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Abstract

Social housing has been shown to attenuate the motivation for cocaine in female, but not male rats.
Here we investigate the potential mechanisms mediating the effect of social housing on the
response to methamphetamine (METH). Female rats were individually or socially (pair) housed.
The dopamine (DA) response to an acute METH infusion (0.3 mg/kg, i.v.) was investigated using
in vivo microdialysis in the nucleus accumbens with or without oxytocin (OT; 0.3 mg/kg, i.p.) 30
minutes prior to METH. The effects of social housing and OT on self-administered METH (0.06
mg/kg/inf) was investigated.

The METH-induced DA response was higher in individually housed compared to socially-housed
females. On the other hand, individually housed females had a significantly higher breaking point
(BP) than socially-housed females. Two weeks of OT treatment reduced BP in both groups.
Reinstatement to METH was more pronounced in isolates compared to socially-housed females.
More of the socially-housed females had very low BP than did the individually housed females.
OT was most effective in reducing BP in females with moderate to high BP, irrespective of
housing conditions.

These data show that social housing attenuates escalation of METH intake and reinstatement of
METH seeking in female rats, and that chronic OT treatment can reduce motivation for METH.
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1.1 Introduction

Methamphetamine (METH) is a highly addictive psychomotor stimulant. Its abuse is
associated with serious medical, social, and economic consequences In general women are
younger when they start using METH and show higher rates of dependence compared to
men (for review [1]). Female rats also show greater escalation of METH intake and METH
seeking compared to males [2], suggesting a biological basis for the sex differences in
METH use patterns.

A supportive social environment has been shown to have beneficial effects on a wide variety
of disorders, like depression, psychological distress and drug dependence [3-6]. The
presence of social support reduces drug use, decreases stress levels, and increases the chance
of a favorable outcome after treatment [1,5,7,8].

Behavioral therapy, support groups and community-based programs are important
components of successful treatment of drug dependence [2,9]. None of these can be
mimicked exactly in preclinical studies of drug abuse, however, a social component can be
implemented. Social- and group-housing can reduce the intake of heroin, morphine, and
amphetamine in male rats [10-12]. Social-housing also reduces motivation for cocaine or
morphine in females [10,13]. Interestingly, social housing in male rats does not decrease
cocaine self-administration [12,13]. The different effects of cocaine and amphetamine may
be due to different neural effect of the two drugs [14-16].

Escalation of drug use is an important characteristic of drug taking that leads to dependence
and this can be modeled in self-administration models. Rats exposed to long-access cocaine
or METH self-administration show escalation of drug intake compared to short-access
animals, with females showing higher intake than males [2,17]. Cocaine self-administration
on a progressive ratio schedule with limited training also results in an increase in the
motivation to self-administer cocaine [13,18,19].

On the other side of the addiction problem, relapse after abstinence is a major problem for
drug-dependent patients. Exposure to cues associated with drug-taking behavior or stress
results in craving and increases the risk of relapse [3,4,20-22]. Preclinically, this is modeled
using extinction and reinstatement of drug seeking after cues, drugs or stress [23-25]. Just as
for self-administration behavior, the social environment has been shown to attenuate
reinstatement of drug seeking after abstinence in rats [9,26,27].

The protective effect of a social environment on drug taking behavior is hypothesized to be
mediated by oxytocin (OT). OT is released during positive social interactions and cuddling
[28-32]. OT also attenuates responses to stress [28,29,33]. In preclinical studies OT reduces
METH intake and reinstatement in male rats [34-37], although sex differences have also
been reported, with OT being more effective in females [38,39]. OT induces neural
activation differently in male and female rats and OT receptor binding also differs between
the sexes [40,41]. These sex differences in the patterns of activation may mediate the sex
differences in the behavioral effects of OT.
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One of the mechanisms by which OT could affect drug-taking behavior is by modulating
dopamine signaling in the mesolimbic reward system [42—-45]. OT originating from the
hypothamus projects to the ventral tegmental area and nucleus accumbens (NAc) and
modulates dopamine (DA) release in the NAc [46-48]. Additionally, OT infused in NAc
core reduces METH-induced conditioned place preference, indicating a possible interaction
between OT and DA in mediating rewarding properties of drugs of abuse [34,36,49].

