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In humans, stimuli associated with alcohol availability can provoke relapse during
abstinence. In this study, we investigated the role of discriminative stimuli (DS) in the
control of alcohol seeking in two types of behavioral tests. The first test examined
the ability of an alcohol-associated DS to promote alcohol seeking (relapse) after
punishment-imposed abstinence in the presence of a different DS. Following this, we
tested whether the differentially associated DS can promote and suppress alcohol
self-administration in a within-session discrimination task. During the within-session
discrimination task, we also tested the rate of alcohol self-administration when two DS
are presented in a compound. We first trained Long-Evans male rats (n = 24) to self-
administer alcohol in the presence of one DS (reward-associated discriminative stimulus,
rewDS) and then punished that behavior in the presence of a different DS (punishment-
associated discriminative stimulus, punDS). On the test, we found that rats tested with
the rewDS showed higher alcohol seeking than rats tested with the punDS. This result
shows that a single Cue DS can promote alcohol seeking in a manner comparable
to contexts. Subsequently, we trained 16 of these rats in a within-session trial-based
discrimination task, comprised of intervening 2-min trials of rewDS, punDS, or conflict
with rewDS and punDS in compound and a reduced probability of punishment. We
found that alcohol self-administration is bi-directionally regulated by the rewDS and
punDS. In conflict trials, alcohol self-administration was at a rate that was intermediate
between the rewDS and punDS trials. In a final test, rats were presented with one of
the three trial conditions and perfused for Fos immunohistochemistry. We found Fos
expression was higher in the rats tested in the conflict condition in three interconnected
sub-cortical brain regions. This study demonstrated the important role that alcohol-
associated DS plays an important role in promoting relapse to alcohol seeking after
punishment-imposed abstinence. We also implemented a within-session discrimination
task that allows for the study of alcohol seeking under motivational conflict, which may
be relevant for alcohol use despite negative consequences. The results from the Fos
data suggest that higher alcohol seeking in approach-avoidance motivational conflict is
associated with activation of sub-cortical regions but not cortical regions.
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INTRODUCTION

In humans, places or contexts previously associated with
alcohol use can provoke relapse during abstinence (Wikler,
1973; O’Brien et al., 1992). We have previously studied this
phenomenon using the context-induced relapse model, where
alcohol taking is punished in an alternative context (Marchant
et al., 2013). The introduction of punishment incorporates a
critical component of alcohol addiction, a voluntary motivation
to abstain from alcohol use out of a desire to avoid the
negative consequences (Klingemann, 1991; Blume et al., 2006;
Hasin et al., 2013; Marchant et al., 2019). We and others have
shown that punishment, similar to extinction, is encoded as a
distinct context-dependent memory that does not impact original
associations (Marchant et al., 2013; Bouton and Schepers, 2015).

In studies of relapse, two different environmental contexts are
used to signal whether a response will be reinforced with alcohol
or in the alternative context with either extinction or punishment
(Hamlin et al., 2007; Marinelli et al., 2009; Marchant et al.,
2013). These environmental stimuli retain the ability to trigger
relapse through associative conditioning that occurs during
initial learning (Bouton et al., 2020). The associative mechanism
by which contexts promote drug seeking after extinction is
thought to be comparable to an occasion setter (Crombag et al.,
2008), which is a type of stimulus that defines whether another
stimulus or an operant response will be reinforced (Holland and
Bouton, 1999; Fraser and Holland, 2019). Discriminative stimuli
(DS), in discriminated operant paradigms, are also thought to act
in a manner that is comparable to occasion setters. Drug relapse
studies have previously shown that a DS associated with drug
availability can reinstate alcohol seeking after extinction in the
absence of any DS (Katner et al., 1999; Cannella et al., 2009).
While we have previously shown that an alcohol-associated
context can reinstate alcohol seeking after punishment-imposed
abstinence in a different context (Marchant et al., 2013), to
date, no study has tested whether an alcohol-associated DS can
reinstate alcohol seeking after punishment-imposed abstinence in
the presence of another DS.

While relapse is a critical factor in the treatment of alcohol
addiction, one of the core criteria that characterizes addiction
is compulsive use (Everitt et al., 2008; Naqvi et al., 2014).
Compulsive or aversion-resistant (Hopf and Lesscher, 2014),
alcohol use is defined as continued drug use despite the
knowledge of the negative consequences that occur because of
drug use, such as loss of job, relationship breakdowns, and drug
use in the face of danger (Hasin et al., 2013). One advantage
that a single Cue DS has over a context is that these associations
can be tested in within-session in different trials to determine
how well they are able to exert control of alcohol seeking and
taking. Within-session discrimination tasks are common (Taha
and Fields, 2006; Ambroggi et al., 2011), but there are few studies
that test discrimination of alcohol and punishment of alcohol
self-administration in rats. The use of a single stimulus (rather
than a context) as a DS signaling reward or punishment provides
a novel opportunity to place two previously learned stimuli in
conflict by presenting them in a compound. Because the two
stimuli signal that the same response (lever press) will cause

motivationally opposing outcomes, such a test induces a state
of approach-avoidance motivational conflict (Miller, 1944; Gray
and McNaughton, 2000; McNally, 2021) which can be identified
by oscillating behavioral response or omission and increased
response latency. This psychological construct perhaps best
characterizes the conflicting nature of competing motivations
that are present in alcohol use despite negative consequences
(Hopf and Lesscher, 2014).

