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Abstract
Female rats exhibit greater intake and motivation to self-administer cocaine. In females but not
males, isolation by itself is a stressor, which could lead to increased drug intake. Therefore, we
hypothesized that social housing would buffer against stress and reduce the motivation to self-
administer cocaine primarily in females. Male and female Sprague-Dawley rats were housed
individually or in same-sex pairs. The individually housed rats and one of each pair were allowed
to self-administer (SA) a low dose of cocaine (0.2 mg/kg/inf) on a fixed ratio (FR1) schedule for
one week. Motivation for cocaine SA was measured for an additional 2 weeks on a progressive
ratio schedule. Isolated females had greater cocaine-intake on the FR1 schedule and greater
motivation to take cocaine than males. Pair-housing in females, but not males, attenuated the
motivation to take cocaine. Isolated females, but not males, showed escalation of their motivation
to take cocaine, which was attenuated by pair housing of females. Concluding, the motivation to
take cocaine escalates in females but not males, and pair-housing of females attenuates this
escalation.

Keywords
sex differences; social; addiction; escalation

The majority of drug users are men, but the gender gap is closing. Women escalate drug use
more rapidly than men and can find it harder to quit [1,2]. In rodents sex differences in the
impact of drugs of abuse have also been observed. Female rats are more sensitive to the
rewarding effects of cocaine than male rats. Females develop a cocaine-induced conditioned
place preference faster and at lower doses than males [3]. Self-administration studies using
psychomotor stimulants find that females acquire SA more rapidly than males at low doses
[4,5].

Drug intake increases as an individual transitions from infrequent to regular and finally
compulsive drug use [6]. The escalation of drug use is a major component of the addiction
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process, encompassing both the increased intake as well as the increased time and energy
devoted to acquiring the drug (DSM-IV). In animal models of this phenomenon, rats
exposed to extended daily access show increased drug intake over time, in contrast to
animals with short daily access [7]. Females are more sensitive to escalation after extended
daily access [8]. Exposure to a progressive ratio (PR) schedule of reinforcement, in which
the animal has to increase the effort for each subsequent infusion can also result in
escalation of drug use; however, this has only been studied in male rats [9].

Stressors increase drug intake and enhance reinstatement of drug seeking [10,11], whereas
positive stimuli (e.g., environmental enrichment) decrease drug intake [12,13]. Social
housing can reduce the effects of stressors in both male and female rats [14–16] and pair or
group housing can reduce intake of heroin and amphetamine in male rats [12,17].

Since isolation is a stressor especially for female rats and pair-housing has been shown to
buffer the effects of stress [15,16,18], we hypothesized that pair housed females would have
reduced motivation for cocaine compared to isolates, whereas the differences between
housing groups would be less pronounced in males.

Male and female Sprague Dawley rats (age 42 days) were purchased from Harlan
(Indianapolis, IN). After arrival they were housed individually (6 males, 6 females) or in
same-sex pairs (12 males, 12 females (6 experimental animals and 6 partners for each sex)).
They were housed in a 14 h light: 10 h dark cycle (lights off at 7.00 hr). Food and water
were available ad libitum, and 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.

After 2 weeks of isolation or pair housing, all of the individually housed animals and one of
each of the pairs received implants of indwelling intravenous jugular catheters connected to
a back port. Catheters were constructed by gluing silastic tubing (Silastic tubing, 0.51 mm
I.D. × 0.94 mm O.D., Dow Corning, Midland, MI) to an external guide cannula (22 gauge
guide cannula; Plastics One, Roanoke, VA) using cranioplastic cement. A polypropylene
mesh was secured to the bottom of the cannula using this same cement. The exterior part of
the backport was protected by a stainless steel tube (8 by 9 mm). Rats received an injection
of buprenorphine (0.02 mg/kg; s.c.) 30 minutes before they were anesthetized with
isoflurane (5% isoflurane in oxygen). The free end of the silastic tubing of the catheter
apparatus was inserted into the right jugular vein of the animal and secured using 4.0 silk
sutures around the tubing and the venous tissue. The catheter port exited dorsally from the
animal. After successful implantation, the animal’s catheter was flushed with 0.2 ml each of
heparin (30 U/ml in 0.9% sterile saline) and gentamicin (3 mg/kg) to prevent clotting and
infection, respectively. A dummy stylet was then inserted into the port opening. Two days
after surgery, catheters were flushed with 0.2 ml of heparin (30 U/ml in 0.9% sterile saline)
and gentamicin (3 mg/kg), and with gentamicin every day after that. Catheters were flushed
with 0.1 ml of sterile saline prior to each session and with gentamicin (3 mg/kg) following
each self-administration session and on weekends. Female’s estrous cycle stage was
monitored via daily vaginal lavage and microscopic examination of cell types collected
immediately prior to the self-administration session. Catheter patency was checked weekly
using a solution of Pentothal® (thiopental sodium, 15mg/ml, 0.15–0.25ml) in sterile water.

