in a social transmission of
food preference (STFP) task. This is a task in which one rat, the observer, interacts with a
second rat, the demonstrator, which has recently eaten a food with novel odor. After the
interaction and exposure to the demonstrator's breath, the observer rat exhibits a preference
for food containing the odor previously consumed by the demonstrator (Galef and Whiskin,
2003). The odor memory is acquired in a single session and can last for weeks after training.

The hippocampus is one brain area implicated in the social transmission of food preference.
Acquisition of social transmission of food preference is impaired by lesions of the
hippocampus (Winocur, 1990; Bunsey and Eichenbaum, 1995; Alvarez et al., 2001, 2002;
Winocur et al., 2001; Clark et al., 2002; Winocur and Moskovitch, 1999). In addition, intra-
hippocampal injections of the ACh muscarinic receptor antagonist, scopolamine,
immediately after training impairs later memory for social transmission of food preference
(Carballo-Marquez et al., 2009). Relatedly, lesions of the medial septum/diagonal band
cholinergic input to the hippocampus also impair acquisition of a social transmission of food
preference (Berger-Sweeney et al., 2000). Together, these findings suggest that the
hippocampus, and more specifically release of ACh in the hippocampus at the time of
training, is important for acquiring the food preference.
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Prelimbic and orbitofrontal regions of prefrontal cortex have also been implicated in
learning and memory for social transmission of food preference. However, results for
prefrontal cortex are less consistent across methods than are the results for the hippocampus.
As found with injections into the hippocampus, post-training scopolamine injections into
prelimbic regions of prefrontal cortex impair memory for social transmission of food
preference (Carballo-Marquez et al., 2009; Bois-Trelis et al., 2007). Additional evidence for
cholinergic contributions to acquisition of social transmission of food preference is found in
studies that damage cholinergic inputs to prefrontal cortex. Lesions of the nucleus basalis
cholinergic input to neocortex (Berger-Sweeney et al., 2000; Vale-Martinez et al., 2002)
impair memory for social transmission of food preference, although the anatomical
specificity to prefrontal cholinergic projections is unclear because such lesions would
interfere with cholinergic functions through much of neocortex. Also, electrical stimulation
of nucleus basalis immediately after social training enhanced memory for a food preference;
in parallel, the stimulation resulted in increased c-Fos expression that was especially
prominent in most prefrontal cortical regions, including orbitofrontal, prelimbic and
infralimbic cortical areas (Boix-Trelis, et al., 2006). Infusions of 192 immunoglobulin G-
saporin directly into orbitofrontal cortex also impaired acquisition of a socially transmitted
food preference (Ross et al., 2005). In contrast to these findings, however, lesions of
orbitofrontal cortex did not interfere with learning and memory for a socially acquired food
preference (Smith et al., 2010); the histological descriptions in this report showed damage
that extended, in most rats, well beyond orbitofrontal cortex to include prelimbic regions of
medial prefrontal cortex.

Thus, both lesions and pharmacological manipulations of hippocampus and its cholinergic
functions affect social transmission of food preference. While lesions of orbitofrontal cortex
and adjacent areas of prefrontal cortex do not impair learning in this task, manipulations of
cholinergic functions in prelimbic and orbitofrontal cortex consistently up- and down-
regulate social transmission of food preference. Whether or not activation of cholinergic
mechanisms in these brain regions is important for learning the social transmission of food
preference is evaluated here by measuring training-related increases in release of the
neurotransmitter, with increased release of ACh revealing activation of cholinergic
mechanisms. The present experiment employed in vivo microdialysis /high performance
liquid chromatography methods to examine ACh release simultaneously in both the
hippocampus and prelimbic regions of frontal cortex during training to determine whether
ACh actively participates in STFP memory in these brain regions.

