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Choice Behavior Guided by Learned, But Not Innate, Taste
Aversion Recruits the Orbitofrontal Cortex

X Leticia Ramírez-Lugo, X Ana Peñas-Rincón, Sandybel Ángeles-Durán, and X Francisco Sotres-Bayon
Instituto de Fisiología Celular—Neurociencias, Universidad Nacional Autónoma de México, 04510 Ciudad de México, México

The ability to select an appropriate behavioral response guided by previous emotional experiences is critical for survival. Although much
is known about brain mechanisms underlying emotional associations, little is known about how these associations guide behavior when
several choices are available. To address this, we performed local pharmacological inactivations of several cortical regions before retrieval
of an aversive memory in choice-based versus no-choice-based conditioned taste aversion (CTA) tasks in rats. Interestingly, we found
that inactivation of the orbitofrontal cortex (OFC), but not the dorsal or ventral medial prefrontal cortices, blocked retrieval of choice
CTA. However, OFC inactivation left retrieval of no-choice CTA intact, suggesting its role in guiding choice, but not in retrieval of CTA
memory. Consistently, OFC activity increased in the choice condition compared with no-choice, as measured with c-Fos immunolabeling.
Notably, OFC inactivation did not affect choice behavior when it was guided by innate taste aversion. Consistent with an anterior insular
cortex (AIC) involvement in storing taste memories, we found that AIC inactivation impaired retrieval of both choice and no-choice CTA.
Therefore, this study provides evidence for OFC’s role in guiding choice behavior and shows that this is dissociable from AIC-dependent
taste aversion memory. Together, our results suggest that OFC is required and recruited to guide choice selection between options of taste
associations relayed from AIC.

Key words: conditioning; decision; gustatory; inactivation; insular; prefontal

Introduction
Recollection of previous experiences charged with emotional
content can have a profound impact on decisions that are funda-

mental for survival (Rangel et al., 2008). Deficits in such emo-
tional or value-based decision-making ability characterize several
psychiatric disorders (Paulus, 2007). Through associative mech-
anisms, environmental stimuli can acquire emotional valence
(negative or positive), which in turn serve as motivation to select
the appropriate action to take (avoid or approach) (Namburi et
al., 2016). The influence of these emotional associations on ac-
tion selection can be studied using conditioning (Rangel et al.,
2008). Most often, they have been studied by examining their
effect on instrumental appetitive responses (Holmes et al., 2010),
but little research has been devoted to examining their effect on
simple aversive learned responses. During aversive conditioning,
a neutral stimulus acquires a negative motivational value when it
is paired with a negative consequence. This association forms an
aversive memory that, when retrieved, evokes stimulus-triggered
defensive responses that include (depending on the conditioning
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Significance Statement

Survival and mental health depend on being able to choose stimuli not associated with danger. This is particularly important when
danger is associated with stimuli that we ingest. Although much is known about the brain mechanisms that underlie associations
with dangerous taste stimuli, very little is known about how these stored emotional associations guide behavior when it involves
choice. By combining pharmacological and immunohistochemistry tools with taste-guided tasks, our study provides evidence for
the key role of orbitofrontal cortex activity in choice behavior and shows that this is dissociable from the adjacent insular
cortex-dependent taste aversion memory. Understanding the brain mechanisms that underlie the impact that emotional associ-
ations have on survival choice behaviors may lead to better treatments for mental disorders characterized by emotional decision-
making deficits.
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method) freezing, avoidance (Bravo-Rivera et al., 2014) and dis-
gust (Bures et al., 1998). Much effort has been directed toward
understanding the associative brain mechanisms involved in
aversive processing [e.g., taste aversion (Bermúdez-Rattoni,
2004) and threat conditioning (LeDoux, 2000; Maren and Quirk,
2004)], but rather less is known about the process by which the
resultant aversive memory influences the actions that lead to
avoid the stimuli.

Extensive research using taste-digestive malaise (conditioned
taste aversion, CTA) and tone–shock (auditory threat condition-
ing) associations have delineated the pathways that are shared in
processing aversive memories. Both of these types of amygdala-
dependent aversive conditioning (LeDoux et al., 1990; Gallo et
al., 1992), involve the recruitment of primary sensory cortex as-
sociated with the conditioned stimuli [i.e., taste cortex for CTA
(Gallo et al., 1992) and auditory cortex for auditory threat con-
ditioning (Quirk et al., 1997)]. Further cortical processing of
aversive memories, independently of the aversive conditioning
type, involves the medial prefrontal cortex (mPFC) (Hernádi et
al., 2000; Mickley et al., 2005; Knapska and Maren, 2009; Lin et
al., 2010; Sierra-Mercado et al., 2011). Notably, dorsal mPFC has
been shown to be involved in the expression of aversive memory
(Corcoran and Quirk, 2007; Bissière et al., 2008; Marotta et al.,
2014; Gonzalez et al., 2015), whereas ventral mPFC is involved in
extinction of aversive memory (Milad and Quirk, 2002; Akirav et
al., 2006; Sotres-Bayon et al., 2009; Xin et al., 2014). These find-
ings have led to the notion that coordinated activity between
different cortical regions is involved in simple retrieval of aversive
memories (Bermúdez-Rattoni, 2004; Sotres-Bayon and Quirk,
2010). However, it is not clear whether the same cortical re-
gions are required when the individual is challenged to use the
retrieved aversive memory to choose between options pre-
sented simultaneously.

To evaluate which cortical areas are critical for choice behav-
ior guided by an aversive memory, we developed a modified ver-
sion of the standard CTA paradigm. Execution of an avoidance
response to a taste stimulus during CTA is a behavior more
amenable to studying the neurobiology of choice than stimulus-
triggered reaction (freezing) evoked during retrieval of cued
threat conditioning. We tested aversive memory retrieval in a
choice-based versus no-choice-based CTA task. In the standard
CTA task, rats learn to avoid a single bottle containing the aver-
sive taste solution without a choice (Bures et al., 1998). To eval-
uate choice behavior, we developed a modified version of the
CTA task that involves learning to choose actively between
bottles presented simultaneously containing an aversive taste
solution and safe water. Our findings indicate that the orbito-
frontal cortex (OFC), rather than the primary taste cortex or
mPFC, guides choice behavior for learned, but not innate,
taste-aversive memories.

