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High rates of comorbidity between alcohol use disorder (AUD) and major depressive disorder (MDD) are reported. Preclinical models
examining effects of primary depression on secondary AUD are currently absent, preventing adequate testing of drug treatment. Here,
we combined social defeat-induced persistent stress (SDPS) and operant alcohol self-administration (SA) paradigms to assess causality
between these two neuropsychiatric disorders. We then exploited guanfacine, an FDA-approved adrenergic agent reported to reduce
drug craving in humans, against SDPS-induced modulation of operant alcohol SA. Wistar rats were socially defeated and isolated for a
period of =9 weeks, during which depression-like symptomatology (cognitive and social behavioral symptoms) was assessed.
Subsequently, animals were subjected to a 5-month operant alcohol SA paradigm, examining acquisition, motivation, extinction, and
cue-induced reinstatement of alcohol seeking. The effects of guanfacine on motivation and relapse were measured at >6 months
following defeat. SDPS rats exhibited significant disruption of social and cognitive behavior, including short-term spatial and long-term
social memory, several months following defeat. Notably, SDPS increased motivation to obtain alcohol, and cue-induced relapse
vulnerability. Guanfacine reversed the SDPS-induced effects on motivation and relapse. Together, our model mimics core
symptomatology of a sustained depressive-like state and a subsequent vulnerability to alcohol abuse. We show that SDPS is strongly
associated with an enhanced motivation for alcohol intake and relapse. Finally, we show that the clinically employed drug guanfacine
has potential as a novel treatment option in comorbid patients, as it effectively reduced the enhanced sensitivity to alcohol and

alcohol-associated stimuli.

INTRODUCTION

Major depressive disorder (MDD) and alcohol use disorder
(AUD) are among the most prevalent psychiatric disorders
that commonly co-occur (Pettinati, 2004). Core symptoms
of MDD are persistent depressed mood (American
Psychiatric Association, 2000), decreased interest for social-
and other type of interactions, a general inability to experience
reward or impaired responsivity to reward-relevant infor-
mation (anhedonia) (Der-Avakian and Markou, 2012), as
well as cognitive decline (Baune et al, 2010). AUD is
characterized by chronic alcohol abuse, extreme preoccupa-
tion with alcohol-related activities, and frequent episodes of
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relapse into alcohol use (American Psychiatric Association,
2000). The two disorders reciprocally affect each other by
severity of illness, their onset and temporal persistence
(Davis et al, 2008). Comorbidity of MDD and AUD also
impacts on the therapeutic outcomes (pharmacological and
psychotherapeutic), as evident by low remission rates and
increased disability (Kelly et al, 2012). Finally, experiencing
one disorder is a risk factor for relapse to the other, further
supporting a reciprocal relationship between the two
(Petrakis et al, 2002).

Despite prevailing comorbidity between depression and
AUD, direct evidence of causality of co-occurrence in
clinical and preclinical data of the two pathologies is still
scarce. Likewise, potentially shared molecular substrates
underlying such co-existence are yet to be found. As a
result, targeted pharmacotherapies against the comorbid
phenotype are practically absent. To explore a possible
causative role for primary depression on subsequent sus-
ceptibility to alcohol abuse, and to enable studies into the
molecular interaction mechanisms of these disorders, a
novel experimental animal model is required.
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In terms of a preclinical model for depression-like
behavior, social defeat has been explored extensively,
reliably representing a wide range of manifestations of the
disorder (Nestler and Hyman, 2012). In this respect, acute
defeat-induced social avoidance has been repeatedly re-
ported both in mice (Golden et al, 2011) and rats (Fanous
et al, 2011), offering a consistent assessment of depressive-
like symptomatology. However, the outcome of these
studies relies on the presence and/or threat of acute stress,
without taking into account the perpetuating nature of the
depressive state. In order to model this lasting character of
stressful life events that are typically associated with
increased risk for depression in humans, we and others
have used the social defeat-induced persistent stress (SDPS)
paradigm. In this model, acute stress of social defeat, an
etiologically relevant type of stressor for animals living in a
social setting as rats, is perpetuated by protracted social
isolation (de Jong et al, 2005). The SDPS paradigm has been
successfully used to model core symptoms of depression,
such as anhedonia, as well as severe and persistent cognitive
decline (Von Frijtag et al, 2000), as commonly seen in MDD-
diagnosed patients (Austin et al, 2001). In addition, the SDPS
model emulates accompanying neurobiological hallmarks of
depression, such as reduced neurogenesis and synaptic
plasticity in the hippocampus (Von Frijtag et al, 2001; Van
Bokhoven et al, 2011). Importantly, antidepressant treat-
ment, as well as behavioral therapy, resulted in amelioration
of these sustained depression-like effects (Artola et al, 2006),
confirming the predictive validity of the SDPS model.

