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Relapse triggered by drug-paired cues is a major obstacle for successful treatment of drug abuse. Patterns of
brain activation induced by drug-paired cues have been identified in human and animal models, but lack of
specificity poses a serious problem for craving or relapse interpretations. The goal of this study was to
compare brain responses to contextual cues paired with a rewarding versus an aversive stimulus in a mouse
model to test the hypothesis that different patterns of brain activation can be detected. Mice were trained to
associate a common environmental context with an intraperitoneal injection of saline, lithium chloride or
cocaine. After measuring each animal for conditioned place preference or aversion, mice were re-exposed to
the context (CS+ or CS−) in absence of the reinforcer to analyze patterns of Fos expression in 10 brain
regions chosen from previous literature. Levels of Fos in the cingulate cortex, paraventricular thalamic
nucleus, paraventricular hypothalamic nucleus, and dentate gyrus differed in CS+ versus CS− groups, but
the direction of the differences was the same for both lithium chloride (LiCl) and cocaine reinforcers. In the
cingulate cortex, Fos was positively correlated with degree of place preference for cocaine or aversion to LiCl
whereas in the periaqueductal gray the relationship was positive for LiCl and negative for cocaine. Results
confirm Fos responses to reward- or aversion-paired cues are similar but specificity is detectable. Future
studies are needed to comprehensively establish neuroanatomical specificity in conditioned responses to
drugs as compared to other reinforcers.
. Mathews Avenue, Urbana,
5180.

Inc.
Published by Elsevier Inc.
1. Introduction

One of the greatest obstacles for treatment of drug abuse is relapse.
Even after long periods of abstinence, a small priming dose of the
drug, stressful life events or exposure to environmental cues that
were previously paired with drug use can trigger relapse [1]. Drug-
paired cues are particularly problematic because they are ubiquitous
and difficult to avoid. Finding a treatment that can diminish relapse-
provoking responses to drug-paired cues is critical for interrupting the
devastating cycle of abuse, withdrawal, abstinence and relapse.

A large literature has examined brain responses to drug-paired
cues. Regions of the brain (e.g., nucleus accumbens, cingulate cortex)
have been identified that become “activated” (as measured by fMRI or
PET) when human subjects with a prior history of drug abuse are
shown images of drug paraphernalia or people taking drugs [2–6]. The
usual interpretation is that the brain activation patterns reflect an
emotional state of craving but a fundamental problem with this
interpretation is the lack of specificity in the findings. For example,
similar brain regions become activated when subjects are shown
sexually explicit videos [7] or photographs of loved ones that have
passed away [8]. Increased attention or arousal is amajor confounding
variable in many of these studies. As long as the stimulus is salient,
regardless of whether it is aversive, rewarding, sad, or sexually
arousing, a robust pattern of brain activation is elicited by the arousal
alone, and that pattern is common across many stimuli.

Laboratory rodentmodels have the sameproblemswith specificity.
We and others have found that brain regions responsive to cues paired
with methamphetamine and cocaine are similar to those involved
in motivation for wheel running behavior and reinforcement for food
[9–11]. The favored interpretation is that a final common pathway in
the natural reward circuit has been recruited in each case, but another
interpretation is that these overlapping patterns merely reflect
heightened attention or arousal due to the salience of the experience.
The observation that brain responses to contextual cues paired with
aversive stimuli display remarkable similarity to reward supports the
latter hypothesis [12,13].