In the current experiments we investigated the effect of social (pair) housing of female rats
on the DA response in the NAc to METH using in vivo microdialysis. We had previously
shown that social housing decreases the motivation to self administer cocaine [13]. Here we
determined if social housing would attenuate the motivation to self-administer METH and/or
reduce METH and cue-induced reinstatement of drug taking. Finally, we assessed whether
OT, after long-term METH self-administration, would reduce the motivation for METH in
single housed vs. socially housed female rats.

2.1 Methods

Female Long Evans rats (age 42 days; Charles Rivers, Portage, MI) were housed
individually (n=48) or in pairs (n=48 pairs), on a 14:10 light:dark cycle (lights off at 7.00
hr). Food and water were available ad /ibitum. After 2 weeks of single or social housing, all
of the individually housed animals and one of each of the pairs underwent surgery, the
unoperated animals remained in the cages as social partners for the operated animals. All
experiments were conducted in accordance with the National Institutes of Health (NIH)
guidelines on laboratory animal use and care, using a protocol approved by the University
Committee on Use and Care of Animals. The timeline for the experiments described below
is illustrated in Figure 1,

2.2 Experiment 1

48 Rats received buprenorphine (0.02 mg/kg; s.c.) 30 minutes before anesthetization with
ketamine/dexmedetomidine solution (60 and 0.25 mg/kg, resp., i.p.). Animals received
indwelling intravenous jugular catheters connected to a back port with the outlet protected
by a stainless steel cover (for details see [1]) and a microdialysis guide canula (SciPro, MAB
6.14 G) aimed at the NAc (from bregma; AP; +1.7 mm, ML; +0.8 mm, DV; —6.8 mm from
top of skull), a dummy probe extending 2 mm below the guide with a dummy stylet was
protected by a stainless steel cover (adapted from [1]).

After surgery, the animal’s intravenous catheter was flushed with bacteriostatic saline
containing heparin (30 U/ml) and gentamicin (3 mg/ml) to prevent clotting and infection,
respectively. Starting two days after surgery, catheters were flushed daily with bacteriostatic
saline containing heparin (20 U/ml) and gentamicin (3 mg/ml).

2.2.1 Microdialysis—Animals (N=30) were allowed to recover for a week (animals were
excluded if catheters were not patent, microdialysis probes leaked or the animals did not
survive the two surgeries). The day before mircodialysis the dummy probe was removed and
the microdialysis probe (SciPro MAB 6.14.2; 2 mm 15 kDalton’s cut-off PES membrane)
was inserted and secured in place. The animal was placed in the microdialysis chamber
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(Med Associates) with food and water ad lib. The probe was flushed for 60 minutes with
Ringers (1.5.ml/min; [50]). The animal was disconnected with the probe left inserted and
covered with the protective stainless steel cover and returned to its home cage.

The next morning animals were reconnected to the microdialysis pump and swivel.
Collection of baseline samples started 1 hour later. Six 10-minute baseline samples were
collected, after which animals received OT (0.3 mg/kg ip.) or vehicle (sterile saline, 0.1
ml/kg, i.p.), 3 more 10-minute samples were collected followed by an infusion with METH
(0.3 mg/kg, i.v.). Subsequently, six 2.5-minute samples were collected followed by six 10-
minute samples. After collection of the last sample animals were removed from the chamber,
the probe was removed and replaced by the dummy, and the rats were placed back in their
home cage.