Materials and Methods
Subjects
Male Wistar rats (280 –300 g; Instituto de Fisiología Celular breeding
colony) were housed in polyethylene cages and maintained on a standard
12 h light/dark schedule with ad libitum access to standard laboratory rat
chow and water. Rats were deprived of water for 24 h before the start of all
behavioral manipulations to motivate them to consume water from the
bottle(s) presented. Rats were accustomed to drink water in 2 indepen-
dent sessions separated by 6 h. The first consumption session was in the
morning and the second was in the afternoon. All manipulations and
behavioral procedures were performed during the light phase. Animals
were housed individually in a temperature-controlled environment
(24°C) for at least 4 d before surgery and were handled daily to diminish

stress responses. All procedures were approved by the Institutional Ani-
mal Care and Use Committee of the Universidad Nacional Autónoma de
México in compliance with the National Ministry of Health guidelines
for the care of laboratory animals.

Surgery
Rats were anesthetized (mixture of ketamine 90 mg/kg and xylazine
10 mg/kg, i.p.) and implanted with 23-gauge guide cannulas (15 mm
hypodermic stainless steel; A-M Systems) targeting either the dorso-
medial PFC (dmPFC; �3.0 mm AP, �0.6 mm ML, �4.2 mm DV),
ventromedial PFC (vmPFC: �4.0 mm AP, �0.6 mm ML, �5.0 mm
DV), OFC (�3.7 mm AP, � 2.6 mm ML, �4.7 mm DV), or anterior
insular cortex (AIC; � 1.2 mm AP, � 5.5 mm ML, �5.7 mm DV)
(Paxinos and Watson, 1998). All coordinates were taken with respect
to bregma. Cannulas were fixed with dental acrylic cement and an-
chored with two surgical screws placed on the skull. Stainless steel
obturators were inserted into the guide cannulas to prevent clogging
until infusions were made. The tips of the cannulas were aimed 0.8
mm above the target structure. After surgery, animals received food
and water ad libitum for 7 d to allow full recovery before experiments.

Behavior
All behavioral tasks were performed in home cages through all phases of
the experiments. Four types of behavioral taste-guided tasks were used.
One task involved behavior guided by innate taste stimuli and three tasks
involved behavior guided by learned taste stimuli. All CTA experiments
required that rats acquire aversion to an unfamiliar taste (saccharin so-
lution 0.1%) when followed (15 min) by induction of digestive malaise
using lithium chloride (LiCl; 0.4 M; 7.5 mg/kg, i.p.). To test CTA mem-
ory, animals were presented with the conditioned stimulus (CS; saccha-
rin) without the unconditioned stimulus (US; LiCl). Behavioral sessions
consisted of taste-sampling tests and a thirst test using a single extra
bottle. The taste-sampling tests consisted on the presentation of 12 ml of
liquid solution for 10 min (in one or four bottles). This was followed by
a thirst test that evaluated the motivation to drink independently of the
test-sampling session and consisted of the presentation of a single bottle
with 6 ml of water for 10 min. On each session (taste-sampling test and
thirst test), rats were allowed to consume a total of 18 ml of liquid solu-
tion. All bottles were weighed before and after each session to measure
the total amount of liquid intake. Three different tasks that involved CTA
were developed.

No-choice CTA task. This task involves the use of a single bottle
throughout the different experimental stages (baseline water consump-
tion sessions and taste-sampling tests). This is a standard CTA task that
does not involve choice between options. In no-choice CTA learning,
animals were presented with a single bottle containing 6 ml of water,
followed by 12 ml of saccharin solution as the CS and LiCl injection as the
US. This was important to ensure that animals associate the last taste
(saccharin) with the US. In the no-choice CTA memory test, animals
were presented with a single bottle containing 12 ml of saccharin solution
for 10 minutes, followed by 6 ml of a water thirst test.

Choice CTA task. This task involves the use of four bottles presented
simultaneously throughout the experiment. This is a modified version of
the one-bottle standard CTA task. This CTA task involves an explicit
choice between alternative options presented simultaneously. In choice
CTA learning, animals were presented with 4 bottles: 2 bottles, 3 ml each,
contained the unfamiliar saccharin solution and 2 bottles, 3 ml each,
contained the familiar water solution (total 12 ml of liquid intake: 6 ml of
saccharin and 6 ml of water). This was followed by a 6 ml bottle of
saccharin (instead of a water thirst test) to make sure the last taste was
paired with the LiCl injection. In the choice CTA memory test, animals
were presented with 4 bottles: 2 bottles, 3 ml each, contained the condi-
tioned saccharin solution and 2 bottles, 3 ml each, contained the safe
water solution (total 12 ml of liquid intake: 6 ml of saccharin and 6 ml of
water). This was followed by a thirst test using 6 ml of water. Bottles of
saccharin and water were alternated and changed their position in every
session to prevent rats from learning the location of the tastes. We used
four bottles rather than two because, with four bottles, we increase the
choice options (increased cognitive demand) while decreasing the bias to
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choose by chance for each bottle (from 50% to 25%). To avoid stimulus
discrimination based on visual appearance of the reinforcer (bottle and
solution), all bottles had the same physical appearance (transparent poly-
carbonate tubes) and all solutions had the same visual appearance (clear
solution).

Complex no-choice CTA task. Similar to the choice CTA task, this task
involves the use of four bottles presented simultaneously for all parts of
the experiment. However, similar to the no-choice CTA task, this task
does not involve choice behavior because animals are presented with all 4
bottles, each containing 3 ml of the same saccharin solution. This was
followed by a 6 ml water thirst test. By presenting not one but four bottles
at a time with the same taste stimulus, this task represents a standard CTA
(without choice involved) with increased cognitive demands (four rather
than one bottle).

