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Abstract
Rationale Stressful life experiences can persistently increase the motivation for, and consumption of, intensely rewarding stimuli,
like cocaine, over time. In rodents, intermittent versus continuous exposure to social stress engenders opposing changes to
reward-related behavior, as measured by consumption of sucrose and cocaine.
Objective The present study examines if the effects of intermittent versus continuous social stress on cocaine self-administration
in mice parallel those seen in rats.
Methods Both forms of social stress involve a brief daily physical confrontation with an aggressive resident for 10 consecutive
days. Continuous social stress involves constant visual and olfactory exposure to an aggressive resident via habitation in a
protected portion of the resident’s home cage, while exposure to an aggressive resident during intermittent social stress is limited
to a single, physical encounter per day. Implementing a femoral vein catheterization method for the first time in mice, we
determined divergent changes to intravenous cocaine self-administration.
Results Modestly increased cocaine self-administration after intermittent social stress was confirmed. In a subset of animals,
continuous social stress in mice substantially increased cocaine self-administration and sucrose intake. By stark contrast, another
subpopulation had substantial attenuation of cocaine self-administration and sucrose intake after continuous social stress.
Conclusions Bimodal divergence in responding for rewarding stimuli including cocaine after social stress experience likely
reflects two opposing forms of coping to continuous social stress that promote either a sensitization or attenuation of reward-
seeking.

Keywords Cocaine . C57BL/6J mice . Self-administration . Social defeat stress . Intermittent versus chronic stress . Sucrose
preference . Social interaction

Introduction

Coping with stress is necessary for survival, but uncontrol-
lable stressful events can greatly exacerbate the onset of
psychopathologies like drug abuse (Kleber and Gawin
1984; Der-Avakian et al. 2006; Sapolsky 2015). For exam-
ple, stressful life experiences can facilitate the acquisition
of cocaine use and prompt cocaine craving or relapse in

patients (Karlsgodt et al. 2003; Sinha 2008). Empirical at-
tempts to model substance use disorders sensitive to stress
experiences in animal models have examined the initiation
and persistent increase of intense drug-taking, as well as
reinstatement of drug-seeking after abstinence (Marinelli
et al. 1996; Goeders 2002; Miczek et al. 2008; Han et al.
2017). Most behavioral and physiological findings from
translational models of social stress–increased cocaine
self-administration are established in non-human primates
and rats, and less in mice (Morgan et al. 2002; Czoty et al.
2004; Miczek et al. 2011; Holly et al. 2012; Shimamoto
et al. 2015). While long-term intravenous drug self-
administration in mice is methodologically challenging,
novel catheterization techniques enable the study of more
prolonged and intense drug consumption, resulting in more
clinically relevant models of substance use disorders
(Thomsen and Caine 2005; Han et al. 2015). This study
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explores how intermittent social defeat stress (ISDS) and
continuous social defeat stress (CSDS) alter cocaine-taking
in mice, in order to determine how the intensity of social
stress episodes alters the ensuing patterns of behavioral and
neural plasticity.

Although the intensity, frequency, and probability of
defensive-submissive reactions to aggression differ among
strains, mice are a reliably pugnacious species (Parmigiani
and Brain1983; Guillot and Chapouthier 1996; Miczek
et al. 2001). Social stress in rodents, like humans, is char-
acterized by increased circulating glucocorticoids, im-
mune suppression, persistent dysregulation of cardiovas-
cular function, and hyperthermia (Henry and Cassel 1969;
Björkqvist2001; de Groot et al. 1999; Miczek et al. 2008).
Like other types of stress, intermittent social stress in rats
causes sensitization to psychomotor stimulation, hastens
acquisition of cocaine self-administration, and augments
cocaine-taking during a 24-h unlimited access binge
(Miczek and Mutschler 1996; Tidey and Miczek 1997;
Covington and Miczek 2001; Covington et al. 2008).
Likewise, pulses of non-contingent footshock not only
increase rates of cocaine self-administration but also facil-
itate maintenance of high response rates at lower doses of
cocaine in rats (Goeders and Guerin 1994).