METHODS
Animals

Male Fischer-344 × Brown-Norway F1 hybrid rats (3-4 months old) were housed
individually and were maintained on a 12:12 (7:00 a.m. on) light-dark cycle with free access
to food and water until near the time of behavioral testing. All rats were handled daily
beginning before surgery and continuing to the time of behavioral testing. The rats were
placed into trained (N=9), social control (N=9), odor control (N=8), and demonstrator (N=6)
groups. All rats underwent behavioral testing and microdialysis. However, two rats in the
social control group and two rats in the odor control group had technical problems with the
probes in frontal cortex. Therefore, while all rats were used for behavioral testing and for
hippocampus neurochemistry, the Ns for the frontal cortex chemistry were 7 and 6 for the
social and odor control groups, respectively.

All procedures were approved by the Institutional Animal Care and Use Committee of the
University of Illinois at Urbana-Champaign and were in compliance with the National
Institutes of Health guidelines for the care and use of laboratory animals; the animal care
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facilities at the University of Illinois at Urbana-Champaign are accredited by the Association
for Assessment and Accreditation of Laboratory Animal Care.

Surgery
All rats except demonstrators were anesthetized with isoflurane and placed in a stereotaxic
apparatus with skulls in horizontal orientation. For later insertion of microdialysis probes,
guide cannulae were aimed at the ventral hippocampus (5.5 mm posterior to bregma, 5.0
mm lateral to the midline suture and 4.0 mm below the surface of the skull) and at the
contralateral medial prefrontal cortex, targeting prelimbic cortex (3.0 mm anterior to
bregma, 1.0 lateral, 2.5 mm ventral).

In vivo microdialysis
The dialysis procedures were as described in detail previously (e.g., Chang and Gold, 2003;
Chang et al., 2006; Qi and Gold, 2009). On the day of training, the trained, social and odor
controls received microdialysis probes (CMA/11, 3 mm) inserted into the guide cannulae
approximately 2 hr prior to training. The probes were perfused continuously with aCSF (1.0
μl/min) containing the cholinesterase inhibitor, neostigmine (100 nM). Dialysate samples
(10 μl each) were collected every 10 min. Samples collected during the first hour were
discarded. The next four samples comprised the baselines for each rat. Rats were then
trained while samples continued to be collected every 10 min during the 30 min of training/
interaction or odor presentation, and for 50 min thereafter. Samples were stored at -20°C
until they were later assessed for ACh content using HPLC methods.

Behavioral Procedures
Rats were allowed to recover from surgery for 7-14 days before testing. At that time, rats
began daily handling for 5 min / day to reduce possible stress responses at the time of
training. General training procedures were as described before (Countryman and Gold,
2007). Demonstrator and observer rats were housed together in an interaction cage [39 × 51
× 26 cm (L × W × H)] separated into two equal compartments by a wire screen. During this
time, each rat had unlimited access to standard food and water for two days and then was
food-deprived for the 22 hrs immediately prior to training.

On the day of training, a demonstrator rat was removed from its interaction cage and was
placed in a cage in a separate room where it was allowed to eat flavored rat chow (either 1%
thyme or 1% turmeric). We previously determined that these flavors and concentrations
were preferred equally by untrained rats (Countryman and Gold, 2007). After a 30-min
eating session, the demonstrator rat was returned to the interaction cage, where an observer
rat (N = 9) could interact with the demonstrator rat for 30 min. The demonstrator rat was
then removed and microdialysis samples were collected from the observer rat for an
additional 50 min.

Social control rats (N = 9) were treated as the trained rats above, except that the
demonstrator rats were presented with unflavored food. Odor control rats (N = 8) were
permitted to smell the flavored food but could not eat it; for this condition, the food was
placed in a container covered with Plexiglas perforated with holes.

After the training procedure was complete, rats were given access to food for 2 hr, when the
food was again removed. Rats received food again for 2 hr on the next day, ending 22 hr
before memory testing. Tests of memory were given 48 hr after training. At that time, the
observer rats were placed into a cage (42 × 24 × 27 cm) containing two food cups each
containing 15 g of food, one cup containing the demonstrated food and one a novel food.
The rats were allowed to eat for 1 hour, after which the amount of each remaining food was
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weighed. The measure of food preference was calculated by: [Demonstrated Food
Consumed (g)/Total Food Consumed (g)] × 100].