Social defeat was previously employed to model acute
effects of social stress on alcohol home-cage consumption
(Caldwell and Riccio, 2010), or operant responding for
alcohol in rats (Funk et al, 2005). However, these approaches
did not address long-term consequences of repeated
stressful events and persistent negative mood, typical of
depressive symptomatology, on the development of AUD
(Briand and Blendy, 2010). We, therefore, developed a new
paradigm, linking the SDPS model to an AUD model of
operant alcohol self-administration (SA).

MATERIALS AND METHODS
Animals and SDPS

Paired-housed male Wistar rats (Harlan CPB, Horst, the
Netherlands) 6-7 weeks old, weighing <200 g upon arrival
were habituated (2 weeks) and exposed to SDPS (see
Supplementary Methods, (Von Frijtag et al, 2000; Van
Bokhoven et al, 2011)) and operant alcohol SA paradigms
(Figure 1la). All experiments were approved by the VU
University Amsterdam Animal Users Care Committee.

Assessment of Depressive Symptomatology

Social approach-avoidance test (SAA). Approach-avoid-
ance behavior (interaction rates (Golden et al, 2011)), using
an unfamiliar Long-Evans adult male rat (aggressor), was
calculated as time spent in active zone (aggressor zone)/total
exploration time (aggressor + neutral zone), in a 5-min test.

Social recognition. Long-term social discrimination mem-
ory (Reijmers et al, 2001) was tested using a social recognition
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(SR) test 24 h following first exposure to a juvenile Wistar rat
(4-6 weeks old). Discrimination between familiar (inactive
zone) and novel (active zone) social targets was used as
measurement of SR (interaction rate =time spent in active
zone/total interaction time) in a 5-min test.

Object place recognition. Hippocampal-dependent short-
term memory (Dere et al, 2007) was determined using a
15-min retention interval. Discrimination between spatial
locations of objects was used as measurement for spatial
memory (exploration rate = time spent in active zone (novel
location)/total exploration time (novel 4 familiar location)
in a 4-min test.

All video recordings were analyzed with Viewer” software
(BiObserve GmbH, Bonn, Germany).

Selection procedure. Animals were selected to continue
with operant alcohol SA paradigm based on the perfor-
mance on SAA, SR, and OPR tests, as assessed at three
different time points: (1) 1 week before defeat, baseline; (2)
4-6; and (3) 8-10 weeks following defeat, post-individual
housing. From 48 defeated animals, 16 SDPS rats that dis-
played average performance were selected (Supplementary
Figure S1), to assess the validity of our model in a
moderately affected group, which most faithfully represents
defeat-induced behavioral deficits in the general population.
In accordance, 16 control rats were randomly assigned to
the alcohol SA paradigm.

Alcohol Exposure

Home-cage consumption. All animals were habituated to
alcohol consumption using the two-bottle free/limited-
access paradigm (Wouda et al, 2011). Rats were exposed
to gradually elevating alcohol concentrations (2-12% v/v) in
the home cage (5 weeks; Figure 1a). During the last 2 weeks,
alcohol availability was limited to 1h/day.

Cue-coupled alcohol SA—Fixed Ratio. Rats were trained
to nose-poke for a 0.20 ml 12% alcohol reward in 1-h sessions
every other day. Alcohol delivery (US) was accompanied by
discrete audiovisual stimuli (CS, 4-s active hole illumination
and tone presentation). Different reinforcement schedules
(fixed ratio, FR) were used (FR1-3).