In this study, we aimed to test whether a DS associated
with alcohol self-administration can promote relapse of alcohol
seeking after punishment-imposed abstinence in the presence of
a different DS. Following this, we aimed to test whether these
two DS can control alcohol self-administration on a shorter
time scale, using a within-session task that presents each of the
DS for 2 min over successive trials. In addition, we tested the
effect of presenting these DS in compound (conflict) on the
rate of alcohol seeking. This is a novel approach to assess the
behavioral and neurobiological mechanisms of alcohol seeking in
the face of negative outcomes. Finally, we used Fos as a marker
of neuronal activity to identify brain regions associated with the
DS control of alcohol seeking in either reward, punishment, or
conflict conditions.

MATERIALS AND METHODS

Subjects
We obtained 24 male Long-Evans rats, aged 12–16 weeks upon
arrival, from Janvier Labs (France). In compliance with Dutch
law and Institutional regulations, all animal procedures were
approved by the Centrale Commissie Dierproeven (CCD) and
conducted in accordance with the Experiments on Animal
Act. Experiments were approved by the local animal welfare
body Animal Experiments Committee of the Vrije Universiteit,
Amsterdam, Netherlands. Behavioral tests were conducted
during the dark phase of the diurnal cycle of rat (12 h/12 h).
Food and water were available ad libitum. We pair-housed the
rats throughout the experiment.

Apparatus
All data were collected through the MED-PC IV program (Med
Associates, Georgia, VT, United States). Each chamber had two
retractable levers on one wall. The left lever was designated
“active,” and the right lever was designated “inactive.” Between
the two levers, there was a receptacle magazine connected to a
syringe pump for alcohol delivery, which had an infrared beam
to measure head entries. Above the active lever, there was a
light panel with three small lights (red, green, and yellow). On
the opposite side of the chamber, there was a white house light
and a white-noise generator. The grid floor was connected to
shock controllers.

Behavioral Procedure
Phase 1: Intermittent Access to Alcohol in the
Home-Cage
We used an intermittent access (3–4 times/week) alcohol
procedure (Wise, 1973; Simms et al., 2008) in which rats received
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12 × 24 h sessions of access to one bottle of 20% alcohol and
one water bottle. We prepared alcohol solutions in tap water
from 100% (v/v) ethanol in standard rat water bottles. Daily
sessions began at 09:00 a.m. After 24 h, we replaced the alcohol
bottle with a second water bottle for the subsequent 24–48 h
alcohol-free days. The following day, the second water bottle was
replaced with the 20% alcohol bottle, and the location of the
alcohol bottle was alternated from the previous session. Total
alcohol consumption in grams was calculated for each session,
using the weight difference between the beginning and end of
the session, minus 2 g for spillage, multiplied by 0.97 (density
of 20% ethanol).

Phase 2: Alcohol Self-Administration
Alcohol self-administration sessions lasted 30 min. One to two
min after placing the rat in the chamber, the session started
with insertion of the levers into the chamber, and switching
on the DS (reward-associated discriminative stimulus, rewDS;
house-light or white-noise, counterbalanced). Responses on the
active lever were reinforced with an infusion of 0.2 ml of 20%
alcohol into the magazine. Reinforced lever presses resulted in the
presentation of a conditioned stimulus (CS) comprised of three
lights above the lever, which were illuminated for 10 s. During
this time, responses were recorded but had no consequence (10 s
time out). Responses on the inactive lever had no consequence
throughout. We first trained the rats on a fixed-ratio (FR)-1
schedule for six sessions, which was then increased to FR-2 for
the remaining sessions.

Phase 3: Punishment of Alcohol Self-Administration
We gave punishment sessions in the same operant chamber as
alcohol self-administration. One to two min after placing the
rat in the operant chamber, the session started with insertion
of the levers and switching on the opposite DS (punishment-
associated discriminative stimulus, punDS; house-light or white-
noise, counterbalanced). Punishment sessions lasted 30 min. The
reinforcement schedule for alcohol was FR-2, and 100% of the
alcohol-reinforced active lever presses resulted in foot shock. The
intensity was 0.25 mA for the first three sessions and 0.30 mA for
the final, i.e., the fourth session.

Phase 4: Test for Discriminative Cue-Induced
Reinstatement of Alcohol Seeking
The rats were tested in extinction conditions without alcohol
deliveries or shock. Responses on the active lever resulted in
the CS being turned on for 10 s, on an FR-2 schedule of
reinforcement. We tested half of the rats under the reward DS
and the other half under the punishment DS.

