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Abstract

Significant sex differences have been demonstrated in clinical and preclinical studies of cocaine
addiction, with some of the most consistent differences noted in regards to the role of stress and
craving. The current study examined stress-induced reinstatement of cocaine seeking in male and
female rats in an animal model of relapse using corticotropin-releasing factor (CRF)
administration. Both male and female rats demonstrated increased cocaine seeking in response to
CRF. CRF-induced reinstatement was highly variable across both male and female rats, and
further analysis revealed a subpopulation that was particularly sensitive to CRF (high responders).
Female high responders displayed significantly increased responding to CRF compared to males.
Individual differences in stress responsivity could thus contribute to the likelihood of relapse, with
females showing greater heterogeneity to stress-induced relapse.
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1. Introduction

Differences in the progression from initial drug exposure to more compulsive patterns of use
may contribute to the severity of addiction, susceptibility to relapse, and responsiveness to
treatment. Increasing evidence suggests prominent sex differences exist at both early and
late stages of addiction [1]. Although the incidence of cocaine addiction remains higher
among males [2, 3], women begin using cocaine at a younger age and display higher rates of
use [2, 4] than men. A number of reported sex differences after acute exposure to cocaine
suggest that the subjective effects of cocaine differ between males and females [5]. Women
report higher anxiety levels after oral or intranasal cocaine [6, 7], and report more euphoria
[8] and less dysphoria than males [9], as well as taking longer to detect the presence of the
drug [10]. Women also display shorter periods of abstinence from cocaine use than men [6]
and seek treatment more quickly after initiating use [11], which supports the idea that
women may transition more quickly from casual use to addiction [12].

After progression to the addicted state has occurred, identifying differences in withdrawal
symptoms, treatment adherence, and circumstances of relapse is critical to the successful
treatment of addiction. During abstinence, females report more craving and depressive
symptoms than males [13], greater craving in response to social stress [14], and may be
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more likely to relapse after periods of stress or depression [13, 15]. Evidence suggests that
an enhanced sensitivity of the stress system in female cocaine dependent subjects [16] and
dysregulation of female stress systems may contribute to the progression of the disease and
likelihood of relapse [5].

Animal models of cocaine addiction have shown significant sex differences in cocaine
reward and reinforcement. Female rats display greater behavioral sensitization to cocaine
[17] and demonstrate conditioned place preference for cocaine at lower doses than males
[18]. Female rats also acquire cocaine self-administration more quickly than males [19],
show more sensitivity to the reinforcing effects of cocaine [20], and display greater cocaine
intake on long-access self-administration schedules [21]. Finally, female rats display greater
cocaine-primed reinstatement of cocaine seeking than males [19], an effect that is estrous
cycle dependent [22].

While of great interest in clinical studies of addiction [5], female sensitivity to stress-
induced reinstatement of cocaine seeking has generally not been explored in animal models.
We recently reported that females displayed enhanced reinstatement to the pharmacological
stressor, yohimbine [23]. Considering the extensive data on sensitivity of females to stress-
related disorders, stress-related withdrawal symptoms, and stress-triggered relapse,
investigation of sex differences and their underlying mechanisms in appropriate animal
models of relapse is of clear interest. Thus, in the current study, we examined reinstatement
of cocaine seeking in male and female rats after intracerebroventricular infusions of
corticotropin-releasing factor (CRF). We predicted that females would show greater CRF-
induced reinstatement than males.

2. Materials and Methods
2.1. Subjects

2.2. Surgery

Male (n=22) and female (n=20) Sprague—-Dawley rats (initial weight 275-300 g; Charles
River, Wilmington, MA, USA) were individually housed in a temperature- and humidity
controlled vivarium on a reverse 12 h light—dark cycle (lights off 06:00-18:00). Male and
female rats were housed in separate rooms. Animals received water and standard rat chow
(Harlan, Indianapolis, IN, USA) ad libitum, with the exception of 2-3 days of food
restriction during initial cocaine self-administration. Housing and care of the rats were
carried out in accordance with the National Institutes of Health Guide for the Care and Use
of Laboratory Animals.