Innate choice task. Similar to the choice CTA task, this task involves the
use of four bottles presented simultaneously throughout experiment.
However, in this task, there was no learning involved. Animals were
presented with 2 bottles, 3 ml each, of a naturally preferred sweet taste
solution (saccharin solution 0.1%) and 2 bottles, 3 ml each, of a naturally
aversive bitter taste solution (quinine solution 0.02%).

Drug infusions
The day before testing, rats were habituated for infusion handling and
injectors were briefly inserted into the cannulas without infusing. Injec-
tor tips extended 0.8 mm beyond the guide cannula. Muscimol and
baclofen (M&B; Sigma-Aldrich) or muscimol alone (MUS) were used to
enhance GABAA and GABAB receptor activity, thereby inactivating the
targeted brain region. The inactivating drug was prepared on the day of
the infusion using a physiologically filtered saline solution (SAL) as ve-
hicle and infused 10 min before behavioral testing. M&B (0.125 ng of
each drug/0.5 �l per side) or SAL was infused at a rate of 0.4 �l/min into
dmPFC, vmPFC, and OFC and MUS or SAL was infused at a rate of 10
�l/min into AIC (5 �g/1.0 �l per side). Cannulas were connected via
polyethylene tubing to 10 �l syringes (Hamilton) driven by a program-
mable microinfusion pump (KD Scientific). Dosages and volumes of
GABAergic agonists were based on pilot experiments in our laboratory
and previous studies targeting the same brain structures (Berman et al.,
2000; Bravo-Rivera et al., 2014) where dosages did not affect general
locomotion. After infusions, injectors were left in place for 2 min to allow
the drug to diffuse.

Histology
After behavioral experiments, rats were deeply anesthetized with chloral
hydrate (400 mg/kg, i.p.) and transcardially perfused with 0.9% saline
solution. Brains were then removed and stored in a 10% formalin solu-
tion (Sigma-Aldrich) for at least 3 d. Then, formalin was replaced by a
30% sucrose solution until tissue saturation was reached. Using a cryo-
stat (Leica, CM1520), brains were cut in 40-�m-thick coronal sections
and mounted on slides. To determine the cannula’s location, mounted
slides with coronal sections were stained for Nissl bodies and examined
under a bright-field microscope (Nikon, H550S). Only rats with cannula
locations within the borders of each of the target structures were included
in the statistical analysis.

Immunohistochemistry
Ninety minutes after the end of the last behavioral test, rats were anes-
thetized with chloral hydrate (400 mg/kg, i.p.) and then transcardially
perfused with 0.9% saline solution followed by 200 ml of cold 4% para-
formaldehyde (PFA) in 0.1 M phosphate buffer saline (PBS). Brains were
removed and fixed overnight in 4% PFA and then transferred from 20%
sucrose to 30% sucrose in 0.1 M PBS for 48 h for cryoprotection. Frozen
sections were cut coronally (40 �m) with a cryostat (Leica, CM1520) at
different levels of the orbitofrontal and insular cortices.

All sections were washed in 0.1 M TBS with 0.1% Tween-20 (Sigma-
Aldrich) between reactions 6 times for 10 min each. Sections were
initially blocked in a solution of 4% normal goat serum (Vector Labora-
tories), 4% bovine serum albumin (Santa Cruz Biotechnology), and
0.1% Triton X-100 in 0.1 M TBS with 0.1% Tween, pH 7.4, for 2 h.
Afterward, sections were incubated 48 h at room temperature with anti-
c-Fos serum raised in rabbit polyclonal antibody (Santa Cruz Biotech-

nology, sc-52 RRID: AB_2106783; lot A1107) at a concentration of 1:250.
Sections were then incubated for 1 h at room temperature in a solution of
biotinylated goat anti-rabbit IgG (Vector Laboratories, BA-1000 RRID:
AB_2313606; lot 117429) at a concentration of 1:250 and placed in a
mixed avidin biotin horseradish peroxidase complex solution (ABC Elite
Kit; Vector Laboratories) for 1 h. Black/brown nuclei immunolabeled for
c-Fos were visualized after 10 minutes of exposure using the peroxidase
substrate kit (SK-4100, DAB, Vector Laboratories). The reaction was
stopped using three 5 min washes of 0.1 M PBS without Tween. Sections
were mounted on gelatin-coated slides and coverslipped.

c-Fos-immunolabeled neurons were counted automatically using Im-
ageJ software (RRID: SCR_003070) at 10� magnification with a bright-
field microscope (Nikon, H550S) equipped with a digital camera.
Micrographs were generated at different anterio–posterior (AP) levels
from bregma for AIC (�1.20 to �1.50 AP) and OFC (� 3.00 to �3.70
AP). Examples of micrographs are shown in Figure 4. Neurons were
considered positive for c-Fos-like immunoreactivity if the nucleus was
distinct from the background and was of the appropriate size (area from
25 to 250 �m 2) and shape (at least 60% circularity). The c-Fos-
immunolabeled neuron counts were averaged for each hemisphere in
two to three different sections for each structure. The density of c-Fos-
positive neurons (neurons per square millimeter) was calculated by di-
viding the number of c-Fos-positive neurons by the total area of each
region.

Data collection and analysis
Baseline water consumption intake was calculated twice a day for the
length of the experiment with either one or four bottles. The amount of
taste stimulus (saccharin and/or quinine) consumed is expressed as per-
centage of the baseline water consumption intake ( percentage of taste
stimulus/water) calculated as follows:

Saccharin or quinine consumption

Mean baseline water consumption
� 100

A value of 0 indicates complete aversion to the taste stimulus and a value
of 100 indicates taste preference (as much as water). When rats were
presented with four bottles at the same time, the baseline water con-
sumption and the taste stimulus intake (saccharin and/or quinine solu-
tion) was obtained as the sum of the intakes of the corresponding two
bottles. Experimental groups were compared by using, when appropri-
ate, paired or unpaired Student’s two-tailed t tests or repeated-measures
ANOVA followed by post hoc Tukey’s honest significant difference test
(STATISTICA; StatSoft; RRID:SCR_014213).