It has been elegantly demonstrated in rats using voltammetry and
other electrophysiological techniques that chemical signaling in the
nucleus accumbens differs when rats are given quinine (bitter) versus
sucrose (sweet) solutions to taste in their mouths [14]. Moreover,
different populations of cells in the nucleus accumbens are recruited
during operant responding for sucrose versus cocaine [15]. On the other
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Fig. 1. Experimental design. The experiment proceeded in 2 weeks. During the first
week, mice received 4 conditioning trials with cocaine (20 mg/kg) or LiCl (130 mg/kg).
This was implemented by giving mice 2 injections per day separated by 4 h (either
saline or the unconditioned stimulus) for 4 days. Each trial lasted 30 min. On day 5,
mice were tested for conditioned place preference or aversion. The conditioning
procedure was repeated the following week. On the final day, all mice received a saline
injection and were placed onto a texture paired with cocaine, LiCl or saline for 90 min.
Mice were then immediately perfused transcardially with 4% paraformaldehyde for
immunohistochemical detection of Fos.
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hand, similar populations of cells are responsive to cues paired with
sucrose versus quinine in a strictly Pavlovian experiment where
exposure to conditioned cues is not contingent on any behavioral
response andoccurs in absenceof the reinforcer [16].Moreover, a recent
study showed that single neurons in theorbitofrontal cortexofmonkeys
responded similarly to visual cues predicting an aversive stimulus (a
puff of air) or a rewarding stimulus (liquid reward) [17]. Hence, it is not
clear how the micro-circuit differences in dopamine release and cell
firing populations in the nucleus accumbens translate into learning
about the appetitive value of the stimuli. In fact, whether learning about
rewarding versus aversive stimuli can be biologically distinguished is
still a matter of debate [18,19]. This is a very important issue because if
theneurological features critical for conditionedbehavioral responses to
drugs are not different than for natural rewards or aversive stimuli, then
it is not clear how to establish a research program without results
generalizing to all forms of motivation or emotional reactions.

One method widely used in laboratory rodent models to identify
brain regions or circuits involved in learned behaviors is immunohis-
tochemical detection of Fos [20–23]. Fos is the protein product of the
immediate early gene c-fos. Presence of high levels of Fos in a neuron
indicates a high level of transcriptional regulation [24]. Because Fos
signaling has a discrete time course with peak levels of protein
occurring approximately 90 minutes after a stimulus, it can be used to
identify cells that are undergoing genomic changes in response to a
specific stimulus (e.g., exposure to an environmental context associated
with the subjective effects of a drug) [9,11,25]. Fos contributes to the
initiation and coordination of molecular cascades and cellular events
required for neuroplasticity, and through this mechanism it has an
established role in learning and memory [23,24,26].

Most previous studies in rodents that examined conditioned Fos
responses to contextual cues focused on a single type of unconditioned
stimulus (e.g., cocaine, food, or foot shock) as compared to a neutral
stimulus (e.g., saline injection, water, or no shock) [9,11,13,27–35].
Substantial overlap in the circuits has been identifiedmostly by review
and comparison among these individual studies [9,12]. Surprisingly
few studies have been conducted where the goal is to compare
patterns of Fos activation in response to cues paired with stimuli of
opposing appetitive value. Therefore, the goal of this project was to
carry out such a study using mice as a model organism. We predicted
that we would find different patterns of neuronal Fos activation in
animals exposed to a common environment, depending on whether
the environment was previously associated with an aversive or
rewarding subjective experience. Our prediction was based on the
hypothesis that cue-induced patterns of Fos activation would reflect
differential learning about the appetitive value of the stimuli.

2. Materials and methods

2.1. Subjects and husbandry

A total of 40 genetically variable, male, hsd:ICR mice (Harlan
Sprague Dawley, Indianapolis, IN) were used in this study. Subjects
arrived at the Beckman Institute Animal Facility at 5 weeks of age and
were acclimated for 2 weeks prior to testing. The first week, mice
were housed in groups of 4 but then were transferred to individual
cages for the rest of the study. Animals were housed in standard
polycarbonate shoebox cages with Bed-o-Cob™ bedding. Rooms were
controlled for temperature (21±1 °C) and light cycle (12:12 L:D). A
reverse light/dark cycle was used, with lights on at 2200 h and lights
off at 1000 h Central Standard Time. Red incandescent lamps were left
on continuously so that investigators could handle mice during dark
phases. Animals had continuous access to food (Harlan Teklad 7012)
and water ad libitum except when in the conditioning boxes. The
Beckman Animal Facility is AAALAC approved. All procedures were
approved by the University of Illinois Animal Care and Use Committee
and adhered to NIH guidelines.
2.2. Drugs

Cocaine hydrochloride (Sigma Aldrich, St. Louis, MO) was
dissolved in 0.9% saline and was administered via intraperitoneal
(i.p.) injections at a dose of 20 mg/kg. It was prepared according to the
salt, not the base form, and was administered in a volume of 10 ml/kg.
Lithium chloride (Acros Organics, Morris Plains, NJ) was administered
in the same fashion at a dose of 130 mg/kg. Doses were chosen from
the literature [9,36].