ACh chemistry
As described before (e.g.: Chang and Gold, 2003; Qi and Gold, 2009), ACh content in each
sample was quantified using high performance liquid chromatography and electrochemical
detection (Bioanalytical Systems Inc., West Lafayette, IN). Briefly, the assay system
included an ion-exchange microbore analytical column, microbore ACh/Ch immobilized
enzyme reactor containing acetylcholinesterase and choline oxidase. A Shimadzu
LC-10ADvp pump provided relatively pulse-free flow. The working electrode was set at 100
mV vs. a Ag/AgCl reference electrode. The flow rate was 140 μl / min and the injection
volume was 6.0 μl, using a 10 μl loop. Each sample required 13 min and the detection limit
with this system and procedures was 65 fmol.

Histology
After training, rats received an overdose of sodium pentobarbital. They were perfused with
saline followed by 4% paraformaldehyde in a phosphate buffer. Brains were removed and
stored in paraformaldehyde for 24 hr, then transferred into a 20% sucrose solution. Coronal
sections (40 μm) through the cannulae tracts were collected with cryostat sectioning and
were later stained with cresyl violet procedures to confirm microdialysis probe placements.
Illustrations of acceptable placements are shown in Figure 1; all placements were confirmed
to be within the hippocampus and prefrontal cortex. Because the probes were 3 mm long and
~250 μm in diameter, they sampled a wide area within each brain region, precluding
subregional assessments. Each hippocampal probe sampled dentate gyrus, CA3 and CA1
areas. The prefrontal cortex probes sampled ACh release in prelimbic cortex in particular,
but probably also sampled cingulate and infralimbic areas as well. It is not clear whether
diffusion of ACh from orbitofrontal regions was monitored with these microdialysis probes
and placements.

Statistical analyses
One-way repeated measure ANOVAs were performed to evaluate ACh release in the
hippocampal and medial prefrontal cortex. Dunnett's post-hoc test was used to identify time
points at which ACh levels differed across conditions. A one-way ANOVA was performed
to test differences in average percent of demonstrated food consumed across trained, odor
and social conditions. Within groups, one-sample differences from equal preference for the
demonstrated vs. novel food ([Demonstrated Food Consumed (g)/Total Food Consumed (g)]
× 100]) were used to identify groups that exhibited social transmission of food preference.

RESULTS
As shown in Figure 2, the trained rats, but not the odor or social control rats, exhibited
significant social transmission of food preference responses (one-way ANOVA across
treatment conditions: F2,23 = 3.53, p<0.05). When given a choice of the demonstrated food
vs. a novel food, trained rats exhibited approximately a 3:1 preference for the demonstrated
food (p < 0.05). In contrast, rats in the odor and social control groups did not exhibit
significant preferences for either of the food (p's > 0.2). There were no significant
differences across groups in the total food eaten (F2,23 = 0.5, p>0.6) (Figure 3). The trained
rats consumed 4.8 ± 1.2 grams of total food, as compared to 4.9 ± 0.9 and 4.0 ± 0.7 grams of
total food eaten by the social and odor control groups.

With the microdialysis procedures and neostigmine concentration used here, mean release of
ACh at baseline was 20.2 ± 4.9 fmol/10 μl for hippocampus and 42.6 ± 6.6 fmol/10 μl for

Gold et al. Page 5

Neurobiol Learn Mem. Author manuscript; available in PMC 2012 October 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



frontal cortex samples. The hippocampus values are similar to those we have reported before
(Chang et al., 2006) and similar to those reported by others who used similar probe sizes,
flow rates and neostigmine concentrations to measure ACh release with similar placements
in frontal cortex (Kehr et al., 2010; Takase et al., 2009).