The effects of social defeat on cocaine reward in mice
vary based on the age at which the stress is experienced
(Montagud-Romero et al. 2015; Rodriguez-Arias et al.
2017), as well as the sex of the animal (Kikusui et al.
2005), and the nature of the social defeat stress. Overall,
episodic stress intensifies the respond for cocaine, particu-
larly during the acquisition and maintenance of drug-tak-
ing, which also includes a leftward shift in responding for
intravenous unit doses (Han et al. 2015). Rodent models of
continuous social stress often cause a robust depressive-
like phenotype, which is characterized by social avoidance
and blunted reward processing (Kudryavtseva et al. 1991;
Berton et al. 2006). Rats show attenuated cocaine-seeking
and cocaine-taking after continuous social stress, but these
effects have yet to be confirmed in mice (Miczek et al.
2011; Shimamoto et al. 2015).

Experience with intermittent and continuous social defeat
stress either exacerbates or attenuates cocaine self-
administration and alcohol intake, respectively (Miczek et al.
2011; Holly et al. 2012; Norman et al. 2015; Han et al. 2015).
Here, we implemented femoral vein catheterization in order to
delineate persistent changes in intravenous cocaine self-
administration in C57BL/6J mice. Our main goal was to ex-
tend our rat studies showing divergent effects of intermittent
and continuous social defeat stress on subsequent cocaine self-
administration to mice (Miczek et al. 2011; Shimamoto et al.
2015). The current results provide a basis for characterizing
adaptive processes in neurobiological systems after
intermittent and continuous social stress and for identifying

individuals who are especially vulnerable to the potentiating
effects of social stress on drug-taking.

Materials and methods

Subjects

Experimental animals

C57BL/6Jmalemice (Jackson Labs, Bar Harbor,ME)weighing
25–27 g upon arrival were individually housed in clear polycar-
bonate cages (28 × 17 × 14 cm) with stainless steel wire lids and
lined with pine shavings within a temperature-controlled mouse
vivarium (21 ± 1 °C, 30 to 40% humidity) that was kept on a
reversed 12-h photocycle (lights off, 0600 h). Mice were
adapted to the facilities for at least 7 days before experiments.
Animals were given standard rodent chow and water ad libitum
(Lab Diet 5001 Rodent Diet, PMI Nutrition International,
Brentwood, MO, USA). All housing conditions were main-
tained throughout the experiment (social defeat, sucrose
preference, and cocaine intravenous self-administration) with
the exception of the chronic social defeat protocol (adapted
from Kudryavtseva et al. 1991). All experimental procedures
were reviewed and approved by the Tufts Institutional Animal
Care and Use Committee, following the NIHGuide for the Care
and Use of Laboratory Animals, 8th Edition (National Research
Council 2011).

Residents

A separate group of male CFW mice (Charles River,
Wilmington,MA) was pair-housed with females in clear poly-
carbonate cages (28 × 17 × 14 cm) for 1 month upon arrival at
8 weeks of age and served as aggressive stimulus mice (resi-
dents). Each resident was chosen for consistent aggressive
behavior during confrontations with an intruder mouse
(Miczek and O’Donnell 1978).

Drugs

Cocaine hydrochloride was obtained from the Research
Technology Branch of the National Institute on Drug Abuse
and dissolved in sterile 0.9% saline.

Experimental design

Upon arrival, mice were randomly assigned to three groups:
intermittent social defeat stress, continuous social defeat
stress, or non-stressed controls. The mice in both stress groups
were socially defeated for 10 consecutive days (days 1–10).
Seven to 10 days after the last defeat, all animals were
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examined for social interaction and sucrose preference and
then began cocaine self-administration (Fig. 1).

Social defeat stress

Intermittent episodic social defeat

Intermittently stressed mice were defeated using the resident-
intruder protocol as illustrated and described previously
(Miczek and O’Donnell 1978; Miczek et al. 1982; Yap and
Miczek 2007) on days 1 through 10. Each social defeat episode
took place in the room adjacent to where they were housed.
Experimentally stressed mice were placed in a perforated cage
inside the home cage of an aggressive male resident to allow
unrestricted visual, auditory, and olfactory contact with protec-
tion from injury. After 5 min of social threat in the perforated
cage, stressed mice were removed from the perforated cage and
returned to the resident home cage where attack by the resident
occurred. Immediately following defeat (defined as having re-
ceived 30 bites within a maximum of 5 min), intruder mice
were then placed back in the perforated cage for another
5 min in the aggressor’s home cage. Intruder mice were then
returned to the adjacent room where they were singly housed
until their next defeat on the subsequent day. Intruder mice were
exposed to a novel resident during each daily defeat. During
each defeat episode, the latency to attack, number of bites re-
ceived, and total duration of each encounter were recorded.