2.3. Video tracking

Distance traveled in the apparatus and the location of the mouse
within the place conditioning chambers were measured by TopScan
(Clever Sys Inc, Vienna, VA) video tracking software.

2.4. Place conditioning chambers

Twenty place conditioning chambers were constructed following
the design of Cunningham et al. [37] with some modification to allow
video tracking from above [9]. Each chamber consisted of a textured
floor base, surrounded by a black acrylic box (30 cm×15 cm×15 cm)
with a removable, clear plastic top. The floor bases were interchange-
able and included three types: hole, grid, and hole/grid. The hole floor
texture consisted of perforated 15-gauge stainless steel with 6.4 mm
round holes on 9.5 mm staggered centers. The grid floor consisted of
2.3 mm stainless steel rodsmounted 6.4 mm apart. The hole/grid floor
consisted of a half grid and half hole textures which together had the
same dimensions as the single textured floors. All three floor types
were mounted on a black acrylic frame (33 cm×18 cm×5 cm) with 4
holes (1 cm diameter) drilled in the sides for ventilation.

The combination of floor types (hole/grid) was chosen because it is
“unbiased” for DBA/2J mice in Cunningham et al. [37]. However, in
previous studies using our modified version with hsd:ICR mice, we
have found a slight preference for the grid versus the hole [9]. Note
that this does not impact the statistical analysis to detect conditioned
place preference or aversion (see Section 2.9; also refer to [37]).

2.5. Conditioned place preference or aversion

Mice were divided equally into two groups (n=20 each). The only
difference between the two groups was whether animals received
daily i.p. injections of lithium chloride (LiCl) (130 mg/kg) or cocaine
(20 mg/kg) during the conditioning phases of the experiment (Fig. 1).
The experiment was conducted in two batches and each batch
included half cocaine and half LiCl cohorts. Animals that received LiCl
never received cocaine and vice versa.

On the first day of conditioning, at 11:00 h, 1 h after lights shut off,
animals were given an i.p. injection of either saline, LiCl (130 mg/kg) or



Fig. 2. Locations where Fos positive cells were counted. The boxes were 1×0.63 mm
and are shown roughly to scale. The figures were reprinted from Paxinos and Franklin,
The Mouse Brain in Stereotaxic Coordinates (second edition), Figs. 22, 25, 30, 39, 42, and
66, Copyright 2001, with permission from Elsevier. As noted, for the paraventricular
hypothalamic nucleus and the dentate gyrus, the nucleus was outlined by hand and
particles were counted only within the outlined structures. Legend: CG=cingulate
cortex, NACS=nucleus accumbens shell, LS=lateral septum, BNST=bed nucleus of
the stria terminalis, POA=preoptic area, LH=lateral hypothalamus, PVN=paraven-
tricular hypothalamic nucleus, PV=paraventricular thalamic nucleus, DG=dentate
gyrus, PAG=periaqueductal gray.
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cocaine (20 mg/kg), and then placed into a conditioning chamber with
either a grid or a hole floor texture for 30 min. The procedure was
repeated at 1500 h except that the animals received the alternate
injection and were placed on the alternate floor texture. For example, if
an animal received cocaine on grid at 11:00 h, then it received saline on
hole at 15:00 h on that day. The entire procedure was repeated for 4
consecutive days. The order of whether an animal received the
unconditioned stimulus (cocaine or LiCl) at 11:00 or 15:00 was
alternated each day. Equal numbers of animals were conditioned to
the hole (CS+hole group) or the grid texture (CS+grid group), and the
treatments were assigned in a completely counterbalanced fashion. At
11:00 h on day 5, all animals received a saline injection andwere placed
in chambers with half hole and half grid textured floors for 30 min to
determine their preference or aversion to either floor texture.