The patterns of ACh release during training in the hippocampus differed from each other by
behavioral group (Figure 4), with a significant interaction of time × group (F14,126 = 4.50,
p<0.001). In the first acquisition sample, ACh release increased significantly to nearly 200%
of baseline in the social transmission of food preference group (p<0.01). There was also a
small but significant 25% increase from baseline in ACh release in the social control group
(p<0.05), but no significant increase in the odor control group. The increase in release of
ACh in the trained group was significantly greater than that of the odor and social controls
(ps < 0.05). Thus, exposure to the demonstrator rat that had eaten the novel food resulted in
significantly increased ACh release compared to either control group.

Increases in release of ACh in prelimbic cortex were quite modest, with maximal increases
across all groups of about 30% above baseline (Figure 5); these increases in each group were
not significant vs. their respective baselines. Moreover, ACh release during the interaction
with demonstrators in the trained, odor, and social groups did not differ from each other
(time × group: F14,161 = 0.63, p>0.8). Thus, microdialysate samples from frontal cortex
exhibited small non-significant increases in ACh release during the trained and control rats’
exposures to a demonstrator rat, but did not reveal differences based on the food eaten by the
demonstrator rat. ACh release in the prelimbic region of frontal cortex was therefore not
associated with social transmission of food preference.

DISCUSSION
Rats learning a social transmission of food preference task exhibited increased release of
ACh in the hippocampus. The increase in release clearly distinguished rats interacting with a
demonstrator rat that had recently eaten novel food from rats interacting with demonstrators
that had eaten standard rat food or from rats that had smelled but not eaten a novel food. The
encounters between the observer rats with demonstrator rats appeared to be similar in the
trained and social control groups, with the unusual mouth odor being the main feature
distinguishing the experiences. Related to this are possible differences in arousal and the
nature of interactions between the rats, although these were not obvious within this
experiment. With results showing that the total amount of food eaten was similar across
groups, differences in motivation, per se, do not explain the differences in release of ACh in
the hippocampus.

The present findings support results obtained with brain lesions revealing an important role
for the hippocampus in acquiring a social transmission of food preference (Winocur, 1990;
Bunsey and Eichenbaum, 2003; Alvarez et al., 2001; Winocur et al., 2001; Clark et al.,
2002; Winocur and Moskovitch, 1999). More specifically, the findings also support an
important role for ACh within the hippocampus as a regulator of this type of learning and
memory. The present findings are consistent with others showing that lesions of the medial
septum/diagonal band cholinergic input to the hippocampus impair social transmission of
food preference (Berger-Sweeney et al., 2000; Vale-Martinez et al., 2002) and that
immediate post-training infusions of the muscarinic antagonist, scopolamine, into the
hippocampus impair memory for the social transmission of food preference (Carballo-
Márquez, et al., 2009).

The findings obtained with prefrontal cortex samples, collected simultaneously with the
hippocampus samples, did not reveal increases in release of ACh that were associated with
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the training conditions. These samples showed relatively small increases in ACh release that
were comparable in trained and control rats. Therefore, the modest increases are more likely
to reflect general arousal of the rat upon exposure to the demonstrator than to reflect specific
mechanisms related to learning a social transmission of food preference. These findings are
compatible with evidence that lesions of orbitofrontal cortex, which generally extended into
the prelimbic areas monitored in the present experiment, have no effect on acquisition of
social transmission for food preference (Smith et al., 2010).

