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Abstract

Recent studies, in male rodents, have begun to elucidate a role for the GABAergic neurons in the
tail of the ventral tegmental area (tVTA) in morphine withdrawal. To date, the mechanisms
underlying morphine withdrawal have been studied almost exclusively in male animals. As a
result, there is a considerable gap in our current understanding of the processes underlying sex
differences in morphine withdrawal behaviors and its effects on cellular activity in the tVTA in
females. The purpose of the present study was to investigate the influence of sex on the expression
and duration of spontaneous somatic morphine withdrawal syndrome, and to characterize the
relationship between spontaneous somatic withdrawal symptoms and cellular activation (measured
as phosphorylated CREB; pCREB), in the GABAergic tVTA in male and female rats. Morphine-
dependent adult male and female Long Evans rats underwent 72 hours of spontaneous withdrawal,
and somatic withdrawal symptoms were assessed every 12 hours. Male morphine-dependent rats
expressed more severe symptoms during the early phases of withdrawal compared to females.
Although, females demonstrated lower overall symptom severity, their symptoms persisted for a
longer period of time, thus demonstrating higher withdrawal-symptom severity than males during
late withdrawal. pCREB activity in the tVTA was elevated in morphine-withdrawn rats and was
positively correlated with the severity of withdrawal symptoms. These results demonstrate sex
differences in the timing of the expression of somatic withdrawal. Our data add to the growing
body of evidence demonstrating a role for the tVTA in morphine withdrawal and begin to establish
a sex-dependent behavioral and molecular profile within this brain region.
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1. Introduction

Compared to men, women are more likely to more rapidly transition from casual opioid use
to dependence, experience higher levels of craving and relapse during interludes of
abstinence, consume larger amounts of drug during relapse, and are less likely to seek
treatment for their addiction [1-3]. Moreover, during attempts to refrain from drug use,
women report suffering significantly more distressing physical symptoms of withdrawal
compared to men [4,5]. Overall, the current literature suggests that women may be more
severely affected than men by the chronic use of opioid drugs.

Opioid drugs exhibit their initial rewarding effects through the inhibition of a subset of
GABAergic interneurons, which leads to the excitation of ventral tegmental area (VTA)
dopamine (DA) neurons [6,7]. It is now largely accepted that the source of this VTA-DA
neuron excitation is the result of inhibition of GABAergic inputs from the “tail of the VTA”
(tVTA;[8]), also called the “rostromedial tegmental nucleus” (RMTg;[9]). The tVTA/RMTg
—a structure located just posterior to the VTA — is largely GABAergic and its neurons
densely innervate DA cells of the VTA [10]. Mu-opioid receptors are densely packed on
these GABAergic neurons of the tVTA [11-13] and, as a result, administration of morphine
decreases their firing rate [11,13]. Consequently, DAergic neurons in the VTA become
disinhibited to freely transmit DA to projection sites in the nucleus accumbens (NAc) and
other limbic regions leading to an overstimulation of the reward pathway, which is
associated with mediating addiction-related behaviors. Interestingly, withdrawal from
chronic morphine has been shown to increase tVTA GABA release [13]. This increased
GABA release is postulated to be one of the crucial steps that trigger the cascade of
intracellular events that, ultimately, manifest as opiate withdrawal syndrome [14].

Withdrawal from chronic morphine upregulates the cyclic adenosine monophosphate
(cAMP) pathway by increasing adenylyl cyclase and protein kinase A (PKA) activity and,
thus, leading to an increase in the levels of phosphorylated CREB (pCREB) in reward-
related brain regions [15-17]. In male rodents, cAMP-PKA-activated CREB is essential for
the morphine-induced alterations in gene expression that precipitate withdrawal-associated
behaviors [18,19]. Currently, there is a surprising gap in our understanding of the
mechanisms underlying sex differences in opioid withdrawal behaviors. Additionally, the
specific effects of opioid withdrawal on cAMP-PKA-CREB activity in the tVTA/RMTg are
virtually unknown and no studies have been performed in females. Thus, the main objective
of the current study is to examine potential differences in the behavioral and molecular
signaling adaptations resulting from the interactions between morphine withdrawal and sex
in a rodent model.

Here, we report that males exhibited more severe withdrawal symptoms than females
immediately following cessation of morphine administration. However, in females,
withdrawal symptoms persisted longer than in males. This sex difference in behavior was
accompanied by increased pCREB expression in the tVTA of females and withdrawal
symptom severity was positively correlated with increased pCREB expression in the tVTA
of females, but not in males. Together, our data point to sex differences in the morphine
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withdrawal syndrome that may be mediated, at least in part, by activation of cAMP-PKA-
CREB signaling cascade in the GABAergic neurons of the tVTA/RMTg.