2.6. Conditioned neuronal activation

Following 2 days when the animals remained undisturbed, the
procedure described above (Section 2.5) was repeated in the same
mice, except on the test day the animals were placed into the
apparatus containing a floor with entirely grid or hole textures (see
Fig. 1). Half the animals were placed onto the texture where they had
previously experienced the unconditioned stimulus (cocaine or LiCl
injection), and the other half where they had experienced only the
saline injection. Note that animals were not given a choice of floor
types during this test to control duration of exposure on the reward-
paired context following Zombeck et al. [9]. This test lasted 90 min,
instead of 30 min, after which animals were euthanized and
processed for immunohistochemical detection of Fos (see below).

2.7. Immunohistochemistry

Following Zombeck et al. [9], the mice were decapitated and their
brains were immediately placed into 5% acrolein in phosphate
buffered saline (PBS) and left overnight. Brains were then transferred
to 30% sucrose in PBS for at least 2 days and sectioned (40 μm thick)
with a cryostat. Brain sections were stored in tissue cryoprotectant
(PBS containing 30% sucrose w/v, 30% ethylene glycol v/v, and 10%
polyvinylpryrrolidine w/v) at −20 °C in a 24 well plate. Free-floating
sectionswere pretreatedwith sodium borohydride (100 mg per 20 ml
PBS) for 30 min at room temperature, washed in PBS containing 0.2%
v/v Triton X-100 (PBS-X) and blocked with 6% v/v Normal Goat Serum
(NGS) for 1 h at room temperature. Sections were then incubated in
monoclonal primary antibody against mouse Fos made in rabbit
(Calbiochem, San Diego, CA) at a dilution of 1:20,000 in PBS-X
containing 2% NGS for 48 h at 5 °C. Sections were subsequently
washed in PBS-X and incubated in secondary biotinylated antibody
against rabbit immunoglobulin made in goat (Vector Labs, Burlin-
game, CA) at a dilution of 1:500 in PBS-X with 2% NGS for 90 minutes
at room temperature. The antibody complex was visualized using the
peroxidase method (ABC system, Vector Labs, Burlingame, CA; 37 μl A,
37 μl B in 15 ml PBS-X) with diaminobenzidine (DAB) as chromogen,
enhanced with 0.008% w/v nickel chloride (Sigma, St. Louis, MO).
Sections were mounted onto subbed slides (pretreated with 1% w/v
pig skin gelatin and 0.05% w/v chromium potassium sulfate) and
allowed to dry. After drying, sections were dehydrated in the
following sequence: 70% ethanol for 5 min, 95% ethanol for 5 min,
fresh 100% ethanol for 10 min, xylenes for 15 min, and finally fresh
xylenes for 15 min. Slides were coverslipped with Permount (Sigma,
St. Louis, MO) while still partially wet with xylenes.

2.8. Image analysis

Microscopic images (100× total magnification) of brain sections
were taken using a Zeiss Axiocam video camera mounted on a Zeiss
bright field light microscope interfaced to a personal computer. Three
photographs from three alternate sections (separated by 40 µm
intervals) were taken for each brain region. Fos positive nuclei were
automatically counted within a frame (1×0.63 mm) placed at the
approximate locations shown in Fig. 2 following Paxinos and Franklin
[38]. This was implemented using ImageJ software. A threshold was
applied to remove the background, and the remaining particles were
automatically counted if they fell within a specified size range. If brain
regions were smaller than this frame, as was the case for the dentate
gyrus and the paraventricular hypothalamic nucleus, they were
outlined by hand and only Fos positive nuclei within the boundaries
were counted. Counting was done unilaterally for each brain region.
An average count across all three sections for each brain region was
used for analysis. Given that the only difference between treatment
groups was whether they were placed on a grid or hole texture, we
assumed differences between groups could not result from shrinkage
of tissue, or different size of nuclei. Therefore, stereological correc-
tions were not used.
2.9. Statistical analysis

All statistical analyses were performed using SAS (version 9.1) or R
(version 2.7.2). Locomotor activity during the conditioning trials was
analyzed by 2-way repeatedmeasures ANOVAwith treatment (3 levels,
saline, 20 mg/kg cocaine, or 130 mg/kg LiCl) and day (8 levels) entered
as the two factors, and animal entered as a random effect. The trials at
11:00 hand15:00 hwerenot significantly different fromeachother and
therefore were combined for each day. The saline groups within the
cocaine and LiCl cohorts were also not different from each other and so
were combined. Locomotor activity during the CPP/A test was analyzed
using an unpaired t-test where the two groups were the animals
previously treated with LiCl versus cocaine. Locomotor activity over
90 min during the final test was analyzed using a twoway ANOVAwith