Continuous social defeat

Continuously stressed mice were defeated as described previ-
ously (adapted from Miczek and O’Donnell 1978;
Kudryavtseva et al. 1991). Male resident mice were allowed
24 h to establish territory on one-half of a clear polycarbonate
cage (46 × 24 × 16 cm), divided lengthwise by a perforated

divider with a stainless steel wire lid and pine shavings as bed-
ding (Golden et al. 2011). Similar to the intermittent stress
protocol, the intruder mouse was placed directly within the
resident aggressor’s home cage compartment. After 5 min of
defeat (approximately 30 bites), the intruder was transferred
across the perforated divider to the opposite compartment and
housed there for the remainder of the day. Resident aggressors
remained in their home cage throughout the 10-day defeat pe-
riod, and intruder mice were exposed to a different resident
aggressor daily to prevent habituation.

Sucrose preference

To examine sucrose preference, 50-mL bottles were filled with
either 1% sucrose (w/v) in tap water or tap water alone. The
bottles were introduced 4 h into the dark photoperiod and fluid
levels were noted at 4, 6, and 8 h over 2 consecutive days into
the dark photoperiod. The position of the tubes was changed,
and bottles were reweighed, after the initial 24 h. To control
for unintentional fluid loss and evaporation, bottle measure-
ments were also recorded from an empty cage, and these
values were subtracted from each mouse’s intake. Sucrose
consumption was calculated as grams of sucrose consumed
(g) and as a percent of total fluid intake (sucrose + H2O)
averaged over the 2 days of testing.

Social interaction testing

Seven days after the last day of social defeat, social behavior
was evaluated using a 3-chamber apparatus (85 × 30 × 35 cm)
(Moy et al. 2004; Zanettini et al. 2010; Newman et al. 2016).
The socially defeated or non-stressed male habituated to the
central chamber of the 3-chamber apparatus for a 2.5-min
period. An unfamiliar resident aggressor stimulus mouse
was placed in a wire mesh cage in either the right or left
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chamber. Following this habituation period, the doors on ei-
ther side of the central chamber were lifted, allowing the ex-
perimental male to move freely between the central chamber,
the chamber with the resident stimulusmale, and a third cham-
ber with an empty stimulus cage during a 2.5-min social ap-
proach test. EthoVision XT software (Noldus, Wageningen,
the Netherlands) tracked the male and recorded the duration
of time it spent within each of the three chambers.

Surgical procedures

On the day following sucrose preference testing (day 23), inter-
mittently defeated and control mice were permanently im-
planted with an indwelling catheter (Silastic silicon tubing, ID
0.012 in, OD 0.025 in) into the right jugular or femoral vein
under a combination of ketamine (100 mg/kg i.p.) and xylazine
(10 mg/kg i.p.) anesthesia (Han et al. 2015). The distal end of
the catheter was passed subcutaneously from the insertion point
to the area between the scapulae where it exited through a small
incision and was affixed to a small plastic pedestal (Plastics
One, Roanoke, VA). After surgery, mice were allowed 4 days
to recover. Catheters were flushed daily with 0.05 mL of hep-
arinized saline (20 IU/mL) to prevent clotting.

Cocaine self-administration

For cocaine self-administration, a panel with cue lights and two
nose-poke operanda was inserted vertically into the home cage
of the mouse (Miczek and de Almeida 2001). The top of the
panel held a house light for cage illumination and a
counterbalanced arm holding a liquid swivel (Instech
Laboratories, Plymouth Meeting, PA). A 3-mL syringe in a
computer-controlled pump was connected to the swivel and
pedestal by PE20 tubing. A green cue light distinguished the
operanda (the Bactive^ hole had a light present, while the
Binactive^ hole remained unlit). The active side remained con-
stant throughout the experiment and was counterbalanced
across subjects. A response on the active side triggered an I.V.
infusion of cocaine, and the stimulus light was then deactivated
for 20 s (indicating the post-infusion time-out). All responses
and infusions were recorded automatically using a computer
interface and software from Med Associates (St. Albans, VT).