2.1.2 HPLC—DA content of the dialysate was determined using high performance liquid
chromatography (HPLC) with electrochemical detection (C-18 ESA (ESA Biosciences,
Chelmsford, MA) column (HR-80X3.2, 3 um particle size, 80 mm length; mabile phase: 75
mM NaH2PO4, 0.2 mM EDTA, 2.0 mM octane sulfonic acid and 11% methanol (apparent
pH 4.6-4.8), isocratic flow rate of 0.7ml/min). Potentials of +150 mV and —100 mV were
applied to a dual coulometric analytical cell (ESA model #5014B) and the latter potential
was used to determine DA (ESA Coulochem Detector 11/111). A standard curve was run
during each day of HPLC analysis and unknown sample values determined based on peak
height determined as previously described [50].

2.3 Experiment 2a

48 rats (24 individually housed and 24 paired) received an injection of buprenorphine (0.02
mg/kg; s.c.) 30 minutes before they were anesthetized with isoflurane. Animals received
indwelling intravenous jugular catheters connected to a back port. Surgical procedures were
as described for experiment 1, except animals did not receive an intracranial guide implant
for microdialysis.

2.3.1 Self-administration—Self-administration was performed in standard operant
chambers (Med Associates, Inc., St. Albans, VT) with 2 nose poke holes. The active hole
was lit, indicating availability of METH. A nose poke in the active hole resulted in a 50-pl
infusion of METH delivered over 2.8 seconds accompanied by inactivation of the stimulus
light in the active hole. Each infusion was followed by a 5-second timeout period, during
which time nose pokes were recorded yet had no consequences. Catheters were flushed with
0.1 ml of sterile saline prior to each session and with Gentamicin/Heparin flushing solution
following each self-administration session and on weekends. Animals were weighed daily.
Estrous cycle was monitored via daily vaginal lavage. Catheter patency was checked weekly
using a solution of 0.05-0.1 ml of Methohexital sodium (Brevital) (7.5 mg/ml) in sterile
saline.

All self-administration sessions occurred daily for 5 days a week between 9.00 and 18.00 hr.
Fixed Ratio (FR) 1: The week after microdialysis, animals were transported to the SA
chambers and allowed to nose-poke for METH (0.06 mg/kg/50 ul inf,) using a FR1 schedule
of reinforcement for 3 hours, or a maximum of 15 infusions. The number of infusions was
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limited to reduce individual differences in exposure prior to the start of the Progressive Ratio
(PR) schedule. Animals were subjected to the FR1 schedule for 3 consecutive days. PR:
After 3 days on the FR1, animals were transferred to a PR schedule of reinforcement. The
PR schedule escalated through an exponential series of response ratios: 1, 3, 6, 9, 12, 17, 24,
32,42, 56, 73, 95, 124, 161, 208.... [51]. The number of infusions, nose pokes in the active,
inactive hole, and Breaking Point (highest number of responses after 4 hours or if 1 hour
elapsed without an infusion) were recorded. During weeks 6 and 7 of self-administration
animals received OT (0.3 mg/kg, ip.) or vehicle (sterile saline; 0.1 ml/kg, i.p.) daily 30
minutes prior to the start of self-administration on the PR schedule (Figure 1).

2.3.2 Experiment 2b: Extinction/reinstatement—Following self-administration all
rats underwent 7 days of 1 hour extinction (active and inactive nose-pokes were recorded but
had no consequences). For cue-induced reinstatement, the same schedule was used as for the
PR, the active hole was lit, and when the requirement for an infusion was reached, the nose-
poke light went out for 5 seconds, and the animals received an infusion with saline. For
METH-induced reinstatement, at the start of the session the animals received an i.v. infusion
with 0.18 mg/kg. Nose-pokes had no consequences.

2.4 Statistics

Statistical analyses were performed with SPSS (version 21). Normality was examined via
normal Q-Q plots and the Shapiro-Wilk test and homoscedasticity via Levene’s test,
Microdialysis and weight gain data were analyzed with repeated measures ANOVA with
sample as repeated measure and housing (individually housed or paired) and treatment
(VEH or OT) as between subject variables.

Self-administration data from experiment 1 and 2 were pooled after determining that there
were no differences between the groups. Since the data did not show a normal distribution,
groups were compared using Kruskal-Wallis tests, conducted separately for each week or
day. Friedman’s tests for related samples were conducted separately within each housing and
treatment group to identify changes in behavior over time.