Fig. 4. Conditioned place preference for cocaine and aversion to LiCl. Mean duration
(min)±SE spent on the hole texture plotted separately for groups receiving the
unconditioned stimulus (i.e., cocaine or LiCl) on the hole (CS+Hole) or grid (CS+Grid)
textures. The stars indicate that the CS+hole versus CS+grid groups were statistically
different from each other at p<0.05 for both cocaine and LiCl.
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treatment history (cocaine or LiCl) and conditioned stimulus (CS+or
CS−) entered as the two factors.

Conditioned place preference or aversion was analyzed two ways.
First, the cocaine and LiCl cohorts were analyzed separately using
standard methods described by Cunningham et al. [37]. Within each
cohort, the duration spent on the hole texture was compared between
the CS+hole and CS+grid groups [37]. Second, both cohorts were
combined and analyzed by a 2-way ANOVA. Duration spent on the
hole texture was analyzed as a function of treatment history (cocaine
or LiCl) and conditioned stimulus (CS+hole versus CS+grid).
However, the CS+hole and CS+grid groups were switched for LiCl
so that the magnitude of preference could be compared to the
magnitude of aversion on the same scale.

Numbers of Fos positive cells in the different brain regions were
analyzed using a linear model that included batch (see Section 2.5, the
experiment was conducted in two separate batches), treatment group
(LiCl or cocaine), conditioned stimulus (CS+ or CS−), and the
interaction between treatment group and conditioned stimulus as
factors. In addition, the correlation between the strength of CPP/A
during the first week and the number of Fos positive cells measured in
the secondweekwas analyzed for animals exposed to the CS+texture
on the final test. In this analysis, the strength of CPP/A was measured
as the time spent on the CS+ or CS− texture for cocaine or LiCl
treated animals, respectively. The correlation was extracted from a
linear model that included batch and treatment group (LiCl vs.
cocaine) as factors, in addition to the strength of CPP/A, entered as a
continuous predictor, and the interaction between the strength of
CPP/A and treatment group. Because multiple tests were conducted
analyzing numbers of Fos positive cells in 10 different regions using
two separate analyses, we estimated the global experiment-wise false
discovery rate using Qvalue software and adjusted the cut off p-value
so that the false discovery rate was controlled at 5% [39].
3. Results

3.1. Locomotor activity

Cocaine significantly increased locomotor activity, whereas LiCl
decreased activity relative to the saline groups (see Fig. 3; p<0.0001).
The level of locomotor activity decreased slightly as the days
progressed in all the groups (p<0.0001; the interaction between
day and group was not significant). No significant differences in
Fig. 3. Locomotor activity during conditioning and CPP/A testing. Mean distance (m)±SE
traveled over the 30 min trials plotted separately for animals that received saline, cocaine
(20 mg/kg) or LiCl (130 mg/kg). During the CPP/A test, all mice received saline, and the
cocaine versus LiCl groups are shown separately as an open circle, or open square,
respectively. The sample sizesweren=20/groupexcept for saline during the conditioning
days when n=40 because the saline treated animals from both the cocaine and LiCl
groups were combined.
locomotor activity were observed between the groups on the
conditioned place preference test or during the final test when
animals were placed into the CS+ or CS− texture for 90 min (the final
test consisted of batch 1 only because the locomotor activity data on
the final day in batch 2 was lost due to computer malfunction).

3.2. CPP

Animals showed significant conditionedplace preference for cocaine
(t18=2.4, p=0.03) and significant aversion to LiCl (t18=3.9,
p=0.001) (see Fig. 4). The magnitude of preference for cocaine as
measured by the absolute value of the difference between CS+hole
versus CS+grid groups (see Fig. 4)was slightlyweaker than aversion to
LiCl, but this difference was not statistically significant.

3.3. Conditioned neuronal activation

The global false discovery rate for the Fos analyses was estimated
to be 5.3%, and the cut off p-value to control the false discovery rate at
5% was estimated to be p less than or equal to 0.03. Therefore, in the
following analyses, we considered a p-value less than or equal to 0.03
as statistically significant.