Cue-coupled alcohol SA—Progressive Ratio. Animals
were subjected to six 2-h progressive ratio (PR) sessions,
during which the effort (number of nose-pokes) to obtain a
reward was ?rogresswely increased according to: response
ratio = (5602 * Teward number)y 5 rqynded to the nearest
integer.

Cue-coupled alcohol SA—Extinction and Relapse. After
PR sessions, all animals were retrained (FR1) to minimize
between-group differences that could affect subsequent
analysis of extinction performance. Extinction training
consisted of 1-h exposure to the training context in absence
of alcohol and alcohol-associated cues. Following 15 daily
sessions, operant responding was successfully extinguished
(<5 active responses/session) and all animals participated
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Figure | Long-term effects of social defeat-induced persistent stress (SDPS) on social behavior and cognition. (a) Experimental schedule: individually

housed animals were used (controls; n = 36), or they were exposed to the prolonged social defeat stress paradigm (SDPS; n = 48), after which animals were
subjected to operant alcohol self-administration (SA). All animals were tested in social approach-avoidance (SAA; b), social recognition (SR; c), and object
place recognition (OPR; d) before (baseline) and after defeat (week 5 or 9). After =9 weeks, representatives of each group (n= 16) were selected for
familiarization to alcohol in the home cage and subsequent operant alcohol SA. Animals were trained in fixed (fixed ratiol ( FR1)-3) and progressive ratio
(PR) schedules, followed by extinction training and an alcohol-coupled cue-induced reinstatement test. The effects of guanfacine (Gua) on motivation and
reinstatement of alcohol seeking were assessed in a cross-over design. (b—d) Results from the total group of animals (left) or from the selected group for
subsequent alcohol SA studies (right). (b) SAA: the SDPS group exhibited a significant reduction in interaction rates in week 5 and showed no improvement
in the SAA performance over time as seen in controls. (c) Control and SDPS animals displayed significant between-group differences in week 9 following
defeat, and SDPS animals exhibited a reduction in interaction rate over time. (d) The SDPS group displayed a significant reduction in exploration rate (week
5) and failed to improve the OPR performance. ANOVA/t-test results are indicated (t: time effect; g: group effect; t x g: time x group interaction) *p <0.05;
##p <0.01. Dashed gray lines indicate 50% preference index.
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Figure 2 Effects of social defeat on acquisition of operant alcohol self-administration. (a) Experimental schedule: 2 months following social defeat, all
animals got familiarized with 2% alcohol solution in the home-cage (5 weeks; cf. Figure |a). Rats were then trained to self-administer alcohol according to
different training schedules (fixed ratiol (FR1)-FR3; c). Before the end of the acquisition phase both groups were subjected to an additional social approach-
avoidance (SAA) test (b). (b) The social defeat-induced persistent stress (SDPS) group displayed a significant reduction in interaction on an alcohol-free day,
at ~ 6 months after the last defeat exposure. (c) Acquisition of cue-paired alcohol self-administration (SA): time effects were observed at FR2 and FR3. No
between-group differences in number of active responses/session were observed at FRI and FR2, with a trend for between-group differences at the FR3
schedule. No between-group differences in total number of inactive responses were found (FRI: F(127)=1.71, ns; FR2: F(127)=2.56, ns;, FR3:
F(1,27) =0.89, ns). ANOVA/t-test results are indicated (t: time effect; g group effect).

in a 30-minute cue-induced reinstatement session, at the
start of which a single 0.20 ml alcohol reward was delivered.

Treatment administration. Guanfacine-HCl (N-amidino-
2-(2,6-dichlorophenyl) acetamide hydrochloride) was tested
in PR sessions 3 and 6, and on cue-induced relapse in two
separate tests, given at a 7-day interval without additional
extinction training. Saline (1 ml/kg) or guanfacine (0.5 mg/
kg dissolved in saline) were systemically (i.p.) administered
1 h before the session/test in a cross-over design.

Statistical Analyses

All statistics were performed using SPSS (version 15.0,
IBM). Data are presented as mean = SEM, and (repeated)
ANOVA or the t-test results are indicated. Interaction or
memory indices were calculated based on a fictive group
showing no discrimination, while retaining the variation of
the tested sample (Akkerman et al, 2012).