Daily 4-h sessions

Following recovery from surgery, mice were trained to self-
administer cocaine (0.3 mg/kg/infusion) according to a fixed
ratio 1 (FR1) schedule of reinforcement (Han et al. 2015).
Two 2-h time blocks of access were separated by a 10-min
interval in which all cue and house lights were extinguished to
signal unavailability of drug. Each access block was terminat-
ed after the delivery of 50 infusions or after 2 h of access. Mice
acquired and were maintained on 0.3 mg/kg/infusion for

7 days. Thereafter, mice were tested according to an FR1
schedule with descending unit doses (0.1, 0.03, 0.01, 0.003,
0.001 mg/kg/infusion), receiving each dose for 2 consecutive
days. Depending on cocaine self-administration during acqui-
sition, mice with continuous stress experience were separated
into one of two groups for all subsequent analyses.
Responding for cocaine during training sessions after CSDS
produced two subgroups that are represented by non-
overlapping modes. During days 2–7 of acquisition, animals
either took less than 10 infusions per session most often or
self-administered more than 90 infusions per session most
often (Fig. 7). The group of Bhigh responders^ took an aver-
age of 23 mg/kg/session on days 2–7 of acquisition, while the
Blow responders^ took an average of 3 mg/kg/session.

All intermittently defeated and contemporaneous control
animals were catheterized via the jugular vein, while all con-
tinuously defeated and contemporaneous controls were cath-
eterized via the femoral vein. A separate subset of animals
void of SDS experience were catheterized via the jugular or
femoral vein to determine differences in cocaine acquisition
based on catheterization method.

Statistical analysis

Data were analyzed using Prism version 7.0 (Graphpad
Software Inc.). Two-way repeated measures ANOVA were
used to analyze repeated observations of social interaction
and sucrose preference after either ISDS, CSDS, or daily han-
dling, cocaine self-administration after ISDS and in non-
stressed controls to test the effects of the catheterization meth-
od. Two-way repeated measures ANOVA were also used to
test the effects of ISDS, CSDS, and route of catheterization on
cocaine self-administration. All significant results were
followed by post hoc analyses with Bonferroni’s corrections
for multiple comparisons. In the cocaine self-administration
after CSDS, Kruskal–Wallis tests were used to analyze the
relationship between the control animals, those in the Bhigh
responders,^ and those in the Blow responders^ group across
days of acquisition and descending doses of drug. Pearson’s
correlation coefficient (r) was generated to determine the re-
lationship between sucrose and cocaine consumption after
CSDS. The criterion for statistical significance was p < 0.05.

Results

Intravenous drug self-administration in mice: femoral
versus jugular catheterization

By catheterizing a subset of stress-naive mice in either the
jugular or femoral veins, we confirmed that acquisition and
maintenance of cocaine self-administration on an FR1 sched-
ule of responding at 0.3 mg/kg/infusion were not significantly
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affected by the route of catheterization. The benefit of the
femoral vein catheterization in mice, as compared to jugular,
was evident by considerably extended longevity of catheters
(Fig. 2). A log-rank (Mantel–Cox) test revealed a significant
effect of catheterization route on catheter longevity (X2(1, 28) =
18.37; p < 0.001).

CSDS produces social deficits

Using a 3-chamber apparatus, we examined the time spent in
each of the three chambers when the stimulus resident male
was present. When tested 10 days after the last social defeat,
animals with a history of CSDS showed social deficits when
compared to those with a history of ISDS or daily handling. A
repeated measures two-way ANOVA revealed a significant
effect of chamber (F2, 267 = 77.11; p < 0.001) and a signifi-
cant interaction between stress condition and chamber (F4,
267 = 4.81; p < 0.001). There was no significant main effect
of stress. Post hoc analyses revealed significant attenuation of
time spent in the chamber with the stimulus male bymice with

a history of CSDS when compared to controls (p < 0.05)
(Fig. 3).

CSDS produces two distinct sucrose-preferring
phenotypes

Although ISDS had minimal effects on subsequent consump-
tion of and preference for 1% sucrose during a 48-h preference
test, CSDS aggregated animals into two distinct subpopula-
tions. There was a significant, direct relationship between the
amount of cocaine self-administered during acquisition and
the amount of sucrose consumed during the preference test
in mice that underwent CSDS (r = 0.602, p < 0.05; Fig. 8).
Based on cocaine intake during days 2–7 of acquisition, ani-
mals with a history of CSDS were either placed in the Bhigh
responders^ or Blow responders^ group for analysis of sucrose
consumption and preference.