2. Materials and Methods

2.1 Animals

Thirty-six experimentally naive, adult (90-120 days old), male and female, Long Evans rats
(source: the University of Texas at Arlington vivarium) were double housed with same-sex
cage mates in a temperature/humidity-controlled environment under a 12h reversed light/
dark cycle with lights on at 7p.m. and off at 7a.m. All rats had free access to food and water
throughout the study and were maintained and cared for in accordance with the NIH Guide
for the Care and Use of Laboratory Animals. All animal procedures were approved by the
University’s IACUC.

2.2 Induction of Morphine Dependence

Morphine dependence was induced as previously described [20]. Briefly, rats were randomly
assigned to either morphine or vehicle (0.01M phosphate buffered saline;PBS) treatment
groups. Morphine sulfate (Spectrum Chemical, Los Angeles CA) was dissolved in PBS and
administered at escalating doses by repeated twice-daily subcutaneous injections for 10
days: Days 1 and 2 = 2.5mg/kg;Days 3 and 4 = 5mg/kg;Days 5 and 6 = 10mg/kg;Days 7 and
8 = 20mg/kg;Days 9 and 10 = 40mg/kg. Control rats received twice daily injections of saline
(1 ml/kg of body weight) for 10 days. All injections were spaced by 12h in order to prevent
overdose and limit effects of inter-injection withdrawal.

2.3 Withdrawal Behavior Observations

Animals’ body weights were measured and signs of somatic withdrawal were observed over
three days beginning 12h after the last morphine injection; measurements were taken 12, 24,
36, 48, 60, and 72h after the final morphine injection. The number of wet-dog shakes
(shaking of the whole body: record total number of body shakes) and writhing movements
(rat lies on floor with belly firmly pressed on surface, abdominal contractions present: record
total number of contractions) were recorded for each animal [21] over a 10-minute
observation period. A withdrawal score was calculated by adding scores for loss of body
weight, wet-dog shakes, and writhing movements. These three measures were selected
because they are all sensitive and reliable indicators of the degree of morphine dependence
for rodents [22-28].

2.4 Immunohistochemistry

Immediately following the last somatic withdrawal assessment, rats were deeply
anesthetized with chloral hydrate and transcardially perfused with 200ml of 0.01M PBS
followed by 400ml of 4% paraformaldehyde in 0.01M PBS. Brains were post-fixed
overnight, cryoprotected in 20% glycerol in PBS, and coronal sections (40um) were
collected on a freezing microtome. To identify co-localization of pCREB positive cells
within GABA cells in the VTA/tVTA, brains were double-labeled for pCREB (Millipore
#06-519 at 1:1500) and glutamic acid decarboxylase (GAD67; Millipore #MAB5406 at
1:500) as previously described [8]. Visualization was performed with fluorescent secondary
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antibodies using Cy2- and Cy3-conjugated secondary antibodies (Jackson Immuno Labs).
Coronal slices —5.80 to —7.04 from Bregma were used to identify positive nuclei bilaterally
in the tVTA. Analysis of GAD/pCREB nuclei was performed using a epifluorescent
microscope; (colocalization was later confirmed via confocal analysis). Images (40x) from
three equally spaced sections spanning the entire brain structure were captured and
quantitative analysis of relative optical density was performed using Image-J software (NIH)
by observers blind to each animal’s treatment condition. Because the GABAergic tVTA is a
relatively small brain region expressing few pCREB positive cells under basal conditions,
the quantification of easy-to-detect pCREB positive cells in throughout this entire region is
simple and straightforward.

2.5 Statistical Analyses

Statistical analyses were performed using SPSS (version 23), with a significance level of
p<0.05. All ANOVAs were followed with post-hoc tests or pre-planned comparisons
between treatment groups and/or across days. Percentage loss in body weight for each rat
across morphine exposure and withdrawal (Days 1-13) was calculated from their weight
recorded on the first day of morphine treatment (i.e. animal weight on Day 1). Body-weight
changes were compared across treatment conditions and both sexes using three-way mixed
factor ANOVA. Statistical analyses of individual (i.e., writhing and wet-dog shakes) and
collective (i.e. Withdrawal Score: %body weight lost + wet-dog shakes + writhing) signs of
withdrawal were analyzed with three-way mixed factor ANOVAs (sex and treatment
conditions as between-subjects factor and time after withdrawal as repeated-measures
factor). To analyze pCREB immunoreactivity in GABAergic cells in the tVTA of morphine-
withdrawn rats, a two-way factorial ANOVA was performed. Lastly, a simple linear
regression analysis was used to test if levels of pCREB expression in the tVTA significantly
predicted withdrawal scores in morphine-dependent rats.