RESULTS
Effects of SDPS on Depression-Like Symptomatology

We examined emotional state (SAA, SR) and cognitive per-
formance (SR, object place recognition (OPR)) (Figure 1)
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indicative of a disrupted behavioral state resembling core
symptoms of depression (Von Frijtag et al, 2000).

Social approach-avoidance test. All rats showed a sig-
nificant interaction rate with the (potential) aggressor at
baseline (p<0.001) and at week 5 (Con: p<0.001; SDPS,
p<0.001) of the SDPS paradigm. Repeated measures
ANOVA revealed a time effect (F(1,82) =8.62, p<0.01),
and a significant time-group interaction (F(1,82)=4.66,
p<0.05), indicating that social defeat differentially affects
SAA performance over time. Whereas both groups showed
similar performance at baseline (F(1,83)=0.77, ns), SDPS
rats exhibited a significant reduction in interaction rate at
the 5 weeks test when compared with controls (F(1,83) =
4.49, p<0.05). In addition, SDPS animals failed to improve
SAA performance-like controls (Con, t(35)= —3.37,
p<0.01; SDPS, t(47) = — 0.59, ns; Figure 1b). Likewise, in
groups selected for alcohol SA, control animals showed
a similar time-dependent increase in interaction rate
(t(14) = —2.31, p<0.05), whereas SDPS animals failed to
improve (t(13)= —0.96, ns) (Figure 1b). Notably, SAA
performance at ~ 6 months following the last defeat session
confirmed the stability of the depression-like status
(F(1,28)=7.37, p<0.05; Figures 2a and b). Our data
indicate that the SDPS paradigm caused long-lasting
impairment of social behavior.



Social recognition. All rats showed a significant interac-
tion rate with the novel social target at baseline (p<0.01),
but only controls maintained this at 9 weeks (Con, p <0.05;
SDPS, ns). Indeed, repeated measures ANOVA revealed a
trend for time-group interaction (F(1,82) =3.76, p =0.056),
indicating that SDPS differentially affects SR performance
over time. Although control and SDPS animals demon-
strated equivalent baseline performance (F(1,83) =0.11, ns),
at week 9 of the SDPS paradigm, significant between-group
differences were observed (F(1,83) =7.38, p<0.01). Post hoc
analysis showed that SDPS rats displayed a significant
reduction in interaction rate when compared with their
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baseline performance (t(47)=2.92, p<0.01), an effect
absent in controls (t(35) = — 0.24, ns; Figure 1c). Similarly,
in selected alcohol SA groups, control rats showed normal
SR (p<0.08), whereas SDPS rats were significantly impaired
(ns), indicating that SDPS triggers enduring deficits in
affective cognition.

Object place recognition. All rats showed a significant
exploration rate for the object at its new location at baseline
(p<0.001) and at week 5 (Con, p<0.001; SDPS, p<0.01).
Importantly, repeated measures ANOVA revealed a signifi-
cant time (F(1,76) =8.39, p<0.01) and group ((F(1,76) =
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Figure 3 Social defeat affects motivation for alcohol intake: rescue by guanfacine administration. (a) Experimental schedule: following fixed ratio (FR), all
rats were trained under a progressive ratio (PR) schedule for a period of 2 weeks every other day (cf. Figure |a). Defeat effects on motivation to obtain
alcohol were examined in 4 x 2-h sessions, whereas the effect of guanfacine (Gua; 0.5 mg/kg, i.p.) was tested at intermediate training days 5 and | | using a
within-subject design. (b) Social defeat-induced persistent stress (SDPS) animals displayed a robust increase in number of total active responses. (c) SDPS
animals exhibited significantly augmented breaking points (BP). (d) Pretreatment with Gua significantly reduced the number of active responses in both
groups. Importantly, Gua reversed defeat-induced increases in responding, eliminating between-group differences (F(1,28) = |.64, ns) that were present
following SAL administration. ANOVA/t-test results are indicated (tr: treatment effect; g group effect; tr x g treatment x group interaction) *p <0.05;
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4.33, p<0.05) effect. Post hoc analysis showed that, whereas
both groups performed similar at the baseline (F(1,81)=
0.51, ns), at week 5, SDPS animals displayed a significant
reduction in exploration rate when compared with controls
(F(1,79) =6.42), p<0.05). Notably, SDPS rats displayed
no increases in exploration rate, as opposed to controls
(Con, t(33)= —2.73, p<0.05; SDPS, t(43)= —1.28, ns;
Figure 1d). Likewise, selected alcohol SA animals showed no
between-group difference at baseline (F(1,28)=1.09, ns),
whereas a significant group effect (F(1,25) =4.47, p<0.05)
was present at week 5, with the SDPS group showing no
improvement of OPR performance (Con, t(13)= —2.35,
p<0.05; SDPS, t(11)= —0.49, ns; Figure 1d). In an
independent group, OPR memory at the 8-week time point
was not present in SDPS animals (Supplementary Figure
S2b). Together, we observed a persistent defeat-driven
impairment in short-term spatial memory, indicative of
cognitive rigidity observed in depressive patients (Austin
et al, 2001).