A repeated measures two-way ANOVA revealed both a
significant effect of fluid type (F3, 166 = 169.4; p < 0.001)
and a significant interaction between stress condition and fluid
type (F3, 166 = 4.22; p < 0.01) for 24-h sucrose and water
consumption during a 2-bottle test. There was no significant
main effect of stress. Post hoc analyses revealed significantly
increased consumption of 1% sucrose inmice with a history of
CSDS assigned to the high responders group when compared
to controls (p < 0.05). To examine the effects of sucrose pref-
erence over water, a one-way ANOVA revealed a significant
effect of fluid type (F3, 83 = 66.79; p < 0.001). Post hoc anal-
yses found significant attenuation of sucrose preference in
mice with a history of CSDS assigned to the low responders
group (p < 0.001), as well as ISDS (p < 0.001), compared to
controls (Fig. 4).

Intermittent SDS modestly increases cocaine
self-administration

For analysis of cocaine acquisition after previous experience
with ISDS, a repeated measures two-way ANOVA revealed a

Fig.3 Three chamber
compartment testing with an
unfamiliar, stimulus resident male
mouse 10 days after social defeat.
Data are expressed as mean;
**p < 0.01 vs. controls

Fig.2 Longevity of either jugular (n = 17) or femoral (n = 11) vein
catheterization in non-stressed controls. Data are expressed as percent
of catheter survival over time
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significant effect of day (F6, 138 = 6.91; p < 0.001), as well as
a significant effect of stress (F2, 23 = 6.38; p < 0.05). There
was no significant interaction of stress and day of acquisition.
Post hoc analyses found significantly increased cocaine self-
administration on day 1of acquisition after ISDS as compared
to controls (p < 0.001; Fig. 5a).

Responding for varying doses of cocaine after ISDS was
analyzed using a repeated measures two-way ANOVA to re-
veal a significant effect of stress (F1, 72 = 4.93; p < 0.05).
There was no significant main effect of cocaine dosage or
interaction of stress and cocaine dosage (Fig. 5b).

Continuous SDS persistently increases or attenuates
cocaine self-administration

Acquisition of cocaine self-administration after previous ex-
perience with CSDS was analyzed as a whole group using a
repeated measures two-way ANOVA to reveal a significant
effect of day (F1, 140 = 10.37; p < 0.01). There was no sig-
nificant effect of stress and no significant interaction of stress
and day of acquisition (Fig. 6a).

Responding for varying doses of cocaine after CSDS was
also analyzed as a whole group using a repeated measures
two-way ANOVA to reveal a significant effect of cocaine
dosage (F5, 114 = 6.82; p < 0.001). There was no significant
main effect of stress or interaction of stress and cocaine dosage
(Fig. 6c).

Previous experience with CSDS aggregated mice into two
distinct cocaine-taking phenotypes during days 2–7 of acqui-
sition. Approximately half of the animals (n = 6) clustered
around a group mean of 3 mg/kg/session, while the other half
of the animals (n = 7) had a group mean of 23 mg/kg/session.
Although responding for cocaine on day 1 was not indicative
of subsequent cocaine-taking, no member of the Blow

Fig.5 a Acquisition of cocaine self-administration (0.3 mg/kg/inf) after
intermittent SDS (n = 14, filled squares) and contemporaneous controls
(n = 12, open circles). b Responding for various doses of intravenous
cocaine in mice with a history of intermittent social defeat (n = 6) and
contemporaneous controls (n = 9). Individual data were averaged over
two sessions. Data are expressed as mean; *p < 0.05 vs. controls

Fig.4 Twenty-four-hour
consumption and preference for
1.0% sucrose solution versus
water in a 2-bottle preference test
by intermittently stressed mice
((I); n = 36), continuously
stressed mice placed into the high
responders group ((HC); n = 7),
continuously stressed mice placed
into the low responders group
((LC); n = 6), and controls ((C);
n = 38). All values are mean ±
SEM. * = p < 0.05, *** =
p < 0.001 compared to the rele-
vant control group
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responders^ took more infusions/session than the minimum
number of infusions/session taken by any member of the
Bhigh responders^ within days 2–7 of acquisition (Fig. 7).
Since cocaine self-administration data were clustered based
upon the behavior itself, Kruskal–Wallis tests were run to
compare cocaine self-administration between stress condi-
tions. Responding for cocaine during acquisition after CSDS
was analyzed by a Kruskal–Wallis test to reveal significant
differences in the mean number of self-administered cocaine
infusions across acquisition among the three conditions (H =
15.65, p = 0.001; Fig. 6b). Results of Kruskal–Wallis testing
were also significant for the effect of cocaine dose (H = 12.32,
p = 0.001; Fig. 6d).