Results
Inactivation of dorsal or ventral mPFC does not affect
retrieval of choice CTA
To evaluate the role of mPFC in choice behavior guided by learned
taste aversion, we compared the retrieval of choice CTA before and
after pharmacological inactivation of the two main subdivisions of
the mPFC (dorsal and ventral). Early on day 1, rats were conditioned
to avoid a novel taste stimulus (saccharin) by pairing it with induced
digestive malaise. Six hours later, rats were tested for taste aversion
memory to saccharin (test 1). We used this first memory retrieval test
to match groups (experimental and control) based on similar taste
aversion levels. This matching allows for a fair comparison of taste
aversion levels before and after local brain inactivations.

The next day (day 2), to evaluate the effect of local mPFC
inactivation, we infused either SAL or a GABAergic agonist mix-
ture (M&B) before a second retrieval test (test 2). In separate
groups of animals, we inactivated the dmPFC and vmPFC.
The dmPFC includes prelimbic and anterior cingulate cortices,
whereas the vmPFC includes infralimbic and medial orbitofron-
tal cortices. We found that inactivation of dmPFC did not affect
retrieval of choice CTA (Fig. 1A), as indicated by the similar levels
of saccharin solution consumed with respect to baseline water
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consumption (percentage of taste stimulus/water) during test 2
across groups (M&B: 52.8%; SAL: 49.1%; group effect: F(1,12) �
0.07, p � 0.8). Similarly, we found that inactivation of vmPFC did
not affect the retrieval of choice CTA (Fig. 1B), as indicated by the
similar levels of saccharin solution consumed with respect to
baseline water consumption during test 2 across groups (M&B:
41.8%; SAL: 45.56%; group effect: F(1,20) � 0.2, p � 0.6). We also
found that inactivation of dmPFC (M&B: 101.2%; SAL: 123.9%;
t(12) � 1.08, p � 0.3) or vmPFC (M&B: 124.3%; SAL: 127.2%;
t(20) unpaired � �0.14, p � 0.8) did not affect motivation to
drink water, as indicated by similar levels of water consumed in
the extra bottle between groups (p � 0.05, data not shown; from
here on, extra bottle data appear in text only when percentage
taste stimulus/water differed between groups after infusion).
Therefore, these results suggest that mPFC (including dmPFC
and vmPFC) is not necessary for the retrieval of choice behavior
guided by taste aversion.

Inactivation of OFC blocks retrieval of choice CTA
We next investigated another prefrontal region known to be in-
volved in taste processing, emotional processing, and action se-
lection: the OFC (for review, see Wallis, 2012; Stalnaker et al.,
2015). After matching for similar levels of CTA on day 1, rats were
infused with either SAL or M&B into the OFC on day 2 (Fig. 2A).
We found that SAL-infused rats showed low levels of saccharin
consumption similar to test 1, indicating learned aversion to sac-
charin. However, OFC-inactivated rats showed significantly
higher levels of saccharin consumption during test 2 (M&B:
72.5%; SAL: 27.6%; group effect: F(1,14) � 5.5, p � 0.03; trial
effect: F(2,28) � 91.5, p � 0.001; interaction effect: F(2,28) � 10.1,
p � 0.0003; post hoc comparison between M&B and SAL in test 2:
p � 0.0002), similar to preconditioning, drug-free levels (M&B
before conditioning: 91.5% vs M&B at test 2: 72.5%; t(8) paired �
1.6, p � 0.1), suggesting a full blockade of choice CTA retrieval.
Importantly, the OFC inactivation effect was not due to lack of
motivation to drink because inactivated- and saline-treated rats
consumed similar amounts of water from the extra bottle (M&B:
118.6%; SAL: 107.7%; t(14) unpaired � �0.5, p � 0.6). The effect
of OFC inactivation on the retrieval of choice CTA can be inter-

preted as evidence for a role of OFC in the
retrieval of CTA memory or a specific role
of OFC in choice behavior guided by
learned taste aversion.

Inactivation of OFC does not affect
retrieval of no-choice CTA, even with
increased task difficulty
Because our choice CTA task is based on
the retrieval of CTA memory and because
OFC contains the secondary taste cortex
(Rolls, 2004; Price, 2007), we tested
whether OFC inactivation impairs the re-
trieval of a CTA task that does not involve
choice behavior (no-choice CTA; Fig. 2B).
We found that inactivation of OFC before
memory test did not affect the retrieval of
CTA, as indicated by similar levels of sac-
charin solution consumed with respect to
baseline water consumption during test 2
between groups (M&B: 47.3%; SAL:
42.5%; group effect: F(1,15) � 0.02, p �
0.9). This result corroborates that indeed
OFC guides choice behavior rather than

mediating retrieval of CTA memory and is consistent with previ-
ous reports showing that OFC lesions do not impair CTA (Gal-
lagher et al., 1999). Therefore, these findings rule out that the
observed OFC inactivation effect on retrieval of choice CTA was
simply due to an impairment to retrieve the CTA memory, which
in turn indicates that OFC does not appear to be a storage site for
taste aversion memories.