Exposure to the conditioned stimulus significantly altered Fos
expression, but the changes were similar whether the conditioned
stimulus was paired with cocaine or LiCl (see Fig. 5). In the cingulate
cortex (CG) and paraventricular hypothalamic nucleus (PVN), levels of
Fos expression were higher, overall, in animals previously treated with
LiCl as compared to cocaine (for CG, F1, 31=11.8, p=0.002; for PVN,
F1,29=5.6, p=0.03), and higher in the CS+ cohorts as compared to
CS− (for CG, F1,31=14.0, p=0.0007; for PVN, F1,29=5.7, p=0.02).
The effect of the conditioned stimulus was slightly greater in the LiCl
group than cocaine but this difference was not statistically significant
(for CG, F1,31=3.1, p=0.09; for PVN, F1,29=1.5, p=0.23). In the
paraventricular thalamic nucleus, the CS+ groups showed significantly
elevated Fos as compared to CS− (F1,32=10.4, p=0.003), but nomain
effect of treatment (cocaine vs. LiCl) or interaction between treatment
and exposure to the conditioned stimulus was detected. In the dentate
gyrus, the CS+groups showed significantly reduced Fos as compared to
CS− (F1,30=7.2, p=0.01), but nomain effect of treatment (cocaine vs.
LiCl) or interaction between treatment and exposure to the conditioned
stimulus was detected.

Another interesting result was observed for the cingulate cortex and
periaqueductal gray (Fig. 6). In the cingulate cortex, a significant
positive correlation was observed between the strength of conditioned
place preference or aversion during the first week, and the number of
Fos positive cells in animals exposed to the CS+ in the second week
(F1, 14=11.4, p=0.005). Within the cocaine-treated animals, the



Fig. 5.Neuronal activation following exposure to cocaine or LiCl-associated contextual cues. Top, representative sections of the cingulate cortex stained for Fos in each of the 4 groups
(CS−cocaine, CS+cocaine, CS−LiCl, CS+LiCl). Bottom, bar graphs showing mean number of Fos positive cells±SE per group for each brain region. The stars indicate significant
main effect of the conditioned stimulus (CS− versus CS+), and the number sign indicates significant main effect of prior treatment with the unconditioned stimulus (LiCl versus
cocaine) in the 2-way ANOVA. The interaction was not significant for any brain region.
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correlation was r=0.72 (F1,7=7.7, p=0.03) and within LiCl mice it
was 0.62 (F1,8=4.9, p=0.06). However, for a given level of preference/
aversion, the CS+LiCl mice showed greater Fos than CS+cocaine
(F1,14=11.8, p=0.004). The interaction was not significant (i.e., the
slopes of the regression lines were similar, F1,14=0.13, p=0.73; see
Fig. 6A).

In the periaqueductal gray, a positive correlation (r=0.70;
F1, 8=7.5 p=0.03) was detected between the strength of aversion
to LiCl and the number of Fos cells, whereas a weak negative
correlation (r=−0.28; F1, 7=0.6 p=0.46) was observed between
the strength of preference for cocaine and the number of Fos cells. In
the overall analysis, the interaction between the continuous place
preference/aversionmeasure and the unconditioned stimulus (LiCl vs.
cocaine) was significant (F1, 14=5.7, p=0.03), but the main effects
were not (CPP/A measure, F1, 14=1.0, p=0.33, unconditioned
stimulus, F1, 14=1.6, p=0.22) (see Fig. 6B). No other brain regions
sampled besides the cingulate cortex and periaqueductal gray showed
significant correlations between Fos and strength of conditioned place
preference or aversion.