Phase 5: Within-Session Discriminative Control of
Alcohol Self-Administration
We further trained 16 of the rats from the previous phases
in the within-session DS sessions. Each session was comprised
of 20 trials of 2-min duration, separated by 1 min of inter-
trial-interval (ITI). There were three types of trials: reward,
punishment, and conflict. In the reward trials, the rewDS was
turned on and during this time active lever presses resulted

in alcohol delivery on an FR-2 schedule of reinforcement. In
the punishment trials, the punDS was turned on and during
this time active lever presses (FR-2) resulted in both alcohol
delivery but 100% of the alcohol-reinforced active lever presses
also resulted in foot-shock. In the conflict trials, both the
rewDS and punDS were presented in a compound, and during
this time, active lever presses (FR-2) resulted in both alcohol
delivery but the probability of punishment on a reinforced active
lever press was 50%. During the ITI, the levers were retracted
from the chamber, and the DS were turned off. The order
was an alternating design, whereby the rewDS was always first,
and next was conflict, followed by rewDS, punDS, and then
rewDS, and this pattern repeated. In the first session, there
were 12 rewards, three punishments, and five conflict trials
when the probability of shock was only 25%. For all subsequent
sessions, there were 10 reward trials, five punishment trials,
and five conflict trials. In sessions 1–8, the shock intensity
was 0.25 mA, and in sessions 9–12, the shock intensity was
increased to 0.3 mA.

Phase 6: Test Session and Perfusion for Fos
Immunohistochemistry
On the final test day, the rats were given the same DS for 10× 2-
min trials with a 1-min ITI. Five rats received 10 × rewDS
trials, five rats received 10 × punDS trials, and six rats received
10 × conflict trials. During this test, the reinforcement schedule
was identical to the previous phases, that is, responses on the
active lever resulted in alcohol in the rewDS conditions, 100%
foot shock punishment in the punDS condition, and 50% foot
shock punishment in conflict. The shock intensity was 0.3 mA
for punDS and conflict. Sixty min after the end of the session, the
rats were taken from the chamber and perfused.

Immunohistochemistry
Following the final test session, we deeply anesthetized the rats
with isoflurane and Euthasol R© injection (i.p.) and transcardially
perfused them with∼50 ml of normal saline followed by∼400 ml
of 4% paraformaldehyde in 0.1 M sodium phosphate (pH 7.4).
The brains were removed and post-fixed for 2 h and then put in
30% sucrose in 0.1 M phosphate-buffered saline (PBS) for 48 h at
4◦C. The brains were then frozen on dry ice, and coronal sections
were cut (40 µm) using a Leica Microsystems cryostat and stored
in 0.1 M PBS containing 0.1% sodium azide at 4◦C.

We selected a 1-in-4 series of sections from each rat and
used immunofluorescence to label Fos positive neurons. We
washed free-floating sections (3× 10 min) in PBS. We generated
a trial reaction by adding PBS containing 0.5% TritonX-100
(PBS-Tx) with 10% normal donkey serum (NDS), which was
incubated for 2 h. Next, we incubated the sections for 48 h at
4◦C in PBS-Tx with 2% NDS, rabbit anti-c-Fos primary antibody
(1:2,000; Cell Signaling #5348). After washing off unbound
primary antibodies, sections were incubated for 2 h in PBS-
Tx with 2% NDS and donkey anti-rabbit AF-594 secondary
antibody (1:500; Molecular Probes #A21207). We then rinsed
sections in PBS and added PBS containing 4′,6-diamidino-2-
phenylindole (DAPI; 1:5,000) for 10 min. After another round
of washes, we mounted the sections onto gelatin-coated glass
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slides, air-dried, and cover slipped with Mowiol containing 2.5%
1, 4-Diazabicyclo-octane (DABCO).

Image Acquisition and Neuronal
Quantification
We digitally captured images of immunoreactive cells with a
10x objective using a Vectra Polaris slidescanner. We identified
Fos-labeled neurons using the CY3 filter (exposure: 80 ms) and
DAPI-labeled neurons using the DAPI filter (exposure: 1 ms).
We analyzed sections in the following bregma coordinates:
Bregma +3.72 mm, Bregma +1.44 mm, and Bregma −2.76 mm.
The brain regions were defined according to the fifth edition
of the Paxinos brain atlas (Paxinos and Watson, 2005). We
performed quantification using the cell detection feature in
QuPath (Bankhead et al., 2017), applying a constant set
of parameters throughout each brain region/rat. We present
our data as the total number of identified Fos neurons
divided by the area of the analyzed region in mm. The
analyzed regions are: Bregma +3.2 mm: Cg, cingulate cortex;
dmPFC, dorsomedial prefrontal cortex; vmPFC, ventromedial
prefrontal cortex; LO, lateral orbitofrontal cortex; VO, ventral
orbitofrontal cortex; RAIC, rostral agranular insular cortex.
Bregma +1.5: MAIC, mid agranular insular cortex; Core,
Nucleus Accumbens Core; Shell, nucleus accumbens shell; DLS,
dorsolateral striatum; DMS, dorsomedial striatum; LS, lateral
septum. Bregma −2.5 mm: PVT, paraventricular nucleus of
the thalamus; BLA, basolateral amygdala; CeA, central nucleus
of the amygdala; LH, lateral hypothalamus; PAIC, posterior
agranular insular cortex.