Choice-related activity in prefrontal regions can be con-
founded with task difficulty. The use of four bottles in the choice
CTA compared with one bottle in the no-choice CTA represents
an increase in cognitive demand. CTA tasks using several bottles
with two different tastes likely require maintaining the informa-
tion of each taste stimulus in working memory for comparison
and OFC activity has been correlated with such cognitive demand
in monkeys (Lara et al., 2009). To assess whether increasing the
level of complexity between tasks (one bottle no-choice tasks vs
four bottle choice tasks) could explain the observed OFC inacti-
vation impairment on choice CTA, we inactivated OFC before
the retrieval of a CTA task that involved the presentation of four
bottles (all bottles containing saccharin), but that does not in-
volve a choice (complex no-choice CTA; Fig. 2D). We found that
inactivation of OFC did not affect the retrieval of complex no-
choice CTA, as indicated by the similar levels of saccharin solu-
tion consumed with respect to baseline water consumption
during test 2 across groups (M&B: 39.6%; SAL: 37.9%; group
effect: F(1,18) � 0.2, p � 0.6). Therefore, these results rule out two
possibilities: (1) that the OFC inactivation effect on choice CTA
retrieval is simply due to increased cognitive demands of the
task and (2) that the OFC inactivation effect on choice CTA
retrieval is due to inability to compare several taste sampling
solutions at a time. Together, these results support the notion
that OFC plays a particular key role in choice guided by
learned taste aversion.

Inactivation of OFC does not affect acquisition of choice CTA
If OFC is necessary to retrieve a CTA memory when choice is
involved, it is also possible that OFC is required for learning the
initial contingencies that lead to the formation of choice CTA
memory. In addition, it is also possible that OFC represents the

Figure 1. Inactivation of mPFC did not affect retrieval of choice behavior guided by learned taste aversion. A, Top left, Schematic
representation of the four-bottle CTA task (choice CTA). Top right, Coronal drawings of rat brain atlas showing the placements of
the injector tips in dmPFC. Bottom, Infusion of muscimol and baclofen into dmPFC before test 2 did not affect retrieval of choice CTA
(M&B, n � 7; SAL, n � 7). B, Top left, Schematic representation of the four-bottle CTA task (choice CTA). Top right, Coronal
drawings of rat brain atlas showing the placements of the injector tips in vmPFC. Bottom, Infusion of muscimol and baclofen into
vmPFC before test 2 did not affect retrieval of choice CTA (M&B, n �11; SAL, n �11). Solid arrows indicate time of infusion. Dotted
arrows indicate injection of LiCl. Error bars indicate SEM. Sac, Saccharin solution.
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sensory information of the taste stimulus
(Rolls, 2004), which is required for taste
detection in our task or to choose between
any two taste stimuli (saccharin and wa-
ter) presented simultaneously before
learning about their motivational value.
To test these possibilities, we inactivated
OFC before the initial taste sampling that
represents the acquisition phase of choice
CTA on day 1 (Fig. 2C). We found that
inactivation of OFC did not affect the ac-
quisition of taste aversion learning, as in-
dicated by the similar levels of saccharin
solution consumed with respect to base-
line water consumption during both re-
trieval tests on day 1 (M&B: 15.8%; SAL:
12.7%) and day 2 across groups (M&B:
37.7%; SAL: 36.8%; group effect: F(1,10) �
0.3, p � 0.6). This is consistent with a lack
of effect in CTA acquisition after OFC le-
sion (Gallagher et al., 1999). In addition,
we found that OFC inactivation did not
affect taste stimuli detection, as indicated
by similar levels of saccharin solution con-
sumed with respect to water consumption
during taste sampling before the injection
of the US LiCl on day 1 compared with the
control group (M&B: 95.2%; SAL: 95.0%;
t(10) unpaired � �0.9, p � 0. 4). There-
fore, these results rule out the possibility
that the OFC inactivation effect on choice
CTA retrieval is due to a nonspecific im-
pairment in the perception or related be-
havior to choosing among taste stimuli
presented simultaneously.

Inactivation of OFC does not affect
choice of innate taste stimuli
Not all preferences or aversions to taste
stimuli are learned. There are taste stimuli
that are naturally preferred or aversive;
that is, there are taste stimuli that possess
innate (unlearned) value. To determine
whether OFC is necessary for choices
guided by innate taste preference/aver-
sion, we inactivated OFC before the pre-
sentation of a naturally preferred sweet
(saccharin) versus an aversive bitter (qui-
nine) taste. For direct comparison with our
choice CTA task, our innate choice task in-
volved the presentation of two different
taste stimuli twice on day 1 (sample and test
1) and once on day 2 (test 2). Preference for
saccharin and aversion to quinine with
respect to baseline water consumption re-
mained unaltered throughout the experi-
ment (Fig. 2E). We found that OFC
inactivation, compared with the control
group, did not affect the natural preference
for saccharin (M&B: 106.2%; SAL: 112.8%;
group effect: F(1,14) � 0.3, p � 0.6) nor the
aversion for quinine (M&B: 43.2%; SAL:
42.5%; group effect: F(1,14) � 0.2, p � 0.7)

Figure 2. Inactivation of OFC blocked the retrieval of choice behavior guided by learned taste aversion, but left other taste-
guided behaviors intact. A, Top left, Schematic representation of the four-bottle CTA retrieval task (choice CTA). Lower: Infusion of
muscimol and baclofen into OFC before test 2 blocked the retrieval of choice CTA (M&B, n � 9; SAL, n � 7). B, Top left, Schematic
representation of one bottle CTA retrieval task (no-choice CTA). Bottom, Infusion of muscimol and baclofen into OFC before test 2
did not affect retrieval of no-choice CTA (M&B, n � 9; SAL, n � 8). C, Top left, Schematic representation of the four-bottle CTA
retrieval task (choice CTA). Bottom, Infusion of muscimol and baclofen into OFC before taste learning did not affect acquisition or
retrieval of choice CTA (M&B, n � 6; SAL, n � 6). D, Top left, Schematic representation of the four-bottle CTA retrieval task that
does not involve options to choose from (complex no-choice CTA). Bottom, Infusion of muscimol and baclofen into OFC before test
2 did not affect the retrieval of complex no-choice CTA (M&B, n � 7; SAL, n � 5). E, Top left, Schematic representation of the
four-bottle nonlearned taste preference task (no-choice CTA). Bottom, Infusion of muscimol and baclofen into OFC before test 2 did
not affect innate choice behavior (M&B, n � 8; SAL, n � 8). Atlas figures indicate placements of injectors’ tips in OFC. Solid arrows
indicate time of infusion. Dotted arrows indicate injection of LiCl. In this and subsequent figures, color code is the following: blue
represents tasks that involve choice (?) and orange represents tasks that do not involve choice (!). Error bars indicate SEM. Sac,
Saccharin solution; Quin, quinine. ***p � 0.001.
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during test 2 on day 2 (post hoc comparisons, all ps � 0.05). There-
fore, our results indicate that OFC is not necessary for choices guided
by innate taste preference/aversion. These results highlight that OFC
contribution to choice behavior involves the use of taste stimuli with
incentive value only if it has been acquired through learning.