Social isolation alone did not affect OPR, SR, and SAA
behaviors, as tested in independent batches of animals
(Supplementary Figures S2 and S3). Thus, the effects
measured here originate specifically from coupling social
defeat with prolonged social isolation, and cannot be
attributed solely to adulthood isolation.

Effects of SDPS on Alcohol Taking and Seeking

Acquisition of operant alcohol SA. Alcohol habituation
in the home-cage showed no significant between-group
difference in alcohol or water consumption (Supplementary
Figure S4). Control and SDPS animals showed similar
performance on an FR1 schedule (F(1,27) =0.04, ns). FR2
increased responding (session effect: F(2.44,65.95) =7.48,
p<0.01) in both groups, without a clear significant between-
group difference (F(1,27)=2.43, p=0.13). FR3 showed a
significant session effect (F(4.37,118.13) =5.55, p<0.001),
and a trend for between-group differences (F(1,27)=2.90,
p=0.10), reflecting a stronger escalation of responding in
SDPS animals. Similar results were obtained for alcohol con-
sumption (Supplementary Figure S5). SDPS and control rats
performed identical for inactive responses (Figure 2b).

PR and guanfacine treatment. To detect differences in
motivational drive in SDPS animals, PR schedules were
introduced. SDPS rats significantly elevated responding for
an alcohol reward (PR1-2: (F(1,27) =6.38, p<0.05; PR4-5:
(F(1,27) =11.69, p <0.01; Figures 3a and b) and displayed sig-
nificantly increased breaking points compared with controls
(F(1,28) = 8.96, p<0.01; Figure 3c). Thus, SDPS increases the
motivational drive to obtain an alcohol reward.

Guanfacine, an o2 adrenergic agonist, has been shown to
attenuate stress-induced relapse to alcohol seeking in rats
(Lé et al, 2011). To analyze possible effects of guanfacine on
motivation to take alcohol, both groups were treated with
guanfacine in a cross-over design. This revealed a signifi-
cant treatment effect (F(1.00,27.00)=22.88, p<0.001),
indicating that guanfacine treatment greatly reduced active
responding in both groups. A treatment-group interaction
was observed (F(1.00,27.00) =6.98, p<0.05). Indeed, guan-
facine affected SDPS animals to a greater extent (F(1,27) =
8.10, p<0.01), abolishing between-group differences
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(Figure 3d). At this low-dose of guanfacine (Lé et al,
2011), we confirmed the absence of gross effects on motor
activity (Supplementary Figure S6, Supplementary Table S1).

Cue-induced reinstatement and guanfacine treatment.
After retraining to FRI1, all animals showed similar
performance (Supplementary Figure S7a). During extinc-
tion training, similar extinction rates and no between-group
differences were observed (Supplementary Figure S7b),
indicating that SDPS did not affect extinction of previously
learned operant responding for an alcohol reward.