Discussion

The present results confirm increased intravenous cocaine-
taking in mice exposed to intermittent social defeat stress.
We extend previous findings by comparing continuous to
intermittent social stress followed by subsequent cocaine
self-administration. We found that these two histories of social

defeat had divergent effects on patterns of cocaine self-admin-
istration. Experience with continuous social defeat stress ag-
gregated C57Bl/6Jmice into two distinct subpopulations upon
examination of subsequent cocaine intake during daily ses-
sions. In fact, one subpopulation self-administered a mean of
23 mg/kg/session, whereas a second subpopulation averaged
3 mg/kg/session. The maximal number of infusions taken by
any member of the low responders never exceeded the mini-
mum number of infusions taken by any member of the high
responders (Fig. 7). These patterns of cocaine-taking were
closely correlated with those for sucrose preference, a putative
measure of anhedonia (Willner et al. 1987; Berton et al. 2006;
Krishnan et al. 2007). Preference for sucrose over water re-
vealed overlap with patterns of cocaine-taking in continuously
defeated mice. Specifically, the amount of sucrose consumed
during the preference test predicted the amount of cocaine
self-administered during acquisition (Fig. 8). After experienc-
ing continuous SDS, mice showed either increased or attenu-
ated intake of both sucrose and cocaine when compared to
animals with a history of ISDS, or those with no social defeat
experience. Taken together, the correlation in patterns of con-
sumption for cocaine and sucrose suggests two hypotheses.

Fig.6 a Acquisition of cocaine self-administration (0.3 mg/kg/inf) after
continuous social defeat (n = 13, black squares) and contemporaneous con-
trols (n = 9, open circles). b Acquisition of cocaine self-administration
(0.3 mg/kg/inf) after continuous social defeat (high responders: n = 7, dark
gray squares; low responders: n = 6, light gray triangles) and contempora-
neous controls (n = 9, open circles).c Responding for various doses of in-
travenous cocaine in mice with a history of continuous social defeat (n = 9,

black squares) and contemporaneous controls (n = 6, open circles). d
Responding for various doses of intravenous cocaine in mice with a history
continuous social defeat (high responders: n = 5, dark gray squares; low
responders: n = 4, light gray triangles) and contemporaneous controls
(n = 6, open circles). Data from each dose on the dose-effect curves were
averaged over two sessions. Data are expressed as mean ± SEM
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First, chronic social stress may result in divergent neuroplastic
processes to engender either increased consummatory behav-
ior or an anhedonic-like phenotype. Second, anhedonia may
present itself across behavior under the control of several
highly reinforcing stimuli.

The results from the current set of experiments extend pre-
vious findings regarding the effects of exposure to continuous
SDS. Continuous SDS in mice has produced phenotypes that
translate to symptoms indicative of anhedonia in humans
(Björkqvist 2001). Continuous SDS effectively blunts reward
processing as measured by reduced intake of sucrose in both
rats and mice (Willner et al. 1987; Rygula et al. 2005; Harris
et al. 2018; Macedo et al. 2018), and attenuated cocaine self-
administration in both male and female rats (Miczek et al.

2011; Shimamoto et al. 2015). Remarkably, continuous SDS
engendered differentiated intake of both sucrose and cocaine,
with approximately half of the mice increasing intake (Fig. 8).
It remains to be determined how the intermittency, intensity,
and controllability of stress alter the motivation for, and con-
sumption of, rewarding stimuli, such as sucrose and cocaine.
While continuous SDS consistently produced animals with
social deficits, it resulted in two starkly contrasting pheno-
types of sucrose and cocaine self-administration. These data
may indicate a vulnerability to cocaine use based upon the
individual’s response to stress experience (Charney 2004;
Krishnan et al. 2007).