4. Discussion

It is still a matter of debate as to whether learning about rewarding
versus aversive stimuli can be biologically distinguished at the level of
brain physiology [18,19]. In the current study, the behavioral data
show that the animals learned a different appetitive value associated
with the context depending on whether it was paired with LiCl or
cocaine (Fig. 4) [40], but this was not clearly reflected in the brain
activation patterns (Fig. 5). Overall, Fig. 5 shows a remarkable
similarity in the changes in Fos between CS+ versus CS− for the
lithium chloride and the cocaine groups. In all cases where CS+ and
CS− were significantly different (cingulate cortex, paraventricular
thalamic nucleus, paraventricular hypothalamic nucleus, and dentate
gyrus), the direction of the difference for both LiCl and cocaine was
the same. One interpretation of these results is that the similar Fos
responses between cocaine and LiCl conditions reflects a large overlap
in the brain circuits involved in attention, arousal, or learning
common to both conditions. An alternative interpretation is that
even though the total numbers of Fos positive cells within brain
regions were similar, Fos may have occurred in different cell
populations (e.g., glutamate cells versus GABA) between each
condition. This is an important alternative that should be tested in
future studies. Different subpopulations of neurons within the regions
could be distinguished based on anatomy of the cells, double labeling
with cell-type specific markers, or by samplingmore specific locations
in the brain. In addition, it is possible that other protein markers, such
as Arc, or zif268 could result in different patterns and distinctions
between the conditions for LiCl versus cocaine. These will be the topic
of future investigations.

The one exception to the overall common pattern of Fos response
between the cocaine and LiCl groups was in the periaqueductal gray
where the relationship between the number of Fos positive cells and the
magnitude of place preference or aversion was significantly different
depending on whether LiCl or cocaine was used as the reinforcer
(Fig. 6B). This result for the periaqueductal gray is consistent with the
literature [41,42] and is promising because it suggests that analyzing



Fig. 6. Correlation between the strength of conditioned place preference or aversion
and the number of Fos positive cells. Panel A shows the data for the cingulate cortex and
B for the periaqueductal gray. Both graphs share the same x-axis. For CS+cocaine
animals, the strength of preference on the x-axis represents the proportion time spent
on the CS+ side during the CPP/A test. For CS+LiCl animals, the strength of aversion
represents the proportion time spent on the CS− side during the CPP/A test. Only
animals exposed to the conditioned stimulus (CS+) on the final day are shown (i.e.,
animals exposed to CS− are not included in this analysis). The simple linear regression
lines are drawn separately for cocaine and LiCl groups.
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global patterns of Fos (without distinguishing cell populations) can
detect differences in learning about aversive versus rewarding
experiences.

The behavioral results shown in Fig. 4 demonstrate that the animals
learned the intended subjective direction of the association [40]. Mice
significantly avoided the textureswhen theywere pairedwith LiCl and
preferred the textures when they were associated with cocaine. The
magnitude of the avoidance behavior was not significantly different
than the magnitude of preference suggesting that the salience of the
unconditioned stimuli were similar and that the animals learned
Pavlovian associations to both stimuli with similar strength. Although
not significant, the trend was slightly stronger aversion to a texture
when it was paired with LiCl than preference for that texture when it
was paired with cocaine (Fig. 4). This is important for interpreting the
Fos results shown in Fig. 5. Slightly (but not significantly) greater
increases in Fos were observed in CS+ versus CS− groups in the
cingulate cortex, paraventricular thalamic nucleus and paraventricular
hypothalamic nucleus in the LiCl group as compared to cocaine (Fig. 5).
This is consistent with the idea that brain activation patterns in these
regions reflected the strength of the association rather than the
appetitive value attributed to the context.

The results of the correlation analysis provided further evidence
that Fos responses in the cingulate cortex is related to the strength of
preference or aversion, but does not distinguish appetitive value
(Fig. 6A). In the cingulate cortex, numbers of Fos positive cells were
positively correlated with the strength of place preference for cocaine
or place aversion to LiCl, and the slopes of the relationship were
approximately the same (i.e., the regression lines were parallel in
Fig. 6A). One possible explanation is that Fos activation in this region
merely reflects level of attention or arousal in response to the stimulus
[11]. Alternatively, as described above, it is possible that different cell
types (e.g., glutamate vs. GABA) in the cingulate cortex display Fos in
LiCl vs. cocaine conditions. Under this interpretation, functionally
meaningful differences could underlie similar Fos responses.