Next, we examined the effect of SDPS on cue-induced
alcohol relapse and its interaction with guanfacine treat-
ment in two cue-induced reinstatement tests, using a cross-
over design (Figure 4). First, presentation of alcohol-
associated cues and the ability to respond for these cues
significantly reinstated alcohol seeking in SDPS and control
groups as compared with the last three extinction sessions
(F(1.00,27.00) = 134.28, p<0.001; control: t(14) = — 6.86,
p<0.001; SDPS: t(13) = —9.48, p<0.001)). The significant
group effect (F(1,27) =6.63, p<0.05) and a relapse-group
interaction (F(1.00,27.00) =4.28, p<0.05) indicated that
SDPS animals exhibited more robust reinstatement. Treat-
ment with guanfacine 1h before relapse completely
abolished reinstatement in both groups, as compared with
the last three extinction sessions (F(1.00,27.00) =1.46, ns)
with a trend for group (F(1,27) =3.40, p =0.076). Notably,
after guanfacine administration, significant group differ-
ences were no longer observed (F(1,28) =2.35, ns), indicat-
ing that guanfacine suppressed SDPS-induced facilitation of
reinstatement of alcohol seeking.

DISCUSSION

In the current study, we addressed whether a sustained
depressive-like state has subsequent effects on alcohol
intake and/or relapse, to enable future studies into the
molecular mechanisms of these comorbid psychiatric
disorders. By combining two behavioral paradigms, namely
SDPS and operant alcohol SA in rats, we could reliably
evoke an enduring depressive-like state that dramatically
affected subsequent alcohol taking and seeking, leading to a
co-occurrence of depression-like and alcohol dependence-
like phenotypes, similar to the comorbid phenotype of
MDD and AUD. Using this combined model, we provide
first evidence for the efficacy of guanfacine, an FDA-
approved adrenergic agent, on the depression-induced
enhancement of the motivational drive to seek alcohol.

SDPS Evokes a Maintenance State of Depression-Like
Symptomatology

Our data indicate that SDPS in rats, ie, social defeat coupled
with prolonged social isolation in absence of living in close
proximity to the dominant male (a paradigm often used
in mice (Golden et al, 2011)), affects social and cognitive
performance (Von Frijtag et al, 2000), as assessed in SAA,
SR, and OPR tests, effects that cannot be attributed to
depression-associated motor retardation (Supplementary
Figure S6).
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(a), Experimental schedule: all rats were trained on an fixed ratiol (FRI)
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training, both SDPS animals and controls showed a significant cue-induced
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significantly suppressed responding in both groups (control: t(14) =7.77,
p<000l; SDPS: t(I3)= —948, P<000l). Importantly, guanfacine
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Our results are in accordance with the vast majority of
current clinical research describing the multifaceted con-
sequences of depression on cognitive and executive
functions (Millan et al, 2012). Although social defeat has
been explored in great extent, the majority of studies
focused on acute effects of defeat failing to address the
sustained character of the depressive state. Using the SDPS
model, we describe long-lasting effects of social defeat, in
particular social withdrawal, that persists up to 6 months
following the last defeat episode, and that is independent of
acute stress-triggered increases in serum corticosterone
(Van Bokhoven et al, 2011). Apart from social withdrawal,
we show that SDPS impairs long-term SR, as previously
shown (Reijmers et al, 2001), as well as hippocampus-
dependent spatial memory for up to 2 months following the
last defeat episode. The latter is in agreement with the well-
characterized depression-associated reduction of hippo-
campal volume (Bremner et al, 2000), and its consequent
cognitive deficiencies (Femenia et al, 2012). Our current
data confirm that the SDPS model reflects the magnitude
and temporal persistence of the depressive-like state in
terms of etiological-, face-, construct- and predictive
validity (Nestler and Hyman, 2012) and forms a firm basis
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to subsequently investigate comorbidity of alcohol abuse.
Depression-associated behavioral impairments were mod-
erate in the group selected for alcohol SA, in line with our
aim to assess the validity of our model in a moderately
affected population.