The present results raise questions about the interpretations of studies showing that
interference with cholinergic functions in prelimbic cortex impair memory for social
transmission of food preference tasks. In several studies, injections of the cholinergic toxin,
192 immunoglobulin G (IgG)-saporin into the nucleus basalis region of the forebrain, prior
to training resulted in impaired social transmission of food preference (Berger-Sweeney et
al., 2000; Vale-Martinez et al., 2002). These lesions resulted in damage to cholinergic
innervation in prefrontal cortex but also in other neocortical areas. In addition, injections of
scopolamine directly into prelimbic cortex impaired social transmission of food preference
(Boix-Trellis et al., 2007). Targeting lesions to orbitofrontal cortex with 192 IgG-saporin
infusions directly into that brain area, Ross et al. (2005) attempted to limit cholinergic fiber
loss to orbitofrontal cortex. However, the loss of cholinergic function may have extended
beyond orbitofrontal cortex to other areas of prefrontal cortex. The Ross et al. (2005) report
did not fully describe the extent of the anatomical spread of damage beyond the injection
site; the control measure in cingulate cortex was approximate 5 mm from the site of saporin
injection vs. the 2-3 mm distance to the main prefrontal area sampled for ACh release in the
present experiment. Still, rats with this damage did not exhibit a preference for the
demonstrated food, leading to the conclusion that ACh in orbitofrontal cortex is necessary
for acquisition of the food preference (Ross et al., 2005). Because the present experiment did
not explicitly measure ACh release in orbitofrontal cortex, the results reported here do not
bear directly on those findings.

However, the present results show that training-related increases in release of ACh in
prelimbic cortex do not accompany learning of a social transmission of food preference.
While a positive correlation would not show necessary involvement of training-related
increases in ACh release in social transmission of food preference, absence of a correlation
does indicate that training-related increases in ACh release do not accompany, and therefore
are not involved, in this task. With these results, the evidence from loss of function studies
in prelimbic cortex should not be taken as strong support for critical, necessary or essential
roles for ACh activation in acquisition of social transmission of food preference (Berger-
Sweeney et al., 2000; Boix-Trellis et al., 2007). When these prior findings are viewed
together with the present results, it appears that the presence of ACh at baseline levels of
release and receptor activation may be necessary for acquisition of the food preference, even
as the evidence indicates that training-related release of ACh is not necessary. In this regard,
the present results leave open the possibility that baseline cholinergic “tone,” i.e. the low
levels of cholinergic activity at baseline, is necessary for optimal functioning of prefrontal
cortex during acquisition of a socially transmitted food preference.

In contrast to the results obtained with ACh release in prefrontal cortex, the present findings
obtained with neurochemistry of the hippocampus clearly support the view that activation of
cholinergic mechanisms in hippocampus is important in regulating learning and memory for
social transmission of food preference.
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HIGHLIGHTS

• Acetylcholine release increases in the hippocampus during social transmission
of food preference training.

• The increase was not seen in social or odor controls.

• These findings support the view that cholinergic mechanisms in the
hippocampus are important for this type of learning.

• In the same rats, acetylcholine release in prelimbic regions of prefrontal cortex
did not increase during training.

• Activation of acetylcholine release in prelimbic cortex does not appear to be
critical for social transmission of food preference.
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Figure 1.
Illustration of typical placement of microdialysis dialysis probes in hippocampus and medial
prefrontal cortex. (Adapted from Paxinos and Watson, 2005: Bregma -5.52 and +3.24 mm).
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Figure 2.
Consumption of demonstrated vs. novel food on memory test. Trained rats consumed
significantly more demonstrated food than novel food when tested 48 hr (*p<0.05). Social-
control rats and odor-control rats did not exhibit a significant preference for either food
(*p<0.05).
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Figure 3.
Food consumed on memory test trial. There were no significant differences in total amount
of food consumed between groups.
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Figure 4.
Change in acetylcholine release in the hippocampus during and after training. Each sample
was collected during 10 min. Note that the trained rats exhibited a large increase in
acetylcholine release at the start of training. Social control rats, but not odor control rats,
exhibited a small increase early in training. The increase in release in trained rats was
significantly greater than the increases seen in either control group (p's < 0.05 vs. social and
vs. odor controls).
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Figure 5.
Change in acetylcholine release in the prefrontal cortex during and after training. Each
sample was collected during 10 min. Note that acetylcholine release did not increase in the
trained or in either control group.
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