Rats from both the individually housed and paired group showed a wide range of rates of
self-administration, therefore rats were also assigned to 3 different categories based on BP
during week 5. Rats in the upper (= 133.25) and lower (<17) quartile range of the median BP
for all animals during week 5 were assigned to the ‘HIGH and ‘LOW’ group respectively,
this strategy provided the most obvious split for the top and bottom clusters of animals. The
rest were labeled intermediate (INT). A Chi-square test was used to evaluate group
differences.

3.1 Results

3.2 DA measured during Microdialysis

As shown in Figure 2, socially housed females showed a significantly lower increase in DA
in dialysate from the NAc compared to individually housed females during the first sample
after METH treatment (F1 »5=6.951, p=0.014). Baseline DA values did not differ between

individually housed and socially housed females (individually housed: 0.059 + 0.019 pg/ul;
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socially housed: 0.059 + 0.013 pg/ul). Following METH delivery there was a significant
effect of time and a time by housing interaction (F1 275 =28.685, p<0.001 and F11 275
=3.004, p=0.04 resp.; Figure 2). There was no effect of OT on either baseline or METH-
induced DA in dialysate.

3.2.1 METH Self-Administration

3.1.2.1 FR1: No significant effects of housing were found in number of infusions, active,
inactive nose pokes, and duration on the FR1 schedule. Estrous cycle did not significantly
affect FR1 responding on any of the measured parameters.

3.2.2 Breaking point—As illustrated in Figure 3A, BP increased over time for both
individually housed and socially housed females (k=5, n=40, F=65.260, p<0.001 and k=5,
n= 39, F=38.394, p<0.001 resp.; (Figure 3A). Individually housed females showed
significantly higher breaking points than socially-housed females during the first 5 weeks
(n=79) (week 1: U=573, p=0.042; week 2: U=374.5, p<0.001; week 3: U=380.5, p<0.001;
week 4: U=386, p<0.001; week 5: U=487.5, p=0.004; Figure 3A).

3.2.3 Effect of Oxytocin on METH self-administration—As illustrated in Figure 3B,
OT treatment of individually housed females significantly decreased BP’s compared with
VEH-treated individual females during weeks 6 and 7 (n=40) (U=293, p=0.011 and U=294,
p=0.01 resp.). Socially housed VEH and OT treated females did not differ from each other in
BP’s in weeks 6 or 7

The 2 weeks of treatment with VEH did not change BP’s in individually housed or socially
housed females. In contrast, OT treated females did show a change in BP over time
(individually housed OT: k=3, n=21, F=21.434, p<0.001; paired OT: k=3, n=19, F=7.684,
p=0.021), with individually housed OT-treated females showing an attenuated BP during
week 6 and 7 compared to week 5 (p=0.03 and p<0.001 resp.) and socially housed females
showing a decrease in BP from week 5 to 7 (p=0.017; Figure 3B).

3.2.4 Extinction and reinstatement of METH self-administration—There was no
significant effect of prior treatment with OT on extinction or reinstatement so VEH and OT
treated animals were pooled and analyses are by housing condition only.

3.2.5 Extinction—Individually housed females had significantly more active pokes than
socially housed rats during the first 4 days of extinction, and again on day 6 (day 1: U=102,
p=0.008; day 2: U=105.5, p=0.01; day 3: U=91.5, p=0.003; day 4: U=125 p=0.044; day 6:
U=126.5, p=0.047). The number of active pokes decreased during the 7 days of extinction
for both individually housed and socially housed rats (k=7, n=19, F=51.536, p<0.001 and
k=7, n=21, F=17.853, p=0.007 resp; Figure 4A).