3. Results

3.1 Sexdifferences in weight change

Weight gain patterns in male and female rats were differentially regulated by chronic
morphine administration (Days 1-10) and spontaneous withdrawal from morphine (Days
11-13) thus demonstrating sex-specific physiological differences induced by morphine. A
2(sex) x 2 (treatment) x 13 (% weight change on different days as repeated measures
variable) mixed-ANOVA was conducted to determine statistically significant morphine-
induced sex-specific differences in weights of the rats. A significant three-way interaction
between morphine treatment, sex, of the animal and weight change was observed (A3.27,
104.51) = 16.52, p<0.001, partial 77=0.34). Since the assumption of sphericity was violated
(X277:289.40, p<0.001), Greenhouse-Geisser (e = 0.272) correction was employed to the
degrees of freedom while interpreting the ANOVA.

3.1.1 Chronic Escalating Morphine Exposure—Post-hoc tests employing the
Bonferroni correction revealed that saline-treated control rats (both males and females)
gained weight consistently throughout the course of the experiment. In contrast, morphine-
treated male rats gained weight for the first 7 days of the drug treatment. However, the
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weight gain for morphine-treated male rats was significantly lower than that for the saline-
treated controls (0p<0.05). Thereafter, their weight began to decline such that on the last day
of morphine treatment, their weight was equal to that observed on their first day of the drug
treatment (Fig.1C and Tablel). On the other hand, morphine-treated female rats continued to
gain weight for all 10 days of morphine administration, and had significantly greater weight-
gain than saline-treated counterparts (p<0.05; Fig.1B and Tablel). Taken together, these
results demonstrate that chronic morphine administration in male rats inhibits typical weight
gain. In contrast, chronic morphine administration to female rats, potentiates the typical
weight-gain pattern in female rats.

3.1.2 Withdrawal from Chronic Morphine Treatment—Spontaneous withdrawal
from chronic morphine immediately induced significant weight loss in both morphine-
treated male and female rats (p<0.05). Interestingly, sex-specific differences in the loss in
body mass were observed in these rats over the period of withdrawal (Days 11-13) as well.
Post-hoc tests employing the Bonferroni correction demonstrated that both morphine-treated
male and female rats showed a stark weight loss during the first 48 hours of withdrawal.
Specifically, female rats showed a significantly greater percentage of weight loss than male
animals during the first 48 hours of withdrawal. However, male rats recovered much faster
from this weight loss than female rats. This was evident because by 72h after withdrawal,
male rats had regained all the weight they had lost during the first 48h of withdrawal.
Female rats on the other hand were unable to gain weight as rapidly as their male
counterparts by the end of the 72-hour withdrawal period. Taken together, this suggests that
male rats experienced more severe short-term physiological imbalances whereas female rats
experienced more long-lasting physiological imbalances, with respect to weight change
during the withdrawal from morphine dependence (Fig.1D and Tablel).

3.2 Wet-Dog Shakes

Spontaneous withdrawal from chronic morphine administration significantly induced wet-
dog shakes in both male and female rats. A 2(sex: male vs female) x 2(treatment: saline vs
morphine) x 6(time after withdrawal: 12, 24, 36, 48, 60, 72h) mixed-factor ANOVA revealed
significant sex-dependent differences in wet-dog shakes during morphine withdrawal (A5,
28) = 3.41; p<0.05, partial 77 = 0.379). Post-hoc tests employing the Bonferroni correction
revealed that morphine-dependent male rats had more wet-dog shakes compared to
morphine-dependent females at 12, 24, 36 and 60 hours after cessation of morphine
treatment. Males and females did not differ in the number of wet-dog shakes 48 or 72 hours
after the end of treatment (Fig. 2A).

3.3  Writhing

Spontaneous withdrawal from chronic morphine administration significantly induced
writhing symptoms in all rats. A similar 2X2X6 mixed-factor ANOVA revealed significant
sex differences in writhing symptoms during morphine withdrawal (A5,28) = 3.197; p<0.05,
partial 777 = 0.363). Post-hoc tests employing the Bonferroni correction revealed that
morphine-dependent male rats had more writhing symptoms compared to females 48 hours
after cessation of morphine treatment; however, females had more writhing symptoms 60
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and 72 hours after the end of treatment. Males and females did not differ in the amount of
writhing 12, 24, or 36 hours after the end of treatment (Fig. 2B).