Statistics
We performed all statistical analyses using IBM SPSS V21. For the
first four phases (relapse experiment) we analyzed the behavioral
data separately for the different phases. The dependent variables
for all phases were the total number of active and inactive lever
presses. We also used the alcohol reward deliveries as dependent
variables for the alcohol self-administration and punishment
phases. We used repeated measures ANOVA to test for the
main effect of session for alcohol self-administration (rewDS)
and punishment (punDS), using the within-subjects factor lever
(Inactive and Active). For the relapse tests, we analyzed the data
using repeated measures ANOVA with between-subjects factor
Test Cue (rewDS and punDS) and the within-subjects factor
lever (Active and Inactive). For the latency measures, we used
the between-subjects factor Test Cue (rewDS and punDS) in an
independent samples t-test.

For the within-session DS phase of the experiment, to make
comparisons between different numbers of trials we divided the
total lever presses (active and inactive) by the total amount of
time (in min) that was given for each Cue type to produce
a comparable rate. No responses were made during the ITI
because the levers were retracted during this period. We used
repeated measures ANOVA to test for the main effect of session
using the within-subjects factor lever (Inactive and Active), and
Test Cue (rewDS, punDS, and conflict). The suppression ratio
(SR) was calculated based on the rate of responding on the
active lever in punDS, or conflict is compared to the rate of

responding on the active lever in rewDS in that session (e.g.,
SR = punDS/punDS + rewDS). We used Pearson correlation to
assess the relationship between the average rate of responding
in the final four sessions for conflict and punDS trials, and
for the average rate of responding in a rewDS trial, following
either punDS or conflict trials, and for the overall average rate
of responding in rewDS, punDS, and conflict trials. We analyzed
the Fos data in each brain region separately using a one-way
ANOVA to test an effect of Test Cue (rewDS, punDS, and
conflict), follow-up post-hoc tests were conducted (Fisher’s Least
Significant Different) on regions that have the significant main
effect of Test Cue.

RESULTS

Discriminative Stimuli-Induced Relapse
of Alcohol Seeking After
Punishment-Imposed Abstinence
Figure 1A shows the experimental outline of the relapse phase
of the experiment. During the home-cage alcohol access phase
(data not shown) the rats consumed approximately 4.5 (±0.98)
g/kg/24 h on day 1 and 7.1 (±1.62) on day 12. Despite this
increase, we did not observe a significant effect of session on
g/kg/24 h intake [F(11,121) = 1.2, p > 0.05].

Figure 1B shows behavior during the alcohol
self-administration phase. All rats acquired alcohol self-
administration in the presence of the rewDS, as indicated by a
significant increase in responses on the active lever compared
to the inactive lever [session × lever interaction: F(18,414) = 9.5,
p< 0.05]. There was also a significant increase in alcohol rewards
throughout the sessions [F(18,414) = 5.9, p < 0.05]. During
the final three sessions, the total amount of alcohol consumed
was 0.80 (±0.10) g/Kg, which may potentially be equivalent to
blood ethanol concentration (BEC) of approximately 40 mg/dl.
However, we did not measure BEC, and Long-Evans rats have
been shown to have a very steep BEC to g/Kg relationship (Simms
et al., 2008). Figure 1C shows behavior during the punishment
phase in the presence of the punDS. Alcohol self-administration
was significantly decreased by the introduction of response-
contingent foot-shock punishment. Across the four sessions,
there was a significant decrease in responses on the active lever
[F(3,69) = 11.9, p < 0.05] and alcohol deliveries [F(3,69) = 15.9,
p < 0.05]. Interestingly, there was a significant increase in
responses on the inactive lever [F(3,69) = 4.9, p < 0.05].

Figure 1D shows behavior in the test session. We found
that rats tested with the rewDS had significantly higher alcohol
seeking compared to rats tested with the punDS. There was
a significant Test Cue × lever interaction [F(1,22) = 21.6,
p < 0.05]. We also found a significant effect on latency
to the first active lever press [rewDS = 58.1 (±11.4) s,
punDS = 476.5 (±191.8) s; t(22) = −2.2, p < 0.05]. These
data show that DS can act in a similar manner to contexts,
causing reinstatement of alcohol seeking after punishment-
imposed abstinence. Figures 1E–G show the same data presented
as totals per minute, for comparison to the subsequent phases of
the experiment.
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FIGURE 1 | Discriminative stimulus-induced relapse after punishment-imposed abstinence. (A) Outline of the experimental procedure. (B) Mean ± SEM number of
active and inactive lever presses and alcohol rewards, during alcohol self-administration in the presence of the alcohol-associated DS (rewDS). (C) Mean ± SEM
number of active and inactive lever presses and alcohol rewards, during punishment of alcohol self-administration in the presence of the punishment-associated DS
(punDS). (D) Mean ± SEM number of active and inactive lever presses during the relapse test. (E–G) These show the same data expressed as rate of responding
per 1 min. *p < 0.05, punDS n = 12; rewDS n = 12. FR, fixed-ratio. punDS, punishment-associated discriminative stimulus; rewDS, reward-associated discriminative
stimulus.