Rats were anesthetized using a mixture of ketamine hydrochloride and xylazine (66 and 1.33
mg/kg, respectively, IP) followed by equithesin (0.5 ml/kg, IP). Ketorolac (2.0 mg/kg, IP)
was given just prior to surgery as an analgesic. Surgical procedures were conducted using
aseptic techniques. Catheters were constructed using previously described methods [24] and
consisted of external guide cannulae with screw-type connectors (Plastics One Inc.,
Roanoke, VA, USA), Silastic tubing (10 cm; i.d. = 0.64 mm; o0.d. = 1.19 mm; Dow Corning,
Midland, MI, USA), prolite polypropylene monofilament mesh (2 cm diameter, Atrium
Medical Corporation, Hudson, NH, USA), and cranioplastic cement. The end of the catheter
was inserted into the right jugular vein, secured with suture, and exited on the rat’s back,
posterior to the shoulder blades. Immediately following catheter surgery, animals were
placed into a stereotaxic frame (Stoelting, Wood Dale, IL, USA). Bilateral stainless steel
guide cannulae (26 gauge; Plastics One, Inc.) were inserted dorsal to the lateral ventricle
(-0.8A,—2.2L,-1.8V, 10° angle). Three small screws and cranioplastic cement secured
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the guide cannulae to the skull. Stylets (Plastics One, Inc.) were placed into the guide
cannulae and catheter to prevent occlusions.

To maintain patency, catheters were flushed once daily for 4 days after surgery with 0.1 ml
each of an antibiatic solution of cefazolin (10.0 mg/ml; Schein Pharmaceuticals, Florham
Park, NJ, USA) dissolved in heparinized saline (70 U/ml; Elkins-Sinn, Cherry Hill, NJ,
USA) and then heparinized saline (70 U/ml). For the duration of the experiment, each
subject received 0.1 ml of heparinized saline (10 U/ml) immediately prior to self-
administration and the cefazolin and 70 U/ml heparinized saline regimen following each
session. To verify catheter patency, rats occasionally received a 0.10-0.12 ml infusion of
methohexital sodium (10.0 mg/ml IV; Eli Lilly and Co., Indianapolis, IN, USA), a short-
acting barbiturate that produces a rapid loss of muscle tone when administered
intravenously.

2.3. Cocaine self-administration

Rats self-administered cocaine (cocaine hydrochloride dissolved in 0.9% sterile saline; 0.5
mg/kg per 50 ul infusion; cocaine provided by the National Institute on Drug Abuse,
Research Triangle Park, NC, USA) during daily 2 h sessions according to an FR 1 schedule
of reinforcement. At the start of each session, the catheter was connected to a swivel
(Instech, Plymouth Meeting, PA, USA) via polyethylene 20 tubing that was encased in steel
spring leashes (Plastics One Inc., Roanoke, VA, USA). Self-administration occurred in
standard operant conditioning chambers (30x20x20 cm) linked to a computerized data
collection program (MED-PC, Med Associates Inc., St. Albans, VT, USA). The chambers
were equipped with two levers, a stimulus light above each lever, a tone generator
(ENV-223HAM, Med Associates), and a house light on the back wall of the chamber. The
house light signaled the initiation of the session and remained illuminated throughout the
entire session. Lever presses on the active lever resulted in a 2-s infusion and a 5-s
presentation of a stimulus complex, consisting of activation of the white stimulus light
above the active lever and the tone generator (78 dB, 4.5 kHz). Following each infusion,
responding on the active lever had no consequences during a 20-s time-out period. Inactive
lever presses had no consequences, but were recorded. Daily cocaine self-administration
continued until each rat had obtained the self-administration criterion of 10 sessions with at
least 10 infusions per session.

2.4. Extinction and Reinstatement Testing

Following chronic self-administration and before the first reinstatement test, rats underwent
daily 2 h extinction sessions, during which active lever presses had no programmed
consequences (no cocaine infusions, no light-tone stimulus presentations). Rats received
sham infusions on Extinction days 4 and 5 to acclimate them to the infusion procedure.
Once extinction criterion was reached (a minimum of seven extinction sessions, with <15
active lever responses per session for the last two consecutive days before testing), each rat
underwent three separate reinstatement tests for CRF-induced reinstatement (1.0, 1.5, and
2.0 ug doses). The doses of CRF were based on a pilot experiment performed in our
laboratory, as well as previously published studies [25, 26]. Prior studies have successfully
utilized similar repeated reinstatement testing designs [27, 28]. Animals were extinguished
to criterion between reinstatement tests (<15 active lever responses per session for two
consecutive days). All reinstatement tests were given in a counterbalanced order for CRF
dose.