Inactivation of OFC blocks choice CTA regardless of when
retrieval occurs
At which time point the memory retrieval test is performed may
trigger different and dissociable brain mechanisms. To rule out
that the OFC inactivation effect that we observed during choice
CTA depends on when retrieval test occurs, we inactivated OFC
before a first and only retrieval test on day 2. Having two retrieval
tests, as in the above experiments, allowed us to ascertain, via
group matching, that both experimental and control animals had
similar (nonsignificant) retrieval levels to compare before and
after brain inactivation. Here, even without a group matching
advantage, we replicated the main finding. We found, consistent
with OFC inactivation before test 2 (Fig. 2A), that OFC inactiva-
tion before the only test (Fig. 3A) impaired the retrieval of choice
CTA memory compared with the control group (M&B: 62.2%;

SAL: 26.6%; group effect: F(1,14) � 6.8,
p � 0.02; trial effect: F(1,14) � 100.7, p �
0.001; interaction effect: F(1,14) � 9.8, p �
0.0003; post hoc comparison between
M&B and SAL in test: p � 0.007). Similar
to OFC inactivation before test 2, the ef-
fect observed during the OFC inactivation
before a single test was not due to lack of
motivation to drink because inactivated-
and saline-treated rats consumed similar
amounts of water from the extra bottle
(M&B: 107.2%; SAL: 136.1%; t(14) un-
paired � 1.3, p � 0.2). Furthermore, con-
sistent with OFC inactivation before test
2, we found that inactivation of OFC be-
fore a single memory test on day 2 did not
affect the retrieval of no-choice CTA, as
indicated by the similar levels across
groups of saccharin solution consumed
with respect to baseline water consump-
tion during test (M&B: 29.7%; SAL:
35.6%; group effect: F(1,14) � 0.03, p �
0.9; Fig. 3B). Therefore, these results sug-
gest that OFC is necessary for choice be-
havior independently of when the learned
taste aversion is retrieved and further sup-
port the notion that OFC is not the locus
for the CTA memory.

Inactivation of AIC blocks the retrieval
of both no-choice and choice CTA
To test the possibility that AIC (primary
taste cortex) stores the CTA memory in-
dependently of whether it is during a
choice or no-choice situation, we inacti-
vated AIC before a retrieval test of both
choice and no-choice CTA tasks. Consis-
tent with a role for AIC as the storage site
of CTA memory (Gallo et al., 1992; Ber-
man et al., 2000), we found that inactiva-
tion of AIC impaired the retrieval of CTA,
as indicated by the significantly higher

levels of saccharin solution consumed with respect to baseline
water consumption compared with control group during both
tests of choice (Fig. 3C; MUS: 67.4%; SAL: 41.1%; group effect:
F(1,20) � 2.3058, p � 0.1445; trial effect: F(1,20) � 77.7, p � 0.001;
interaction effect: F(1,20) � 6.3, p � 0.02; post hoc comparison
between M&B and SAL in test: p � 0.04) and no-choice CTA (Fig.
3D; MUS: 62.6%; SAL: 31.6%; group effect: F(1,18) � 4.8088, p �
0.04; trial effect: F(1,18) � 49.05, p � 0.001; interaction effect:
F(1,18) � 3.5, p � 0.07; post hoc comparison between M&B and
SAL in test: p � 0.03) on day 2. These AIC inactivation effects
were not due to impairment in motivation to drink, as indicated
by similar levels among groups of water intake with the extra
bottle presented at the end of our choice (MUS: 73.5%; SAL:
75.6%; t(20) unpaired � �0.4, p � 0.7) and no-choice (MUS:
96.5%; SAL: 103.1%; t(18) unpaired � 0.9, p � 0.4) tasks. There-
fore, these results suggest that AIC is the storage site for the CTA
memory independently of whether the task involves choice be-
havior. Furthermore, our findings that OFC inactivation blocks
choice but not no-choice CTA and that AIC blocks the retrieval of
both choice and no-choice CTA suggest a differential involve-
ment of OFC and AIC in taste-guided tasks.