3.4 Withdrawal Score

In order to determine sex differences in withdrawal scores in morphine-treated animals a
similar 2X2X6 mixed-factor ANOVA was conducted. Morphine withdrawal induced
significant sex differences between saline and morphine-treated rats (A5, 28) = 3.05, p=
0.025, partial 77 = 0.353). Post-hoc tests employing the Bonferroni correction demonstrated
that male rats treated with morphine showed a swift and significant increase in withdrawal
scores for the first 36 hours of withdrawal after which withdrawal scores began to decline.
However, withdrawal scores for females remained significantly high for up to 60 hours after
the last morphine dose. Morphine-treated male animals demonstrated higher withdrawal
scores than females for 36h after the last morphine dose. However, withdrawal scores were
significantly higher in morphine-treated female animals than males at 72h after the last
morphine dose. These data demonstrate that males and females acquired morphine
dependence similarly. Interestingly, male rats showed an extremely high intensity of
withdrawal symptoms for the first 36 hours, whereas withdrawal symptoms for female
animals were slightly less intense, but significantly more prolonged (Fig.2C).

3.5 pCREB expression in the tVTA

To begin identifying the underlying neurobiological mechanism for differential effects of
chronic morphine in males versus females, pPCREB expression within the tVTA was
completed following 72-hours of morphine withdrawal. A 2(sex)X2(treatment) factorial
ANOVA revealed a significant main effect of for treatment (A1,23) = 12.578, p= 0.002,
partial 777 = 0.398), but not sex. Additionally, no significant sex X treatment interaction was
observed. Post-hoc analyses employing Bonferroni correction showed that morphine-
dependent females had significantly higher pPCREB counts compared to saline-treated
females (p<0.01). Because no statistically significant differences were observed between any
other groups (Fig.3), the main effect of treatment was likely driven by the differences in
pCREB expression in females. However, we will need to conduct additional studies to
substantiate this claim.

3.6 VTA pCREB expression predicts withdrawal score

A simple/bivariate regression model was tested to determine whether tVTA-pCREB
expression would predict withdrawal scores. The results indicated that tVTA pCREB
expression accounted for a significant proportion of the variance in withdrawal scores (/2 =
0.251, Ay, 31) = 10.054, p=0.003). tVTA-pCREB expression was a positive predictor of
withdrawal scores (= 0.02, SE = 0.006, 31y = 3.171, p=0.003). Additionally, a simple/
bivariate regression model was tested to determine whether tVTA-pCREB expression would
predict withdrawal scores differently in male and females. The results indicate that tVTA-
pCREB expression accounted for a significant proportion of the variance in withdrawal
scores of females (/2= 0.489, Fa, 16) = 14.373, p=0.002). tVTA-pCREB expression was a
positive predictor of withdrawal scores (6= 0.03, SE=0.007, {16y = 3.791, p= 0.002).
However in males, tVTA-pCREB expression could not significantly predict withdrawal
scores (R2=0.002, Fa,14)=0.02, p=0.89; Fig.4).
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4. Discussion

The main objective of the current study was to begin establishing potential sex differences in
the behavioral, and molecular signaling adaptations within the tVTA, resulting from
morphine withdrawal. The results of present study demonstrate sex differences in the
expression and duration of spontaneous morphine withdrawal and provide some initial data
characterizing the relationship between spontaneous somatic withdrawal symptoms and
pCREB activation in the tVTA of morphine-dependent male and female rats. We report
significant time- and sex-dependent differences in the severity of spontaneous morphine
withdrawal symptoms, and that the severity of somatic withdrawal symptoms positively
correlates with tVTA-pCREB expression in females.