2.5. Intracerebroventricular infusions

For intracerebroventricular CRF infusions, stainless steel injection cannulae (33 gauge,
Plastics One) were inserted to a depth of 2 mm below the tip of the guide cannulae 60 min
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prior to placement into the chamber. The injection cannulae were connected to 10-ul
Hamilton syringes (Hamilton Co., Reno, NV, USA) mounted on an infusion pump (Harvard
Apparatus, South Natick, MA, USA). CRF (1.0-2.0 ug; 2.5 ul volume) or phosphate-
buffered saline vehicle (pH=7.0 for both solutions) was infused bilaterally over a 2 min time
period. The injection cannulae were left in place for 1 min prior to and after the infusion.

2.6. Angiotensin drinking test and histology

Accurate cannulae placement into the lateral ventricles was verified via two means. One
week after intracranial surgery, angiotensin drinking tests were administered to all rats.
Injectors were lowered into the cannulae, and angiotensin (50 ng/ml) was administered
bilaterally over a period of 60 sec. Immediately following administration, stylets were
replaced and the animals were given access to drinking water for 10 min. Rats that drank
less than 5 ml of water were excluded from the study (n=6). After completion of
reinstatement testing, rats were deeply anesthetized with equithesin and transcardially
perfused with PBS and 10% formaldehyde solution. The brains were dissected and stored in
10% formaldehyde solution prior to sectioning. Using a vibratome (Technical Products
International, St. Louis, MO, USA), brains were sectioned in the coronal plane (75 um
thickness), mounted on gelatin-coated slides, and stained for Nissl substance with cresyl
violet (Kodak, Rochester, NY, USA). The sections were examined with light microscopy
using 10x magnification. The paths of the microinjectors targeting the lateral ventricles were
mapped onto schematics from a rat brain atlas [29].

2.7. Data analysis

For each experiment, total cocaine intake (mg/kg) was compared for males and females
using paired t-tests. Active lever responding over the ten days of self-administration and
extinction were each analyzed using a repeated measures analysis of variance (ANOVA),
with day as the within factor and sex as the between factor. Male and female responding
during extinction was also compared for the number of active lever responses on the last
extinction day before testing, as well as the total days it took to reach extinction criterion
using paired t-tests.

Reinstatement testing was analyzed using a two-way ANOVA (sex by CRF dose) to
examine significant differences in active lever presses during each reinstatement test with
post-hoc comparisons for any main effects. Pronounced variability has been reported in
response to stress, in particular in the reinstatement paradigm [30]. Since such heterogeneity
was also evident in the current data, we analyzed whether or not there was a significant
difference in variability between males and females using the F test to compare variance.
Further, we accounted for individual variability by establishing criterion for “high
responders” as the 6 animals that displayed the highest average level of active lever pressing
across the 3 CRF reinstatement tests with a minimum criterion as twofold higher lever
responding on the last day of extinction before testing. This method established a clear
criterion that could be consistently applied to both male and female populations, and we
chose 6 subjects, as this represents the top third of all responders, and animals below these 6
did not comprise a consistent population that responded strongly to more than a single dose
of CRF. After division, the reinstatement levels in the high responders were analyzed
separately with an ANOVA. We also examined high and low responders on several
measures of self-administration and extinction behavior with either ANOVAs or t-tests, and
examined relationships between this behavior and reinstatement responding with Pearson
correlations. All F and p-values are shown for main effects, but only statistically significant
interactions are reported. Analyses were considered statistically significant at p<0.05 and
data are reported as the mean+=SEM.
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3. Results

3.1. Histology

Only those animals with a positive result in the angiotensin drinking test (>5 ml of water in
10 min) were used. Inspection of injection cannulae tip locations after completion of the
experiment verified that all animals that passed the angiotensin drinking test had correct
lateral ventricle placements.