SDPS Induces an AUD Phenotype and Models
Depression-AUD Comorbidity

A major finding is that the persistent depressive-like state of
the SDPS paradigm led to profound alcohol reward-related
changes, exaggerating the incentive salience of alcohol, and
facilitating cue-induced relapse to alcohol seeking. Social
defeat was previously employed to model acute effects of
social stress on alcohol consumption in rodents. However,
in these studies, the outcome, to a large extent, depended on
the behavioral read-out at use (eg, alcohol home-cage
consumption or operant alcohol SA). Indeed, whereas acute
social defeat stress yielded mixed results for alcohol home-
cage consumption (Caldwell and Riccio, 2010), acute defeat
during operant alcohol SA reduced responding for alcohol
(van Erp and Miczek, 2001; Funk et al, 2005), with
presentation of defeat-coupled cues being sufficient to
reinstate alcohol seeking (Funk et al, 2005). In addition, the
majority of studies examined acute stress effects on alcohol
taking, without addressing the impact of long-lasting
negative effect on the incentive motivation for alcohol use
(Koob, 2009), as observed during depression. Here, we
examined alcohol taking and seeking during a persistent
depressive-like state in the absence of the actual stressor or
stress-signifying cues and demonstrated a persistent en-
hanced motivation to consume and seek alcohol.

The operant nature of the alcohol SA paradigm allowed us
to model several phases of alcohol taking and seeking. We
demonstrate that SDPS affected motivation to consume
alcohol, with the magnitude of SDPS-induced depressive-
like state correlating with increased breaking points
(Supplementary Figure S8). These results suggest defeat-
induced dysregulation of the motivational response, a
characteristic of the human depressive phenotype (Nestler
and Carlezon, 2006; Der-Avakian and Markou, 2012).
Similarly, we demonstrate that SDPS robustly enhanced
reinstatement of alcohol seeking. These results indicate a
depressive-like state-driven amplification of the incentive
value attributed to alcohol-associated cues and/or the
presence of dysfunctional inhibitory control, as observed
in drug-dependent human subjects (Kalivas and Volkow,
2005). Thus, we could reliably mimic the primary depres-
sion-secondary AUD diagnosis often seen in comorbid
patients. We here provide first preclinical evidence for a
direct causality between depressive-like symptomatology
and subsequent increased vulnerability to alcohol seeking.

Isolation Facilitates Incubation and Preservation of
Depressive-Like Symptoms

Cognitive and social decline might be caused solely by
isolation from conspecifics, ie, single-housed rats display
significant deficits in spatial memory (Quan et al, 2010),
impaired social interest and high anxiety levels (Hermes
et al, 2011). However, these isolation-induced behavioral
manifestations are to a large extent limited to animals
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reared in isolation, thereby disturbing important develop-
mental periods in the brain maturation, such as adolescence
(Fone and Porkess, 2008). In our paradigm, all animals were
single-housed after adulthood (ie, >postnatal day 70).
Furthermore, we specifically showed, given there is no
difference between single-housed and paired-housed con-
trols, that depression-like impairments in social and
cognitive behavior were not due to an isolation-driven
increase in exploration/interaction rates. Moreover, both
control groups showed intact social and cognitive behavior
and differed from the SDPS group (Figure 1, Supplementary
Figures S1 and S2). Therefore, we conclude that isolation
facilitated incubation and preservation of depressive-like
symptoms, as social housing directly after defeat amelio-
rates both physiological and behavioral defeat-induced
impairments (de Jong et al, 2005). Thus, the synergistic
effect of defeat- and isolation-induced social stress poses a
model of the maintenance of the depressive-like state. In
our paradigm, all animals, including controls, were single-
housed for ~2 months before initial exposure to alcohol,
ruling out acute isolation effects on alcohol intake, as well as
isolation being a confounding factor in the increased
motivation and relapse to alcohol.

Adrenergic Receptor as Possible Target for Depression-
Induced Increased Motivation and Relapse