Figure 3. Differential effect of OFC and AIC inactivation on choice CTA versus no-choice CTA. A, Top left, Schematic representa-
tion of the four-bottle CTA task (choice CTA). Bottom, Infusion of muscimol and baclofen into OFC before test blocked the retrieval
of choice CTA (M&B, n � 8; SAL, n � 8). B, Top left, Schematic representation of one bottle CTA task (no-choice CTA). Bottom,
Infusion of muscimol and baclofen into OFC before the test did not affect retrieval of no-choice CTA (M&B, n � 10; SAL, n � 6).
Atlas figures indicate placements of injectors’ tips in OFC. C, Top left, Schematic representation of the four-bottle CTA task (choice
CTA). Bottom, Infusion of muscimol into AIC before the test impaired the retrieval of choice CTA (MUS, n � 10; SAL n � 12). D, Top
left, Schematic representation of one bottle CTA task (no-choice CTA). Bottom, Infusion of muscimol into AIC before test impaired
the retrieval of no-choice CTA (MUS, n � 10; SAL, n � 10). Atlas figures indicate placements of injectors’ tips in AIC. Solid arrows
indicate time of infusion. Dotted arrows indicate injection of LiCl. Error bars indicate SEM. Sac, Saccharin solution. *p � 0.05;
**p � 0.01.
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Choice CTA increases neuronal activity
in the lateral portion of OFC
Our inactivation results suggest that,
when taste options are available, OFC ap-
pears to be recruited more heavily than
when no choice options are available. To
test this recruitment issue directly, sepa-
rate groups of rats underwent choice CTA
and no-choice CTA on day 1 and 90 min-
utes after CTA retrieval test on day 2, all
animals were killed and perfused. Both
groups showed similar levels of taste aver-
sion after retrieval, as indicated by the
similar levels across groups of saccharin
solution consumed with respect to base-
line water consumption during test 2
(choice CTA: 22.46%; no-choice CTA:
16.47%; t(7) unpaired � �0.6, p � 0.6).
Brains were removed, sectioned, and pro-
cessed for immunohistochemistry to as-
sess neural activation using the neural
activity marker c-Fos. We found increased
c-Fos expression in the lateral OFC
(choice CTA: 377.7 counts; no-choice
CTA: 245.0 counts; t(7) unpaired � �2.6,
p � 0.04), but not in the ventral OFC
(choice CTA: 494.1 counts; no-choice
CTA: 390.1 counts; t(7) unpaired � �1.1,
p � 0.3), of rats that underwent choice
CTA compared with those that underwent no-choice CTA (Fig.
4A). Therefore, consistent with our OFC inactivation results, the
neural activity marker findings indicate that OFC is recruited
when choice behavior is involved. In contrast, and also consistent
with our AIC inactivation results, the neural activity marker find-
ings show that AIC does not show differential involvement under
the two retrieval conditions, as indicated by the same c-Fos ex-
pression levels after choice and no-choice CTA (choice CTA:
291.4 counts; no-choice CTA: 251.4 counts, t(7) unpaired �
�1.5, p � 0.2) (Fig. 4B). Together, these findings indicate that
choice CTA recruits the lateral region of the OFC, whereas CTA
retrieval, regardless of task conditions (choice or no-choice),
similarly recruits the AIC.

Discussion
We developed a simple learned taste aversion task that allows com-
parison of the influence of past aversive experiences on behaviors
that involve choice versus those behaviors that do not. In a series of
experiments using local pharmacological inactivation, we tested four
cortical regions, the OFC, AIC, dmPFC, and vmPFC, which were
previously associated with taste processing, emotional processing,
and decision making, to determine whether they are critical for
choice behavior guided by biologically significant taste stimuli. Col-
lectively, our findings indicate that OFC, but not AIC, dmPFC, or
vmPFC, is necessary for choice behavior guided by learned, but not
innate, taste aversion. Notably, this study provides novel evidence
for the recruitment of OFC in guiding choice behavior dissociable
from AIC-dependent taste aversion memory (Fig. 5).

OFC is necessary for choice behavior guided by taste
aversion memory
We found that OFC inactivation impaired the ability to select
adaptive behavior (approach the water bottle and avoid the sac-
charin bottle) guided by a previously acquired aversive value of

the taste stimulus in the choice CTA task regardless of when the
taste memory was retrieved. This is consistent with OFC’s role in
decision making based on the value of the stimulus (Ostlund and
Balleine, 2007; Balleine et al., 2011; Wallis, 2012). In contrast, we
found that OFC inactivation left intact the ability to select the
adaptive behavior (avoid the saccharin bottle) guided by a previ-
ously acquired aversive value of the taste stimulus in the no-
choice CTA task. OFC may play a particularly important role at
the time of choice (Rich and Wallis, 2016). Our results extend
previous findings, which involve OFC in value updating using
reinforcement devaluation (Pickens et al., 2003; Pickens et al.,
2005), by showing that OFC inactivation impairs the ability to use
the updated value to guide choice behavior. In turn, this suggests
that, although not tested directly here, a different type of devalu-
ation method (e.g., satiation) would likely yield the same results.
Therefore, our results support the notion that OFC is particularly
necessary for action selection guided by updated valuation of stim-
ulus only when choice behavior is involved and unnecessary for
simple value-based behavior (Schoenbaum et al., 2011).

During choice in a changing environment, the brain has to com-
pare flexibly the value of different options available at the same time
(Sugrue et al., 2005). OFC neural signals of absolute and relative
value have been described previously (Tremblay and Schultz, 1999;
Padoa-Schioppa and Assad, 2008; Grabenhorst and Rolls, 2009;
Schoenbaum et al., 2011). Arguably, appropriate action selection in
the no-choice CTA task relies on retrieval of the absolute value (a
quantity related to salience) of the only taste stimuli available (not
influenced by the values of other stimuli), whereas our choice CTA
task may rely more heavily on the updated relative value of saccharin
compared with water. Therefore, similar to what has been reported
in humans (Elliott et al., 2008) and monkey OFC (Tremblay and
Schultz, 1999), our findings suggest that the rat OFC is critical to
represent the updated relative, rather than absolute (Padoa-
Schioppa and Assad, 2008), valuation of the stimuli at the time of

Figure 4. Choice behavior in taste aversion retrieval increases c-Fos expression in lateral OFC, but not in AIC. Comparison of c-Fos
density (c-Fos expression/mm 2) in OFC and AIC after retrieval of choice CTA (n � 5) or no-choice CTA (n � 4). A, Left, Represen-
tative micrographs of c-Fos expression in the two OFC subdivisions: ventral orbitofrontal cortex (VO) and lateral orbitofrontal cortex
(LO) at 10� magnification (10�). Right, Group data showing differential c-Fos density in VO and LO after retrieval of choice CTA
and no-choice CTA. B, Left, Representative micrographs of c-Fos expression in the AIC at 10�. Right, Group data showing similar
c-Fos density in AIC after retrieval of choice CTA and no-choice CTA. Error bars indicate SEM. *p � 0.05.
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choice. Although speculative, it appears that the deficits we found in
OFC-inactivated rats may be due to the loss of the ability to compare
relative values during choice.