Self-administration was performed in standard operant chambers (Med Associates, Inc.,
Georgia, VT) where the animals could nose poke into the active hole for cocaine or in an
inactive hole, which had no consequences. Rats were connected to the infusion syringe via a
swivel mounted to a counter balanced arm, which allowed animals to move freely in the
testing environment.

Westenbroek et al. Page 2

Behav Brain Res. Author manuscript; available in PMC 2014 September 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



All self-administration sessions occurred daily for 5 days a week (weekends off) between
9.00 and 15.00 hr. FR1: One week after surgery, animals were transported to the SA
chambers and allowed to nose-poke for cocaine (0.2 mg/kg/inf) for 2 hours, or a maximum
of 100 infusions, using a FR1 schedule of reinforcement. Each nose poke in the active hole
resulted in a 50-µl infusion of cocaine HCL delivered over 2.8 seconds accompanied by the
activation of a stimulus light in the active hole. Each infusion during this portion of the test
was followed by a 5-second timeout period, during which time nose pokes were recorded yet
had no consequences. Animals were subjected to the FR1 schedule for 5 consecutive days.
PR: All animals were then transferred to a PR schedule of reinforcement for 2 weeks. 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…. adapted from Richardson and Roberts [19]. Reaching a
higher final ratio (i.e., breaking point, BP) indicates that the animal is more motivated for
cocaine, as they are willing to work harder to obtain each subsequent infusion. The number
of infusions, nose pokes in the active hole, nose pokes in the inactive hole, and BP were
recorded. The PR session terminated after 6 hours, or if 1 hour elapsed without an infusion.

Statistical analyses were performed with SPSS (version 18.0). For the FR1 data, the number
of infusions and nose-pokes in the active and inactive hole were analyzed with repeated
measures ANOVA, with day as within-subject variable and sex and housing as between-
subject variables. For the PR data, BP, number of infusions, and nose-pokes in the active
and inactive hole were analyzed with day and week as within-subject variable and sex and
housing as between subject variables. Sphericity assumed modeling, with Greenhouse-
Geisser and Huynh-Feldt adjustments, was applied [20]. Acquisition of cocaine self-
administration was considered the first of three consecutive days in which the animal had
twice as many nose-pokes in the active hole compared to the inactive hole. Percentage of
animals per group that acquired was analyzed using a Kaplan-Meier survival analysis.

No significant group differences were found in the acquisition of cocaine self-administration
(Chi square (Mantel-Cox) = 3.237, p=0.356). Average days to acquire per group ± SEM:
individual males, 1.7 ± 0.49; paired males, 4.7 ± 1.98; individual females, 2.8 ± 0.75; paired
females, 2.8 ± 1.33.

The number of infusions that animals self-administered on the FR1 schedule differed
between males and females (F1,20=9.510, p=0.006). As illustrated in Figure 1A, individually
housed females had more infusions than their male counterparts (p=0.025). The sex
difference was not significant for pair-housed rats (p=0.067). Even though a significant
effect of day was found (F1,20=8.910, p≤0.001), pos-hoc analysis showed no significant
differences in cocaine-intake between days for any of the groups. (Figure 1A). When the
number of active nose-pokes was analyzed there was again a significant effect of time
(F4,80=13.297, p≤0.001) and sex (F1,20=8.931, p=0.007). On subsequent individual group
comparisons, only the isolated males and females differed from each other with the females
having more nose-pokes than males, although there was a trend for the paired males and
females to differ (isolated: p=0.042; paired: p=0.053). No significant effects were found for
the number of inactive nose-pokes (Table 1).

Responding on a PR schedule varied by week (F1,20=22.376, p<0.001), day (F4,80=4.154,
p=0.009), and sex (F1,20=6.268, p=0.021), with a week by day interaction (F4,80=4.380,
p=0.006) and a sex by housing interaction (F1,20=5.485, p=0.03). As illustrated in Figure
1B, individually housed females showed higher BP’s than pair-housed females and male
counterparts, with an increase in the motivation to take cocaine over time (see also table 1).
In both the first and the second weeks, individually housed females had higher BP’s than
paired females (resp. p=0.014 and p=0.019). In addition, individually housed females
showed higher BP’s than their male counterparts during both weeks 1 and 2 (resp. p=0.009
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and p=0.003). Individually housed females and pair-housed males and females had a higher
BP during week 2 compared to week 1 (resp. p≤0.001, p=0.04, and p=0.045). BP of isolated
females increased during the first week, with higher BP on day 4 and 5 than on day 1
(p=0.010 and p=0.040, resp.) and day 2 (p=0.023 and p=0.036, resp.). The other groups did
not differ across days within a week.

The number of infusions also changed by week (F1,20=44.003, p<0.001) with a day by week
interaction (F4,80=3.271, p=0.015). No group differences were found, but all groups showed
an increase in number of infusions between the first and the second week on the PR
schedule (indiv. males: p=0.025; paired males: p=0.001; indiv. females: p=0.001; paired
females: p=0.009)(Table 1).