3.2.6 Reinstatement—The cue significantly increased nose-poking in the cue-lit hole in

both individually housed and socially housed rats when compared to the last day of
extinction (k=2, n=19, F=162, p=0.007 and k=2, n=21, F=187, p<0.001 resp.; Figure 4B).
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A non-contingent METH infusion significantly increased active NP’s in both individually
housed and socially housed females compared to the extinction session of the day before
(k=2, n=19, F=183.5, p<0.001 and k=2, n=21, F=210.5, p=0.001 resp.). Individually housed,
but not socially housed rats, showed a significantly higher level of reinstatement in response
to METH compared to the cue (k=2, n=19, F=184, p<0.001 and k=2, n=21, F=74, p=0.397;
Figure 4B).

Individually housed and socially housed females did not differ in number of active nose-
pokes during the last day of extinction and cue-induced reinstatement, however, individually
housed females showed a significant higher level of poking after a infusion with METH
compared to socially housed females (U=112.5, p=0.017; Figure 5B).

We did not observe an effect of estrous cycle on cue or METH induced reinstatement,
however the number of animals for each stage of the cycle within each housing condition
was limited.

3.3 Individual variability

One of the keys to making a difference in our understanding of addiction is to determine
why it is that some individuals are more susceptible than others. Analysis of the data by
housing group conditions indicated that the social housing group had a greater proportion of
animals that did not escalate BP during extended METH self-administration, compared with
the individually housed animals. We investigated the proportion of animals in the upper and
lower quartiles for BP at week 5 (all animals combined) and found a significant overall Chi-
square (X2:17-93- DF=2, p=0.0001). There were more socially-housed rats than individually
housed females were in the LOW category (18 vs. 3 rats respectively) and there were more
individually housed than socially housed females in the Intermediate category (25 vs. 12 rats
resp). As shown in Figure 5A, there was no difference in number of individually housed and
socially housed animals in the HIGH category (12 vs. 9 rats).

As shown in Figure 5B, among individually housed females, there were significantly fewer
females in the LOW category than the HIGH and Intermediate categories
(low<intermediate=high). Among the paired females there were significantly more rats in
the LOW category compared to the Intermediate and HIGH categories
(LOW=>Intermediate=HIGH). Within each category there were no differences between
individually housed and pair-housed females (HIGH: n=21, U=72.50, p=0.193; INT: n= 37,
U=107.5, p=0.170; LOW: n= 21, U=19.5, p=0.471; Figure 5B), therefore they were pooled
by category for further analyses.

3.3.1 Motivation for METH—Animals in the three motivational categories exhibited
different trajectories for increasing BP over time, as well as differential sensitivity for
reduced BP after OT treatment (Figure 6). As can be seen in Figure 6A, animals in the
HIGH and INT categories exhibited an increase in BP over time (n=37, F=63.849, p<0.001
and n=21, F=55.162, p<0.001 resp.), while those in the LOW category showed no significant
change over time (n=21 F=8.211, p=0.084). Breaking points differed between the 3
categories (week 1: H(2)=15.872,, week 2: H(2)=26.259, week 3: H(2)=27.548, week 4:
H(2)=50.328, week 5: H(2)=65.552, p<0.001 for all).
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3.3.2 Treatment effects—OT treatment decreased motivation for METH in the HIGH
and INT groups of females (Figure 6B)). For the females in the HIGH category there was a
significant effect of week (k=3, n=11, F=14.727, p=0.001) and a significant decrease in BP
between week 5 and 7 (p<0.001; Fig. 6B). In the OT treated INT group, a significant effect
of week was also found (k=3, n=18, F=20.111, p<0.001). OT decreased motivation during
weeks 6 and 7, compared to week 5 (p=0.005 and p<0.001 resp.). No effect of OT was found
in the LOW category, no doubt due to the low BP prior to treatment.

OT treatment attenuated the motivation to self-administer METH in the HIGH females
compared to VEH treated counterparts during week 7 (U=93, p=0.006. In the INT category
animals, OT significantly attenuated BP during weeks 6 and 7 compared to VEH (U=271,
p=0.002 and U=285, p<0.001 resp.). In the LOW category no differences were found in BP
between VEH and OT treated groups (Figure 7B). None of the VEH treated females,
irrespective of category, showed a significant change in BP during week 6 and 7 compared
to week 5.