Within-Session Discriminated Alcohol
Self-Administration, Punishment, and
Conflict
After the relapse test, we trained the rats in a within-session
DS task. Figure 2A shows the task design for a single session
(there were 12 sessions in total). Overall, the amount of alcohol
consumed in these sessions was comparable to that observed
in alcohol self-administration in Phase 2 (0.74 g/Kg ± 0.11;
data not shown). We found that alcohol self-administration is
significantly higher in the presence of the rewDS compared
to the punDS and in compound (conflict), and in the conflict

trials, alcohol self-administration was significantly higher than
during the punDS trials (Figure 2B). Overall analysis revealed
the main effect of Cue [F(2,30) = 35.2; p < 0.05] with no
Cue × session interaction [F(22,330) = 0.8, p > 0.05]. Alcohol
self-administration in the rewDS trials was stable across the
12 sessions [F(11,165) = 0.65, p < 0.05]. A similar pattern of
statistical results was found on analyses of the alcohol rewards
(Figure 2D). To compare the magnitude of suppression of
alcohol self-administration in punDS and conflict trials, we
calculated a SR of the rate of active lever presses in punDS and
conflict compared to the rewDS rate (Figure 2C, left). Using
the SR, we found a significant effect of Cue [F(1,15) = 41.3,
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FIGURE 2 | Within-session discriminated alcohol self-administration and punishment (n = 16). (A) Outline of task procedure. During rewDS trials, active lever presses
resulted in alcohol reward delivery on an FR-2 schedule. During punDS trials, active lever presses resulted in alcohol reward delivery on an FR-2 schedule, and 100%
of the reinforced responses were punished. During conflict trials, the probability of punishment was 50%. (B) Mean ± SEM rate of active (left) and inactive (right) lever
presses during the sessions. (C) Mean ± SEM suppression ratio of active (left) and inactive (right) lever presses in punDS and conflict trials relative to the rate during
rewDS trials. (D) Mean ± SEM rate of alcohol rewards during the sessions. (E) Mean ± SEM rate of entries into the alcohol receptacle during the sessions.

p < 0.05], and no Cue × session interaction [F(11,164) = 1.8,
p > 0.05]. Thus, the rats showed significantly greater suppression
of alcohol self-administration in the presence of the punDS
compared to in conflict.

On inactive lever presses (Figure 2B, right), the effect of Cue
on the rate of responding approached significance [F(2,30) = 2.9,
p = 0.07], suggesting that the effects of punishment are specific to
the active lever. However, using the SR data (Figure 2C, right), we
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found a significant effect of Cue [F(1,15) = 8.4, p < 0.05] and no
Cue× session interaction [F(11,165) = 1.4, p< 0.05]. This suggests
that the inactive lever presses are also suppressed in punDS trials
compared to conflict, at least relative to the rewDS trials.

On the head entries into the alcohol magazine (Figure 2E),
we found a main effect of Cue [F(2,30) = 49, p < 0.05] and
a session × Cue interaction [F(22,330) = 2.2, p < 0.05], likely

FIGURE 3 | Bi-directional regulation of alcohol self-administration by the
reward and punishment associated DS. (A) Average (dark line) and individual
(gray lines) active lever presses within each trial type (Green: rewDS, yellow:
conflict, red: punDS), over the final four sessions when both the trial order and
shock intensity were the same (0.3 mA). (B) Individual data of the average
responses in these sessions during consecutive rewDS, conflict, rewDS trials
(Left) and consecutive rewDS, punDS, rewDS trials (right). (C) Correlations in
the individual rat mean active lever presses during conflict and punDS trials
(Left) and in the rewDS trials following either a conflict or punDS trial (right).
*p < 0.05.

reflected by the higher magazine entries in rewDS and conflict
trials in the earlier sessions compared to the later sessions.

As a final test of within-session discrimination between the
different DS conditions, we averaged the total active lever
presses from each trial in the final four sessions, when the
shock intensity was set at 0.3 mA. Figure 3A shows the
mean active lever presses for all rats, with individual data
also presented. We used repeated measures t-tests to compare
responses in each trial to the trial preceding it. We found
that four of the five punDS trials were significantly lower
than the preceding rewDS session, and three of the five of
the conflict trials were significantly lower than the preceding
rewDS session. Of the rewDS trials following either punDS
or conflict (nine in total), four were significantly higher. In
Figure 3B, we show the average active lever presses in conflict
trials (Left) and in punDS trials (right), and the average of the
rewDS trials preceding and following. Overall, responding in
conflict was significantly lower than the rewDS trial preceding
it, but did not significantly increase in the trial after. For
punDS, responding was significantly decreased compared to
the preceding rewDS trial and significantly increased in the
subsequent rewDS trial. These data show that within-session
responding was bi-directionally controlled by the associations
of the punDS and rewDS. For conflict, the control is less clear,
but this is partly explained by the variability that is observed in
response-contingent punishment when the probability of shock
is not 100% (Marchant et al., 2018).