3.2. Self-administration

Both male and female rats readily acquired cocaine self-administration, discriminated
between active and inactive levers, and displayed stable patterns of active lever responding
and cocaine intake throughout the maintenance phase of the experiment. There were no
significant differences between males and females in total cocaine intake across the self-
administration period (males=174+10.6 mg/kg; females =197+10.0 mg/kg), although this
measure approached significance (p=0.1). Repeated measures ANOVA revealed a
significant effect of day on active lever responding (Fig. 1, F(g 379)=3.96, p<0.05), with
responding on days 1 and 2 showing high levels that stabilized to maintenance levels after
day 3 of self-administration. There was no significant overall effect of sex and no significant
sex x day interaction. Inactive lever responding was minimal throughout the duration of the
study and showed no significant differences between groups or over time (data not shown).

3.3. Extinction

Both male and female rats readily extinguished lever pressing upon removal of all cocaine
reinforcement and cue presentation (Fig. 1). There were no significant sex differences in the
number of days to reach extinction criterion or for the number of lever responses on the final
day of extinction before testing. Repeated measures ANOVA revealed a significant effect of
extinction day (F(g, 264)=18.48, p<0.001), with days 1 and 2 of extinction significantly
greater than final extinction levels (p<0.05), but no significant effect of sex or sex x day
interaction.

3.4.1 Reinstatement—As seen in Fig. 2 (top), CRF significantly reinstated cocaine
seeking (F(3 143)=2.88, p<0.05). Post-hoc analysis revealed statistically significant
differences between responding after vehicle infusion and the high dose of CRF (p<0.05).
There was no significant effect of sex or any significant interaction between sex and CRF.

3.4.2 High responders—The response to CRF was highly variable (range of 0 to 278
active lever responses); therefore, we performed additional analyses in these populations.
Female rats displayed significantly greater variability in response to CRF than male rats at
both the low (F(17,19y=35.77, p<0.0001) and medium doses (F(17,19)=12.84, p<0.0001). A
subset of rats in each sex was designated as “high responders” (see Methods). There were no
significant differences in total cocaine intake for male or female high responder rats
compared to the others (males=176+13.0 mg/kg; females =212+15.9 mg/kg). Active lever
responding across days of self-administration was not significantly different between high
responders and the rest of the population. In the subpopulation of high responders of male
and female rats (Fig. 2 — bottom), a two-way ANOVA analyzing the effect of CRF and sex
on active lever pressing revealed a significant effect of CRF (F(3 49)=3.82, p<0.01) and a
significant effect of sex (F(1,40y=4.37, p<0.05). Post-hoc analyses revealed that responding
after the high dose of CRF was significantly different from extinction (p<0.05), and females
displayed higher levels of responding than males.
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4. Discussion

Here, we demonstrated significant CRF-induced reinstatement of cocaine seeking in both
male and female rats. Importantly, responsivity to CRF showed a high degree of individual
variability, in that high responder females showed significantly greater reinstatement to CRF
than high responder males and females showed more variable responses to CRF. The
enhanced sensitivity to CRF in a subpopulation of females is consistent with the notion that
some females may be more prone to stress-induced relapse, and that individual differences
play a key role in stress activation of motivated cocaine seeking.

The variability in CRF-induced reinstatement occurred with both male and female rats.
Heterogeneous and variable response patterns have been reported in prior studies of stress-
induced reinstatement in males [31-34], but this is the first such report in females. The
heterogeneity of reinstatement was more pronounced in females, as the range of active lever
responding to CRF greatly exceeded that of males (range for females=0-278, males=0-114),
and females displayed significantly more variable responding than males. Since individual
sensitivity to stressful stimuli is well documented in other paradigms [35-38], the individual
variability to the effects of CRF on cocaine seeking is not surprising. Previous reports on
CRF-induced reinstatement in males have demonstrated variable and modest results [39,
40]. Mantsch et al. [26] reported that CRF at a dose of 1.0 ug failed to produce reinstatement
unless animals had experienced long daily access regimens of cocaine self-administration.
The current data also found a similar lack of effect at this dose, except in a few subjects. We
chose to examine a slightly higher dose of CRF as such doses (and beyond) are often used to
examine anxiety and stress-related responses using other behavioral paradigms ([41-43],
Further, some evidence suggests higher doses of CRF may be necessary to detect sex
differences or exaggerated responses to CRF after drug exposure [41, 44]. However,
previous studies have demonstrated activation of similar populations of neurons in response
to ascending doses of CRF (0.5-2.0ug), including regions previously implicated in stress-
induced reinstatement such as the central amygdala and bed nucleus of the stria terminalis
[45]. Therefore, it is likely that we achieved comparable circulating levels of CRF as lower
dose studies, resulting in activation of similar limbic neurocircuitry.