The translational value of stress-increased cocaine use in
animal models depends heavily on drug access conditions
(Ahmed and Koob 1998; Kawa et al. 2016; Ahmed et al.
2018). Until now, jugular catheters were limited in patency
preventing the study of persistent and intense drug intake in
mouse models of intravenous drug self-administration. The

Fig.7 a In animals with a history of continuous SDS (high responders:
n = 7, dark gray bars; low responders: n = 6, light gray bars), the
maximum number of cocaine infusions/session taken by any member of
the low responders between days 2–7 of acquisition never exceeded the
minimum number of cocaine infusions taken by high responders on cor-
responding days. b The number of cocaine infusions across days 2–7 of
acquisition formed a continuous distribution in animals with no history of
SDS (controls: n = 9), unlike the bimodal distribution produced after
CSDS

Fig.8 Twenty-four-hour intake of 1% sucrose during a preference test is
predictive of cocaine consumption during acquisition in mice with a
history of continuous SDS ((n = 17) (r = 0.34; p = 0.014)). Open circles
denote non-stressed controls (n = 4), light gray squares denote animals
placed in the low responders group (n = 6), and dark gray squares denote
high responders (n = 7)
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approach to the femoral vein extends the patency of catheters
by several weeks and increases the time to accumulate drug
intake. Allowing for long-term drug self-administration in
mice enables the study of higher and longer rates of consump-
tion, motivation, and more translationally relevant intermittent
access conditions (Mantsch et al. 2007; Zimmer, Oleson and
Roberts 2012). Earlier work demonstrated that the pharmaco-
kinetics of cocaine depend not on the route of intravenous
catheterization for the study of self-administered drugs, as
long as the distance from the insertion site to the heart is
properly accounted for (Collins and Kantak 2002; Czoty
et al. 2004; Nader and Reboussin 1994). Minor changes to
the pharmacodynamics of intravenous cocaine self-
administration will alter susceptibility and sensitization of
the drug (Samaha et al. 2002), and the current set of experi-
ments in mice confirms there is an insignificant difference in
responding for cocaine based upon the method of catheteriza-
tion. Limited patency of jugular catheters has hindered our
ability to study drug self-administration in the same mouse
both before and after SDS, but femoral catheterization tech-
niques render this feasible approach (Fig. 2).

Individuals are known to vary considerably in their behav-
ioral, neural, and endocrine responses to social stressors
(Wingfield and Sapolsky 2003; de Boer et al. 2017; Wood
and Valentino 2017). In line with bimodal population distri-
butions, two points emerge from the overall results of our
study. First, 10 days of continuous social defeat stress signif-
icantly reduced social interactions in all of our B6 mice.
Beyond this general deficit in social behavior, which is an
important measure of stressor vulnerability, our chronically
stressed mice did however diverge, with regard to reward
sensitivity. As described above, either an increase or decrease
in cocaine- and sucrose-taking was phenotypically expressed
after chronic social stress. Thus, our data indicate that subpop-
ulations exist beyond a distinct depressive-like phenotype,
including completely opposite responses to reward sensitivity.
This evidence may further explain the biological complexities
of affective syndromes, which often occur with different out-
comes to antidepressant treatment, even in patients with the
same diagnosis (Labonté et al. 2017).

Second, intermittently stressed mice, when compared to non-
stressed controls, generated significantly more response for co-
caine under the current limited access self-administration condi-
tions. However, elevated cocaine-taking by intermittently
stressed mice was far less than the amount self-administered
by high-responding (HC) chronically stressed mice. Taken to-
gether, these data indicate that social stress can gradually lead to
the development of a distinct reward-seeking phenotype, wheth-
er it be intensely augmented or robustly diminished.
Specifically, brief intermittent stress modestly increases co-
caine-taking, while more intense stress exposures lead to a di-
vergence in cocaine reward, either further increasing, or con-
versely, completely compromising drug-taking. In line with

our behavioral data, molecular results have indicated a
recruitment of many molecular neural mechanisms during the
process of developing a resiliency to chronic social stress
(Krishnan et al. 2007; Hultman et al. 2018; Lorsch et al.
2018). Future experiments are warranted to determine whether
or not neural adaptations are associated with differential patterns
of cocaine-taking across a range of individuals after chronic,
intense social stress experiences.
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