3.3.3 Extinction/reinstatement—Not all animals underwent extinction and
reinstatement testing. For those that did, the distribution of the number of individually
housed and socially housed females into motivational categories was similar to the
distribution of the total population (individually housed HIGH: n=6, social HIGH: n=5,
individually housed INT: n=14, social INT: n=7, individually housed LOW: n=2, social
LOW: n=11).

Extinction: In the HIGH and INT groups, active nose pokes during the 7 days of extinction
differed between days (k=7, n=10, F=29.022, p<0.001 and k=7. n=20, F=52.0, p<0.001
resp.) with AP’s decreasing over time. The LOW category showed no change over time
(k=7, n=10, F=1.880, p=0.930).

Reinstatement: During reinstatement, there was a significant effect of motivational category
on the number of nose pokes to the cue (F=17.015, p<0.001) with the HIGH and INT groups
showing significantly more NP’s in response to the cue that the LOW group. An effect of
category was also found for the response to the METH infusion (F=17.892, p<0.001), with
LOW animals showing significantly fewer nose-pokes than the INT and the HIGH groups
(Figure 7).

Rats in the HIGH groups reinstated nose-poking in response to the cue and the METH
infusion (k=2 n=10, F=54, p=0.007 and k=2 n=10, F=53, p=0.009 resp.) as did the INT
group, where both the cue and METH increased active nose-poking compared to prior
extinction day (k=2 n=20, F=193, p=0.001 and k=2 n=20, F=201, p<0.001 resp.). However
the INT group responded significantly more to the METH infusions than the cue (k=2 n=20,
F=191.5, p=0.001; Figure 7).

Animals in the LOW category showed no significant increase in responding to the cue (k=2
n=10, F=26, p=0.262), but did respond to the METH infusion (k=2 n=10, F=51.5, p=0.014).
No difference was found between responding to the cue and the METH infusion.
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4.1 Discussion

This is the first study to investigate individual differences in the effects of social housing and
OT on the motivation for METH in female rats. We found that social housing reduced the
motivation to self-administer METH in female rats and this was mediated primarily by a
shift in the proportion of animals with INT motivation to LOW motivation for METH.
Interestingly, social housing did not reduce the proportion of animals with HIGH maotivation
for METH even though OT treatment was effective in decreasing motivation for METH in
HIGH and INT rats. The effect of OT was most marked in individually housed females, but
all animals with HIGH or INT motivation for METH initially exhibited decreased
motivation after OT treatment. Social housing did not reduce the risk for relapse, as
individually housed and socially housed females did not differ in cue-induced reinstatement,
however individually housed females did exhibit greater METH-induced responding during
reinstatement. Thus, we find that social housing and OT interact with individual differences
to modulate the motivation for METH.

The protective effects of social housing on METH self-administration found in the current
study corroborates our previous data that social housing is protective in females for cocaine
self-administration. On a PR schedule, individually housed females showed a greater
motivation to self-administer cocaine than did socially-housed females [52]. The finding that
social housing did not affect the proportion of animals with HIGH maotivation may reflect
different qualities of social experience among the pairs. The weight gain (as an index of
stress) was the same for HIGH, INT and LOW pairs (data not shown) so there did not seem
to be greater stress for the HIGH group, but this does not rule out other more subtle
individual differences in social housing pairs.

Social housing also caused a significant attenuation of the DA response to a METH
challenge in naive animals, while acute treatment with OT had no effect on METH-induced
DA overflow in the NAc. This is to our knowledge the first study to investigate the effect of
systemic OT on DA release in the NAc using microdialysis. It is thought that systemic OT
mediates its effects on drug related behaviors by interacting with DA in the NAc, where
systemic OT attenuates reinstatement-induced neuronal activation [34]. Social housing had a
small but significant effect of attenuating METH-induced DA release in the results reported
here, but we did not see the expected result of decreased METH-induced dopamine release
in the NAc with a single treatment with systemic OT. Effects of a single dose of OT have
been seen on neural activity in the NAc, but at a dose significantly higher (1.0 mg/kg) than
the 0.3 mg/kg used here [34]. It is also possible that OT has peripheral effects that take
repeated exposures to induce behavioral changes, for example peripheral OT may be
influencing the vagus nerve to indirectly activate the brain [40]. This is something that
requires additional research to determine.