In Figure 3C, we show correlations between total active
lever presses in conflict and in punDS trials (Left). We found
a significant correlation between these responses [r(14) = 0.74,
p > 0.001]. This indicates that the level of responding in conflict
and punDS trials is a function of the amount of suppression
that the response-contingent shock causes. We found (data not
shown) no correlation between the rate of responding in rewDS
and punDS [r(14) = 0.25, p < 0.05] or in conflict [r(14) = 0.45,
p < 0.05], possibly indicating that the relationship between
responding in rewDS trials is unrelated to suppression in punDS
or conflict trials. Figure 3C right shows correlations between the
recovery of responding in rewDS after conflict and punDS trials.
This too was significant [r(14 ) = 0.75, p > 0.001], demonstrating
that the rats that were likely to engage in alcohol seeking after
punDS trial also did so after conflict.

Neural Activity (Fos) Associated With
Discriminated Alcohol
Self-Administration, Punishment, and
Risk of Punishment in Conflict
Figure 4A shows the behavior from the final, reinforced, test
session where rats were tested with 10 identical DS trials (either
rewDS, punDS, or conflict), each lasting 2 min with a 1-min
ITI. We found that responding in this session was comparable
to the previous within-session discrimination sessions. There
was a significant Test Cue x lever interaction [F(2,13) = 11.2,
p < 0.05]. Post-hoc tests on active lever presses revealed
significant differences between punDS and conflict groups
(p < 0.05), rewDS and punDS groups (p < 0.05), and rewDS
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and conflict groups (p < 0.05). There were no significant
differences between the groups on responses on the inactive lever
(p > 0.05). Interestingly, for the total count of magazine entries
during the test (data not shown) was significantly higher for
the conflict and rewDS groups compared to the punDS group
(p < 0.05), and there was no difference between the conflict
and rewDS group (p > 0.05). This shows that while the rewDS
group received more alcohol on the final test, the amount of
time spent in the magazine was not different. Figure 4B shows
representative images of Fos-labeled neurons in the LH, the
PVT, and in the nucleus accumbens shell (Shell). In Figure 4C,
we show the total counts of Fos per mm2 for all regions
we assessed. ANOVA revealed a significant effect of Test Cue
in the following regions: LH [F(2,14) = 5.1; p < 0.05], LO
[F(2,14) = 8.0; p < 0.05], PVT [F(2,14) = 10.5; p < 0.05],
and NAc Shell [F(2,14) = 3.8; p = 0.05]. Follow-up post-hoc
revealed the following effects for comparison between conflict
and rewDS: LH (p = 0.02), LO (p = 0.058), PVT (p = 0.002),

and NAc Shell (p = 0.05); comparison between conflict and
punDS: LH (p = 0.02), LO (p = 0.002), PVT (p = 0.003), NAc
Shell (p = 0.03); comparison between rewDS and punDS: LH
(p > 0.05), LO (p > 0.05), PVT (p > 0.05), and NAc Shell
(p > 0.05). In summary, these findings show that we found
no significant differences in Fos expression between the rewDS
and punDS rats. In LH, PVT, and Shell, we found a significant
difference between rats tested in conflict versus both rewDS
and punDS. Interestingly, for LO we found that punDS had
higher Fos expression compared to conflict. Whereas in LH,
PVT, and Shell, we found that conflict was higher than both
rewDS and punDS.

DISCUSSION

Here we report four main findings. The first is that an alcohol-
associated DS induces alcohol seeking after punishment-imposed

FIGURE 4 | Neuronal activity (Fos) is associated with alcohol seeking under risk of punishment. (A) Mean ± SEM (individual data in dots) rate of active lever presses
in the final reinforced test where rats received 10 × 2 min trials of either punDS (n = 5), rewDS (n = 5), or conflict (n = 6). (B) Representative images of Fos positive
neurons in lateral hypothalamus (LH), paraventricular thalamus (PVT), and nucleus accumbens shell. (C) Fos neurons per mm2 in the regions of interest assessed.
*p < 0.05.
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abstinence in the presence of a different DS. This effect is
comparable to the context-induced relapse after punishment-
imposed abstinence model (Marchant et al., 2013) and shows
that a single stimulus can serve in a manner comparable to a
context in this design. The second is that a DS associated with
reward or punishment can both promote and suppress alcohol
seeking in a within-session time-scale. We found that within-
session control of alcohol self-administration is achieved in a
task with alternating trials of rewDS and punDS. The third
is that presentation of the rewDS and punDS in compound,
with reduced probability of punishment, achieves a level of
alcohol self-administration that is both higher than punDS and
lower than rewDS. The fourth is that brain activity, as indexed
by expression of Fos, associated with motivational conflict is
higher in PVT, NAc Shell, and LH, while during conflict we
found that Fos expression was lower in LO compared to the
punDS tested rats.