Enhanced responsivity to CRF-induced reinstatement may be a result of cocaine exposure
and related to self-administration or extinction behavior. However, we compared male and
female high responders, both separately by sex and across the entire population, on measures
of days to acquisition, overall cocaine intake and intake during acquisition and maintenance,
active lever responding during initial and late stages of self-administration and extinction,
and days to extinction criterion. We found no significant differences on any of these
measures. We also examined correlations between reinstatement behavior and several of
these measures, none of which revealed significant relationships with active lever
responding in response to CRF.

A critical role for CRF in addiction and relapse has emerged over the past several years.
Clinical studies reveal that CRF is elevated in patients withdrawn from alcohol [46], but
decreased in patients withdrawn from opiates. CRF also causes cocaine craving [47], and
other studies have suggested a key role for the CRF-HPA axis in stress and drug cue-
induced cocaine craving [48, 49]. CRF-induced reinstatement in the current study was
modest when measured across the population. However, some animals displayed very
dramatic reinstatement to cocaine seeking after CRF infusion. Therefore, while large sex
differences across the entire population may appear subtle, high-risk portions of the
population may be particularly susceptible to stress activation, as demonstrated by CRF in
females. Interestingly, clinical data has shown a more dramatic effect of CRF on heart rates
in females than males, as well as a more severe dysregulation of stress-related systems in
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female cocaine addicts when compared to males [47]. This effect has also been reported in
alcohol dependent women [50] and female smokers [51].

Female rats display enhanced responsivity to cocaine priming injections [19, 22] and
yohimbine-induced reinstatement [23]. We hypothesize that female rats may be more
responsive to “internal” stressors, as CRF, yohimbine, and cocaine all exert their effects via
direct pharmacological mechanisms. Support for this possibility comes from studies in
which males reinstate more to conditioned cues than female rats; however, other studies
suggest that the stress system is integral in both cue [52] and stress-induced, but not cocaine-
induced reinsatement [53]. Recent reports demonstrate that differences in CRF receptor
signaling and trafficking in female rats may lead to heightened responsivity and decreased
adaptation to stress compared to male rats [54]. Also, female rats show higher plasma
ACTH and CRF mRNA levels in the paraventricular hypothalamus and central amygdala
after footshock stress than males [55]. Such differences could contribute to the current
results.

Enhanced responsivity to yohimbine in females may be related to the current results, as
previous studies demonstrate that activation of CRF receptors likely occurs downstream of
noradrenergic systems [56]. However, other reports vary on whether yohimbine effects are
independent of CRF systems [56-58]. Further studies are necessary to determine the exact
way in which yohimbine, noradrenergic, and CRF systems interact to mediate stress-induced
reinstatement.

The current results suggest that sex, as well as individual differences, are important to
consider in the evaluation and treatment of cocaine addiction. Recent studies indicate that
the degree of stress-induced cocaine craving is predictive of time to relapse in abstinent
addicts, and stress-induced hormone release is related to the amount of cocaine intake during
subsequent cocaine-taking episodes [59]. Therefore, monitoring drug craving and
physiological responses to stress in cocaine addicts could be critical to ultimate treatment
success, particularly given the potential for a highly variable response pattern.

Individualized treatment plans that take into account addiction severity, stress responsivity,
and comorbidity with other stress and anxiety-related illnesses are likely to have the greatest
chance of success at combating addiction.
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Figure 1.

Active lever responding in males and females during cocaine self-administration (top) and
extinction (bottom). Significant differences (*p<0.05) are noted for self-administration days
1-2 relative to self-administration days 3-10, and extinction day 1 relative to extinction days
2-1.
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Figure 2.

Active lever responses in males and females for the last day of extinction before testing
(Ext) and on CRF-induced reinstatement tests for all subjects (top) or in high responders
(bottom). Significant differences are noted for responding over extinction (*p<0.05) and for
females relative to males (Tp<0.05).
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