It is important to note that in the correlation analysis (Fig 6A),
although Fos levels in the cingulate cortex were higher overall in the
group exposed to LiCl-paired cues as compared to cocaine-paired cues
(i.e., the regression line for LiClwas above the line for cocaine in Fig. 6A),
that difference is unlikely an effect of the conditioned stimulus because
Fos levels were also higher in LiCl- versus cocaine-treated animals
exposed to the saline-paired cues (Fig. 5, cingulate cortex). Hence, the
additional Fos in this region appears to be the result of the chronic
treatment with LiCl rather than an effect of the contextual cues.

A previous study used a design similar to ours to identify patterns of
Fos activation inducedby contextual cuespairedwithyohimbine,which
was considered an aversive, anxiety provoking drug [12]. In that study,
levels of Fos in the cingulate cortexwere not significantly greater in rats
exposed to the yohimbine-paired versus saline-paired cues, although
the trendwas in that direction. The authors concluded that the cingulate
cortex and other regions in the frontal cortex might be preferentially
activated by drug-paired cues as compared to aversion-paired cues.
However, the results from this and other studies examining Fos
responses to aversive stimuli do not support this general conclusion
[13,43]. The strength of aversive conditioning with yohimbine was not
measured using a behavioral assay in the study, and so it is possible that
yohimbinewas simply aweakerunconditioned stimulusas compared to
the drugs to which it was being compared [12].

The Fos results shown in Fig. 5 are generally consistent with the
literature. Increased Fos in CS+ versus CS− in the cingulate cortex,
paraventricular thalamic nucleus and paraventricular hypothalamic
nucleus was observed in previous studies where cocaine, metham-
phetamine, nicotine, food or a foot shock was used as the
unconditioned stimulus [9,13,29,34]. The only other brain area that
showed a significant difference between CS+ and CS− was the
dentate gyrus. Reduced Fos in the dentate gyrus in response to CS+
was not observed in our previous study using a nearly identical design
for cocaine [9]. Hence, the explanation for this difference is not clear.

Results for the nucleus accumbens showing similar levels of Fos in
CS+ and CS− is consistent with some studies where cocainewas used
as the reinforcer [9,29] but not others [11,28,30]. One important
variable is the comparison (CS−) group used in the experimental
design. In this study and Zombeck et al. [9] the CS+ and CS− contexts
were very similar. The only difference was the texture of the floor
(hole or grid). In Rhodes et al. [11] and Franklin and Druhan [28], CS+
and CS− environments were the home cage versus the test chamber,
hence there were many cues to distinguish the two contexts.

The correlation between the strength of conditioned place aversion
to lithium chloride and numbers of Fos positive cells in the
periaqueductal gray (dashed line in Fig. 6B) is consistent with the
literature [41,42,44,45]. In combinationwith studies thathave identified
micro-circuit differences in chemical and electrical signaling in the
nucleus accumbens in response to aversive versus rewarding stimuli
[14,16], the Fos studies demonstrate that macro-circuit differences in
patterns of brain activation can also be detected.

In this model, even though we administered cocaine repeatedly to
animals over days and measured their locomotor activity, we observed
no evidence for locomotor sensitization (Fig. 3) or conditioned changes
in locomotor activity on the final test. This replicates a previously
published result using a similar procedure fromour lab [9]. Sensitization
and conditioned locomotor responses in mice are typically induced
using lower doses (e.g., 10 mg/kg) andwith an intermittent schedule of
administration (e.g., every other day, or several day incubation periods)
as opposed to daily administration [46,47].

In summary, results confirm that exposing mice to contextual cues
paired with a rewarding or an aversive experience induces similar
patterns of Fos activation in 10 brain regions chosen from the literature.
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Future double labeling experiments are needed to determine the extent
to which different types of cells are recruited in the overall similar Fos
responses. On the other hand, the Fos analysis was sensitive enough to
detect subtle differences in key brain areas such as the periaqueductal
graywhere Fos levels were differentially correlatedwith the strength of
aversion to LiCl versus preference for cocaine. More studies are needed
to comprehensively characterize specificity in the neural physiology
underlying differential learning about rewards versus aversive experi-
ences. This requires additional experiments using different types of
aversive and rewarding stimuli, a larger sample of brain regions, and
other immediate early gene (IEG)proteinmarkers suchasARC, zif268 in
addition to co-labeling studies to identify phenotypes (e.g., GABA,
glutamate) of the IEG-positive cells.
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