Role of Discriminative Stimuli in Relapse
to Alcohol Seeking After Punishment
We show that a single stimulus (light or sound) can serve as
a DS that can promote alcohol seeking in a relapse test after
punishment-imposed abstinence. The test was conducted in
extinction conditions, as such this procedure is very similar to
our previous model of context-induced relapse after punishment-
imposed abstinence (Marchant et al., 2013). This has practical
relevance to rodent models of alcohol and drug relapse. We
show that the DS can act in a similar manner to a context,
and that a single stimulus can act in a comparable manner
to a context. To our knowledge this is the first time that DS-
induced reinstatement of alcohol seeking has been observed
after punishment-imposed abstinence. While this study shows
that a DS can act in a manner comparable to a context,
another study recently found that a DS can induce relapse to
cocaine seeking after abstinence (Madangopal et al., 2019, 2021).
Critically, Madangopal et al. show that this relapse is potentiated
in a manner comparable to incubation of drug seeking (Grimm
et al., 2001), demonstrating an important difference between
contextual and discriminative Cues.

Contexts have been proposed to act in a similar manner
to Pavlovian “occasion setters,” which determine whether
the response-alcohol association or the response-punishment
association is expressed (Crombag et al., 2000, 2008). However,
the original conceptions of occasion setters come from Pavlovian
conditioning designs (Holland, 1992; Fraser and Holland, 2019),
and recent work with instrumental conditioning designs have
provided evidence that contexts do not operate as occasion
setters in instrumental conditioning, rather the context becomes
directly associated with the response (Todd et al., 2014). Here,
by replicating the context-induced relapse after punishment
effect (Marchant et al., 2013) using a single stimulus DS, we
show that a DS can act in comparable manner to contexts
in terms of relapse to alcohol seeking. In future studies, it
will be of interest to determine if the DS becomes directly
associated with the response, or if the different nature of
the stimulus (i.e., context versus single stimulus) changes the

associative structure underlying the behavioral responses to
the different DS.

Discriminative Stimuli and the Control of
Alcohol Seeking on a Shorter Time-Scale
Discriminated punishment has been observed previously with
rats responding for a food reward (Bolles et al., 1975, 1980).
However, to our knowledge, this is the first time that DS
have been used to discriminate between alcohol-reinforced
responding and punishment of alcohol-reinforced responding.
One advantage of using a single stimulus DS over contexts is
that the DS can be turned on or off within-session. We used
this approach to test whether alcohol seeking and punishment
are DS controllable in a shorter time frame. We found that the
rats are able to both decrease and increase their rate of alcohol
seeking and taking in response to the differentially associated
DS. While alcohol responding does decrease through the session
(Figure 3A), the rate of responding was found to significantly
decrease during punDS and the significantly increase in the
subsequent rewDS trials.

We also show that presenting the two DS in compound,
and reducing the probability of shock to 50%, is sufficient
to motivate the rats to increase alcohol seeking, potentially
inducing a greater state of approach-avoidance motivational
conflict than in the certain punishment trials (Miller, 1944;
Gray and McNaughton, 2000; Pennartz et al., 2011; Ito and
Lee, 2016; McNally, 2021). Implementation of the conflict trials
opens possibility to probe the neural substrates of conflicting
motivations of approach and avoidance. The resolution of this
conflict is an important psychological mechanism underpinning
alcohol use despite negative consequences (Naqvi et al., 2014)
and for other psychological disorders, such as anxiety (Gray
and McNaughton, 2000) and obsessive-compulsive disorder
(Figee et al., 2011; Milad et al., 2013). We found that the
rate of alcohol taking in conflict is intermediate between
unpunished rewDS and certain punishment of punDS. The rate
of punishment in the conflict trials (50% of reinforced responses)
is comparable to what we have used in the previous studies
(Marchant et al., 2013, 2014, 2016).

One aspect of the conflict condition that we have not tested
here is whether the critical feature is presentation of the Cues
in conflict or the reduced shock probability. It is likely that
the behavior of rat is sensitive to the reduced shock probability
because it is well known that the probability of shock punishment
impacts punishment suppression (Murray and Nevin, 1967).
However, the magazine entry data (Figure 2E) provide some
evidence of increased alcohol seeking beyond what is observed
in the punDS trials. We found that entries into the magazine
did not differ between the conflict and rewDS trials, and
both were higher than in punDS. This is surprising since the
rats receive less alcohol deliveries during the conflict trials
compared to rewDS trials. We propose that this observation
indicates that in the conflict condition, presentation of the rewDS
potentiates alcohol seeking, and this is reflected in two behavioral
measures, both the punished lever press and the unpunished
magazine entries.
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In combination, these behaviors can be described as a
seeking-taking chain of operant responding (Balleine et al., 1995;
Olmstead et al., 2000, 2001). From this perspective, we have
punished the seeking response (lever press), but not the taking
response (magazine entry). Testing under the punDS completely
suppresses both the seeking and taking responses; however,
presentation of the punDS in compound with rewDS (conflict)
increases alcohol seeking with no effect on the unpunished
taking response. These findings indicate the separation of alcohol
seeking behaviors and alcohol consumption behaviors, which is
interesting to study further in the context of motivational conflict.