Only a small percent of systemically administered OT is thought to cross the blood brain
barrier [53]. Nevertheless, an i.p. injection of OT increased both plasma and brain OT levels
significantly within 30 minutes [54]. Furthermore, an OT antagonist delivered to the NAc
has been found to prevent the effects of systemic OT to reduce the motivation for METH as
well as the effect of systemic OT to attenuate reinstatement of METH seeking [34]. It is,
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therefore, unlikely that the absence of an OT effect on DA release is due to a lack of
increased OT in the brain. Isolation is a stressor for female rats [13,55] and this could have
affected DA signaling in the NAc [56,57]. The lack of an acute effect of OT on DA release is
consistent with the self-administration data in this study, as we did not see an immediate
effect of OT on motivation.

Nevertheless, systemic treatment with OT reduced motivation to self-administer METH in
both individually housed and socially housed females as demonstrated by reduced BP. OT
was more effective in individually housed animals, and significantly reduced BP during the
first week of treatment in contrast to socially housed females where a reduction in
motivation was only seen in the second week. These data corroborate previously published
results showing that OT reduces motivation for METH [34,37,38] and goes on to show that
repeated treatment with a low dose of OT can have a sustained effect in the most vulnerable
female rats.

Chronic METH self-administration has been reported to result in dysregulation of the OT
system with increased plasma OT and slight decreases in OT receptor immunoreactivity in
the NAc of male rats [58]. On the other hand, in male mice OT receptor binding was up-
regulated in the amygdala and hypothalamus after chronic METH treatment, but no effect in
the NAc [59]. Whether the differences in findings are due to the different modes of METH
delivery or species differences is not known. Repeated cocaine administration has been
found to decrease OT levels in plasma and several brain regions of male rats [60]. We
suggest that those females with higher levels of METH intake are more likely to have
dysregulated oxytocinergic systems, and this may explain why it took longer for OT
treatment to have an effect in the HIGH motivation females. Future research will investigate
whether the dysregulation occurs at the OT receptors, OT distribution or a combination of
effects.

Addiction generally starts with recreational use or self-medication which transitions into
compulsive drug-seeking and dependence. Fortunately, only a small percentage of people
who have used drugs develop dependence [61]. Even people who use regularly for years
show different levels of use [62]. Divergent drug self-administration patterns have also been
observed in rats. Rats with equal cocaine intake scored differently on addiction-like criteria,
with only 17% scoring high on all criteria [63,64]. In our paradigm divergent patterns of
‘drug-use’ also became apparent, even with all animals having equal opportunity to self-
administer METH. Limited training before exposure to the PR schedule results in escalation
of METH intake, as has been shown for cocaine [18,19]. An additional component of this
paradigm is the emergence of individual variation in motivation consistent with the clinical
condition of addiction in humans.

Women appear to be more sensitive to the addictive effects of psychostimulants [1,65],
which has been duplicated in preclinical studies [13,66—70]. We have previously shown that
when rats have a choice between self-administering cocaine or a palatable food pellet more
females than males will prefer cocaine, thus resulting in a higher group average for cocaine
intake. When looking at just cocaine preferring animals, however, males and females had
similar behavior (Perry et al., 2013). Thus, we propose that sex differences in apparent
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vulnerability for high motivation for addiction-like behavior is driven, at least in part, by the
proportion of individuals within a group with greater vulnerability. This suggests that sex
differences in drug-taking are based on a population sex difference [71,72]. Whether there
are also underlying sex differences in the mechanisms mediating addiction remains to be
determined.