Active pokes also varied by the week (F1,20=24.378, p<0.001), day (F4,80=4.439, p=0.004),
and by sex (F1,20=7.127, p=0.015), with a week by day interaction (F4,80=5.207, p=0.002)
and a sex by housing interaction (F1,20=5.121, p=0.035)(Table 1). Only females showed a
significant increase in active nose-pokes between weeks 1 and 2 (individual: p≤0.001;
paired: p=0.027), paired males showed a trend towards significance (p=0.055). A sex
difference was only observed in isolated animals, with males having a lower number of
nose-pokes compared to females (week 1: p=0.009; week 2: p=0.003). Isolated females
poked significantly more in the active hole than pair-housed females during both week 1 and
2 (p=0.016 and p=0.023 resp.) No significant main or interaction effects were found for the
number of inactive pokes (Table 1). The stage of the estrous cycle did not affect cocaine
self-administration behavior on either schedule of reinforcement.

Housing conditions affected the escalation of the motivation to self-administer cocaine in
female, but not male, rats. Pair-housing of female rats with a same-sex partner attenuated the
motivation to take cocaine relative to isolates, whereas in males, irrespective of housing
conditions, the motivation did not change over time during 2 weeks of self-administration on
a PR schedule of reinforcement. In addition, a sex difference was found with isolated
females showing greater motivation for cocaine than their male counterparts. Our data
confirm the higher risk for escalation of drug use in females compared to males; although in
isolated rats only.

The higher cocaine intake on the FR1 schedule of reinforcement, found in females relative
to male intake, corroborates previous results from our laboratory and others [4,5], although
no sex differences in acquisition/cocaine intake on a FR1 schedule have also been reported
[21]. Pair housing did not affect cocaine intake on the FR1 schedule, which is similar to
findings by Bozarth et al. [17]. This indicates that when cocaine is easily available, such as
on an FR1 schedule, social housing is not able to affect intake of a low dose of cocaine.
However, when the effort required for each infusion increases, as on a PR schedule, the
social environment modulates the motivation for taking cocaine. The low dose of cocaine
employed in the present study produced modest BP’s, which may have obscured potential
protective effects of pair housing in males, in contrast to the higher BP’s associated with the
escalation of cocaine intake in females.

Escalation of drug use over time is one of the DSM-IV addiction criteria, and this has been
modeled in several self-administration paradigms. Extended access self-administration of
cocaine (6 hrs/day) has been shown to result in an escalation of drug intake in rats [22,23].
Self-administration of cocaine on a PR schedule, when there is limited prior training, also
results in escalation of drug use [9], encompassing both DSM-IV criteria of escalation of
intake and the increased effort expended for obtaining the drug. In the current study the dose
of cocaine was lower than in some other studies, suggesting that at a low dose males do not
develop escalation of cocaine intake on a PR schedule. Evidence for a dose effect on
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escalation of drug intake was also found in long-access self-administration (LgA), with
escalation of drug use only occurring for males on a relatively high dose of cocaine (2 mg/
kg/inf) and not on a lower dose of cocaine (0.5 mg/kg/inf) [23]. Although Gipson et al. have
shown escalation of cocaine intake in LgA males on a low dose of cocaine (0.1 mg/kg/inf)
[13]. In this later study animals were food restricted and this can increase drug intake [24],
and may have led to an escalation of cocaine intake that would not typically occur in non-
food restricted animals. In these food restricted males, social housing and environmental
enrichment were able to prevent escalation of cocaine use [13]. Food restriction is a stressor
[25]. Thus, the ability of a positive social environment to protect against addiction may be
greater in more sensitive populations, such as stressed males and females. The fact that
females in the current study did show escalation of cocaine intake on Page 10 of 17 the low
dose of 0.2 mg/kg/inf is consistent with the human situation where women show a faster
escalation than men [2].

Summarizing, pair-housing differentially affect the motivation to self-administer cocaine in
male and female rats, decreasing motivation in females but not males. Isolation of females
but not males results in an escalation of drug intake, which is also attenuated by pair housing
in females only.
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Highlights

• Male and female rats were either isolated or housed in same sex pairs

• Rats were allowed to self-administer a low dose of cocaine

• We find isolated females showed increased motivation for cocaine

• Motivation for cocaine was higher in females than males

• Escalation of cocaine intake was prevented by pair housing in females
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Figure 1.
A) Number of infusions during the 5 days on the FR1 schedule of reinforcement. Isolated
females had significant more infusions over the 5-day period than their counterpart males (*
p≤ 0.05). B) The average breaking points per week reached on the PR schedule of
reinforcement. Significant difference between week 1 and 2 (*p≤ 0.05), significant sex
differences within housing conditions for the specified housing condition($p≤ 0.05), and
significant differences between individually and pair housed rats within sex for the specified
sex (#p≤ 0.05). Significantly different from day 1 and 2 for the isolated females (1,2 p≤
0.05).
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