It is interesting to note that we also observe a large
degree of individual variability in the response to unpredictable
punishment in the conflict trials, which is comparable to what
we identified previously in the context design (Marchant et al.,
2018). The nature of variation in the response to punishment was
recently identified to be unrelated to fear learning in a food pellet
reinforced task (Jean-Richard-Dit-Bressel et al., 2019). While the
variation we observed in this experiment is more pronounced
in the conflict trials, the rate of alcohol seeking in conflict
positively correlates with the rate in punDS trials (Figure 3C).
This correlation implies that there is a common mechanism
suppressing alcohol responding in both the punDS and conflict
trials, and it is likely that this mechanism is the sensitivity of
individual rat to punishment, rather than a shift in probability
of shock from 100% in punDS to 50% in conflict.

Neural Activity Associated With Alcohol
Seeking in the Face of Punishment
Overall, the Fos data are surprising in the lack of differences
between the punDS and rewDS conditions. This is something
which is quite different to typical observations in relapse tests,
where the rats that are tested in the alcohol-associated context
show higher alcohol seeking, which is typically associated with
increased Fos compared to the rats who show lower alcohol
seeking in the extinction or punishment context (Hamlin
et al., 2007; Marchant et al., 2009, 2014, 2016). One important
difference with the tests in this study, however, is they are
reinforced sessions and not in extinction which is commonly used
in the relapse tests, making direct comparisons difficult because
of the potential representation of the outcomes (alcohol or shock)
being reflected in the Fos activity. We conducted reinforced tests
because we were primarily interested in capturing the approach-
avoidance conflict that is present in the conflict trials. In the
absence of punishment, the rats in the conflict test condition will
immediately extinguish the punishment contingency in the final
test, confounding this aim. However, from the Fos data presented
here, it is not possible to disentangle activity associated with
representation of the DS-associated memories and the response-
contingent reinforcement of either alcohol or shock. Finally,
in this experiment, we have not made any comparison of Fos
expression to a no test control group. In the past, we have made
such comparisons (Marchant et al., 2014, 2016), and typically we
find in most brain regions that the no test group Fos activity is
substantially lower than the tested rats. However, without this
comparison in this experiment we are unable to determine the

extent to which any lack of differences between the tested groups
is because activity is higher than baseline in all rats or is in fact
not different from baseline.

With these caveats in mind, we observed a number of
significant differences between the test conditions in several brain
regions. In the LO cortex, we found that both rewDS and punDS
tested rats had higher activity compared to the rats tested under
conflict. Orbitofrontal cortex (OFC) activity is associated with
many functions particularly related to the adjustment of goal-
directed behaviors in response to new contingencies or when
the outcomes are not presented (Turner and Parkes, 2020).
Given that the final test conditions in this experiment were not
associated with any change in contingency, rather expression of
prior well-learned associations, it is unlikely that LO activity is
specifically related to behavioral output.

During conflict, the rat needs to choose between two
competing behavioral responses (lever press or suppress). This is
the key difference between the rewDS and punDS trials and is
the condition upon which the most motivational conflict should
be present. That rats tested in the conflict condition had higher
Fos expression in PVT, NAc Shell, and LH suggests that activity
in these brain regions may be particularly related to arbitration
of motivational conflict, more than alcohol seeking (rewDS)
or suppression in the face of certain punishment (punDS).
Interestingly these regions are all interconnected, PVT sends
dense projections to NAc Shell (Li and Kirouac, 2008; Hamlin
et al., 2009) and NAc Shell in turn projects to the LH (Petrovich
et al., 2005; Marchant et al., 2009), which itself projects to the PVT
(Marchant et al., 2010). It is possible therefore that these regions
are particularly important in regulating the conflict imposed by
the presentation of the rewDS and punDS Cues in compound.
Activity in the NAc Shell has been linked to the suppression of
inappropriate responses (Ambroggi et al., 2011; Lafferty et al.,
2020), and there is evidence that inhibition of NAc Shell can
increase punished food self-administration (Piantadosi et al.,
2017). PVT has also been linked to coordinating behavioral
output in conflicting conditions (Choi et al., 2019).

Finally, our Fos data raise an interesting possibility that
the motivational conflict induced by presenting the rewDS and
punDS Cues in compound causes a shift away from cortical
processing of behavioral output, to a sub-cortical network
involving PVT, NAc Shell, and LH. It will be of interest in
future studies to identify whether this activity is related to
processing of the conflicting DS, or if the increased activity
reflects summation of both the positive and negative outcomes
that occur in approach-avoidance conflict. Moreover, it will be of
interest to determine if other types of motivational conflict, such
as approach-approach conflict (Miller, 1944; McNally, 2021), also
recruit selective activity in these sub-cortical brain regions, or if
it is specific to approach-avoidance conflict.

CONCLUSION

In summary, we have described a novel rodent model of relapse
where a single Cue DS associated with alcohol self-administration
can promote relapse after punishment-imposed abstinence in
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the presence of another DS. We then used these DS to show
that alcohol self-administration and punishment can be bi-
directionally controlled in a within-session task. Presenting the
two DS in compound resulted in an intermediate rate of alcohol
self-administration, potentially reflecting a state of approach-
avoidance motivational conflict. Finally, alcohol seeking under
risk of punishment was associated with increased activity in three
interconnected brain regions, PVT, NAc Shell, and LH.
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