The o2 adrenoreceptor agonist guanfacine is an FDA-
approved drug known for its cognitive enhancing effects,
improving working memory and attention (Arnsten and Jin,
2012). It is proposed that guanfacine can directly modulate
prefrontal cortex (PFC) functioning, thereby strengthening
signal-to-noise ratio of relevant information and boosting
cognitive control (Gamo and Arnsten, 2011). In theories of
addiction, it is well-accepted that disruptions of inhibitory
or executive control could explain hallmarks of addictive
behavior, such as continued substance use despite adverse
consequences, impaired control over behavior and repeated
unsuccessful attempts to reduce or cut down use (Goldstein
and Volkow, 2011). Taken together with the well-documen-
ted detrimental effects of chronic stress on PFC functioning
(Arnsten, 2009) and preclinical work, in which adrenorecep-
tor o2 agonists were able to reduce stress-induced drug-
seeking in rodents and monkeys (Lee et al, 2004; Lé et al,
2011; Smith and Aston-Jones, 2011), cognitive enhancers
have been proposed as plausible treatments for addictive
disorders (Sofuoglu et al, 2013). Indeed, guanfacine lowered
stress and cue-induced cocaine craving in a clinical setting
(Fox et al, 2012). Here, we show that the treatment effects of
guanfacine can be extended to cue-induced alcohol seeking,
both in controls and SDPS rats. Furthermore, guanfacine can
be used to reduce the motivational overdrive observed in
SDPS rats. Guanfacine effects on other behavioral readouts
(SAA, OPR, and SR) were not addressed in this study;
however, it is interesting to assess its efficacy against a larger
spectrum of depressive-like manifestations.

Norepinephrine (NE) receptors of the a2, type, for which
guanfacine shows highest affinity, are mainly expressed in
locus coeruleus (LC) and PFC and have stress-protective
roles (Schramm et al, 2001). At the LC, o2, acts as
autoreceptor to inhibit NE transmission. Reduced LC
inhibition and subsequent increased modulation of PFC-
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mediated cognitive control are implicated in hyper-arousal,
poor stress coping, chronic anxiety, and disturbances of
higher cognitive functions typically met in depressive
disorders, justifying the use of noradrenergic therapeutic
agents (Goddard et al, 2010). Thus, the beneficial effects of
guanfacine might be mediated by reducing LC-originated
NE transmission to output regions and the subsequent
stress response (Gamo and Arnsten, 2011). In addition,
direct effects of postsynaptic a2, receptor activation in the
PEC, which has been shown to enhance the area’s functional
connectivity and to improve cognitive performance (Wang
et al, 2007), might account for the observed results. In a
recent model, 22, postsynaptic receptors modulate the
balance between facilitation and inhibition of prefrontal
cortical glutamatergic signaling (Ji et al, 2008), which could
be disturbed in SDPS animals, leading to decreased PFC
output. In accordance, guanfacine-precipitated reduction
in drug craving is accompanied by reversal of stress- and
cue-induced hypofrontality in human addicts (Sinha et al,
2011).

Noradrenergic transmission in the PFC is essential for the
attribution of incentive value, engaging dopamine in the
nucleus accumbens (NAc) to process motivationally rele-
vant stimuli, thereby guiding goal-directed conduct
(Ventura et al, 2007). As frontal NE transmission has a
role in the expression of depression, stress coping, and drug
vulnerability (Arnsten, 2009; Lé et al, 2009; Goddard et al,
2010; Perry et al, 2011), it is plausible that the observed
SDPS-induced reward-related behavioral deficits originate
from a dysregulated NE-mediated (LC-)PFC-NAc reciprocal
communication. This hypothesis is supported by the ability
of guanfacine to reduce both enhanced motivation and
susceptibility to relapse. As such, guanfacine could weaken
the LC-to-PFC NE response and/or directly enhance PFC
top-down control, thereby allowing for more optimal
cognitive performance, which in turn can reduce behavioral
sensitivity to reward-coupled cues and the accompanied
maladaptive drug-seeking response. Future studies are
required to further explore this hypothetical construct.

In conclusion, we have established a putative inductive
role of the depressive state on subsequent vulnerability to
alcohol abuse, and contributed to the imperative need to
introduce preclinical models that mimic the comorbid
phenotype of depressive disorders and AUD, including the
enduring nature of depression. Only after characteristics of
the comorbid phenotype are better understood, more
targeted and successful treatments can be implemented.
Novel animal models, as described here, might help to
uncover possible neuronal mechanisms relevant for depres-
sion-AUD comorbidity and elucidate novel potential
therapeutic targets. Our study indicates that guanfacine
could be beneficial in the treatment of alcohol dependence
in comorbid depression and AUD.
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