Summarizing, social housing of female rats protected against escalation of BP and increased
METH use, although it did not affect the risk for reinstatement of drug seeking. Individually
housed females showed greater BP than socially housed females. When examining
individual differences, the number of individually housed and socially housed females that
showed HIGH levels of motivation was similar, while a higher percentage of socially housed
females fell into the LOW category. Thus, the group difference was mostly driven by
increases in the proportion of LOW females in the socially housed group compared to the
individually housed females.

Social housing did not enhance the effects of OT to reduce the motivation to self-administer
METH. This may be related to the fact that many showed lower levels of motivation already,
which could not be further reduced by OT. These results do not necessarily rule out an
interaction between social environment and OT. In the current experiments animals were
either individually housed or socially housed throughout self-administration. It is possible
that in animals exposed to drugs in isolation, social housing or environmental enrichment in
combination with OT would enhance the efficacy of the social environment in reducing
reinstatement.

Long-term self-administration on a schedule where rats have to increase their effort for each
infusion results in a natural divergence of animals with low and high motivation for drugs of
abuse. Social housing of females protects against the risk of enhanced motivation to self-
administer drugs. Understanding how a positive social environment can reduce the
susceptibility to drug abuse and examining the differences between high and low risk
subpopulations, may provide important insight in the underlying neurobiology of addiction-
vulnerability.
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Figure 1.
Time line for microdialysis, METH self-administration, extinction and reinstatement
sessions.
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Dopamine response to an i.v. infusion of METH (0.3 mg/kg in 100 pl) after VEH or OT (0.3
mg/kg, ip.). The broken arrow depicts the time point of the VEH or OT injection, the solid
arrow shows the time point of the METH infusion. (*p<0.05, difference between individual
(left) and social (right) housing conditions for that time point).
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Figure 3.

The effect of social housing (A) and OT (B) on breaking point (BP) for METH (0.06 mg/kg/

inf).

A. BP +/- SEM *p<0.05, difference between Individually and Socially housed animals for

that week.

B. BP +/- SEM OT treatment was initiated at the dashed line. There were no differences in
the groups that received OT vs. Vehicle (VEH). *p<0.05, difference between individually
housed and socially housed animals, #p<0.05, difference between VEH and OT within
housing conditions,** p<0.05, different from week 5 during week 7, *** p<0.05, different
from week 5 during weeks 6 & 7.
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Figure 4.
Extinction and Reinstatement of Responding for METH. (A) The number of nose-pokes

over 7 days of extinction training (solid line: active nose pokes, dotted line: inactive nose
pokes). (*p<0.05, difference between individually and socially housed females). B) Cue and
METH-induced (0.18 mg/kg) reinstatement of drug seeking measured with the number of
active nose pokes. Different letters above the bars indicate a significant difference between
days, within each housing condition (a,b,c) *p<0.05: difference between individually and
socially housed females.
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Individual variability in BP varied with housing conditions. (A) Pie charts of the distribution
of the number of animals within the individually and socially housed groups falling in the
HIGH, INT (Intermediate) or LOW category. *p<0.05; significant difference between the
number of individually housed and socially housed rats in the corresponding categories. (B)
Group means (£ SEM) of breaking points for individually housed and socially housed

females within each category.
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Figure 6.
Effect of Individual Variability on the effect of OT on BP. (A). Group means + SEM for each

week. Different letters above the bars indicate a significant difference between categories
within a week (a,b,c p<0.005). 1,2 and 3 indicate a significant difference from week 1, 2 and
3 resp. within a category (}:23p<0.05). (B) Effects of OT treatment within that week and
category (*p<0.005), ~ depict a significant difference from week 5 within that category and
treatment group ("p<0.05).
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Figure 7.
Cue- and METH-induced reinstatement per category. Different letters above the bars

indicate a significant change between days, within each category (a,b p<0.05). *p<0.05:
significant difference between HIGH and LOW, #p<0.05: INT vs. LOW
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