Because OFC activity has been shown to be involved in many
cognitive abilities and its malfunction is implicated in many men-
tal disorders (Rolls, 2004; Wallis, 2012), it is important, not only
to identify what the OFC does, but also what it does not do
(Stalnaker et al., 2015). It is possible that OFC is not only neces-
sary for choice behavior guided by tastes that acquire value
through learning, but also when choosing between taste stimuli
with innate value (e.g., naturally sweet vs naturally bitter). Be-
cause we found that OFC inactivation did not affect choice be-
havior when it involved options that possess an innate value
(saccharin vs quinine), the relative value computed in OFC is
based on learned values. This is consistent with OFC’s role in
using associative learning to control behavior (Gallagher et al.,
1999; Schoenbaum and Roesch, 2005), as well as with the re-
ported lack of taste cortex involvement in unconditioned taste
reactivity tests (King et al., 2015). In addition, our results suggest
that OFC may be unnecessary to assign relative value to the taste
stimuli during acquisition of choice CTA. Rather, OFC appears to
be necessary when updating the outcome of a previously assigned
value during retrieval. Therefore, similar to OFC-damaged pa-
tients and OFC-lesioned nonhuman primates (Wallis, 2012),
OFC-inactivated rats in the current study showed many intact
cognitive abilities, but were profoundly impaired specifically in
flexibly applying learned emotional information about previous
stimuli experiences to make a choice.

mPFC is not necessary for choice behavior guided by taste
aversion memory
Compared with primate PFC, less is known about the functional
differentiation across several areas of the rodent PFC involved in
value-based choice behavior. Few rat studies have compared dif-
ferent regions of PFC under the same experimental conditions
involving choice behavior. In addition to OFC, the medial wall of
the rat PFC is prominently involved in emotional processing and
executive behaviors (Sotres-Bayon and Quirk, 2010). OFC
strongly projects to mPFC (Hoover and Vertes, 2011) and has
consistently been involved in taste coding (Jezzini et al., 2013)
and control of behavior guided by learned taste stimuli (Hernádi
et al., 2000; Mickley et al., 2005; Akirav et al., 2006; Lin et al., 2010;
Jezzini et al., 2013; Marotta et al., 2014; Xin et al., 2014; Gonzalez
et al., 2015). Therefore, mPFC was an obvious candidate prefron-
tal region to evaluate in the choice CTA task. Unexpectedly, how-

ever, unlike OFC, we found that neither
the dorsal nor ventral mPFC was neces-
sary for choice behavior guided by taste-
aversive memories. It is possible that OFC
information about choice CTA bypasses
the mPFC to engage an interface between
limbic values and motor goals such as the
ventral striatum directly; experiments are
under way to test this possibility.

AIC is necessary for retrieval of taste
aversion memories
OFC contains the secondary taste cortex
because it receives strong functional pro-
jections from the primary taste cortex
(Rolls, 2004; Price, 2007), which is also
known as the AIC. AIC has been reported
to be involved in behavior guided by goal-

directed actions (Parkes and Balleine, 2013) and risk taking (Ishii
et al., 2012), but is most widely recognized for its long-standing
role in storing taste-aversive memories after CTA (Gallo et al.,
1992; Bermúdez-Rattoni et al., 1997; Berman et al., 2000). Con-
sistent with its role in memory and action selection guided by
motivational information, we found that AIC inactivation im-
paired retrieval of taste aversion memory independently of
whether this is under choice or no-choice circumstances. These
findings are also consistent with the role of AIC in reinforcer
devaluation regardless of whether the behavioral test involves
choice behavior (Machado and Bachevalier, 2007). Together,
these findings suggest that AIC may store emotional information
containing the basic features and associative updated value of
taste stimuli that is sufficient to select the appropriate response
when no other taste options are available (i.e., during no-choice
CTA retrieval). When taste options are available, however, OFC
appears to recruit AIC activity to retrieve taste memories and to
guide choice behavior (i.e., during choice CTA retrieval; Fig. 5).

Choice behavior recruits the lateral region of OFC, but
not AIC
Consistent with our inactivation results, we found that choice
behavior in taste aversion retrieval recruits OFC, but not AIC.
Notably, within the OFC of the rat, our neuronal activity results
indicate that choice behavior recruits a lateral network rather
than a medial network. This is consistent with the emerging no-
tion that the more medial versus more lateral regions of OFC
code for different correlates of value information (Rich and Wal-
lis, 2014; Stalnaker et al., 2015).

Cortical processing of taste experiences to guide
choice behavior
Despite the interest generated by cortical areas such as the AIC
and OFC, due to their involvement in psychiatric disorders char-
acterized by emotional decision-making deficits, their distinct
contribution to choice behavior is not understood. Our findings
suggest that, when an individual needs to compare a set of previ-
ous emotional taste experiences, the AIC relays the stored repre-
sentation of the absolute value of each taste stimuli to the
OFC. Then, OFC may use the representation of the stimuli that
acquired incentive value through association with a negative out-
come to calculate the relative value by comparing the taste asso-
ciations available and thereby aid in guiding choice behavior.
This interpretation is consistent with the notion that OFC uses
the updated learned value of a sensory stimulus as incentive to

Figure 5. Proposed model for cortical processing in choice behavior guided by the retrieval of taste aversion memory. For the
retrieval of a taste-aversive memory without choice (no-choice CTA), activity of the AIC is recruited and may be sufficient. In
contrast, for the retrieval of a taste aversion to guide choice behavior (choice CTA), the AIC may be required to retrieve the memory
and OFC recruited to compute the relative value of the options available and to execute the appropriate action to choose.
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guide choice behavior (Schoenbaum and Setlow, 2001; Ostlund
and Balleine, 2007; Balleine et al., 2011; Parkes and Balleine,
2013). Finally, our findings are also consistent with a recent re-
port showing that neuronal activity of both AIC and OFC corre-
late with distinct aspects of choice behavior guided by taste
stimuli (MacDonald et al., 2009). Notably, our study provides
novel evidence for the key role of OFC in guiding choice behavior
that is dissociable from the adjacent AIC-dependent taste aver-
sion memory.
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