Our data confirm and extend findings from earlier studies indicating that male rats express
an overall more severe magnitude of somatic opioid withdrawal than females [29,30]. The
effect we observed was largely driven by the males’ extreme plunge in body weight and
higher number of wet-dog shakes. Weight loss after spontaneous morphine withdrawal in
male rodents is well documented [31-34] and the loss in body weight loss has long been
used as a highly predictive, single factor of withdrawal [35,36]. It has been postulated that
the weight loss during withdrawal is associated with increased sympathetic tone, diarrhea,
and salivation [37]. This is, in part, likely due to the relationship between stress-induced
changes in metabolic states and HPA activity. A previous study demonstrated an early time
course of weight loss in male rats accompanied by a rapid burst of corticotropin-releasing
hormone (CRH) [34]. Suggesting that increases in CRH may be responsible for mediating
some of the metabolic and behavioral effects of early withdrawal in male rats [38] 33].
Therefore, it is conceivable that males experience an enhanced HPA axis response in the
earlier phases of morphine withdrawal compared to females, thus providing a potential
mechanism for the higher expression of metabolic symptoms at earlier time points.
However, to our knowledge, only one other study has incorporated body weight loss in
female rats in measures of somatic morphine withdrawal [39]. Therefore, results from our
study add empirical evidence towards the immediate physiological effects seen in morphine-
dependent females during somatic withdrawal and also extend it by demonstrating that these
physiological effects may be prolonged in females.

The second greatest sex difference in withdrawal symptoms, in the present study occurred as
the expression of wet-dog shakes. Wet-dog shakes occur as a part of the withdrawal
syndrome, a condition that develops as the result of hypothermia [40]. Sex differences in
wet-dog shakes were previously reported [30] and attributed to established sex differences in
morphine-induced hypothermia [41]. Based upon this literature, we also interpret our
findings in wet-dog shakes to sex differences in thermoregulatory responses. This is an
avenue of investigation we will incorporate into future studies.

In addition to male rats displaying an overall more severe withdrawal syndrome, the onset,
severity, and duration of withdrawal for males occurred closer in proximity to the cessation
of morphine treatment than in females. In other words, while both morphine-dependent male
and female rats developed somatic symptoms within 12 hours of spontaneous withdrawal
from morphine treatment, males consistently demonstrated more symptoms during the early
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stages of withdrawal compared to females. Remarkably, females exhibited a slower decline
of symptoms compared to males over the 72-hour observation period. Although, the
withdrawal syndrome for males was collectively more severe compared to females; the
females seemed to be more symptomatic during the later stages of withdrawal (i.e., 72 hours
after the last morphine treatment). We attribute much of this effect to (1) differences in
body-weight loss over the withdrawal time course; although females lost a lower percentage
of their overall bodyweight, males gained their pre-withdrawal weight back by the 72-hour
time point; and (2) the persistence of stomach writhing symptoms in the females which
continued well into late withdrawal. Consequently, global withdrawal scores for females
exceeded those for males 72 hours after cessation of morphine treatment. Overall, the data
here present an interesting finding which suggests that males and females have time-
dependent differences in somatic withdrawal symptom onset and severity.

The neurobiological mechanism(s) underlying these sex differences in morphine-withdrawal
profile are unknown. We report increases in pCREB within the tVTA in males and females,
and that pCREB expression positively correlates and predicts severity of withdrawal in
female, but not male rats. This is the first study to investigate sex differences in activation of
CREB in the GABAergic tVTA after morphine dependence. As previously mentioned,
withdrawal from chronic morphine has been shown to increase tVTA GABA release [13].
This increased GABA release is postulated to be one of the steps that triggers the cascade of
intracellular events that ultimately manifest as morphine withdrawal syndrome [14]. Within
the tVTA-VTA circuit, early withdrawal from morphine increases GABA release onto VTA-
DA neurons and this effect has been shown to be dependent on cAMP pathway activity [14].
A recent study shows differential responding of the tVTA-VTA circuit during protracted
versus early withdrawal. The alterations observed at the protracted time-point, indicate a
long-term change in the functioning of the circuit, capacity of the tVTA to inhibit, but not
disinhibit, DA cells which may contribute to long-term negative affective states during
withdrawal [13]. It is possible that the mechanism by which we observed increased
activation of CREB in the tVTA of morphine-withdrawn rats is indicative of the alterations
which take place during “early” withdrawal periods. We are interested in identifying shorter-
(hours) and longer-term (days) changes in cell signaling within this circuit. For example, a
recent study in male rats demonstrated that acute naloxone-precipitated morphine
withdrawal induced c-Fos expression in the tVTA [42]. In the context of our study;, it is
interesting to consider these results along with the electrophysiological findings
demonstrating differential responding in the tVTA during initial/early phases of withdrawal
(2-3 hours) versus longer-term protracted withdrawal states (14 days) [13,43]. We observed
increases in pCREB positive cells in the tVTA of morphine-dependent animals at a relative
“mid-range” withdrawal time-point (72h). Taken together, this indicates that rapid changes
occur in the tVTA system within hours and days, and then persist for weeks after the
cessation of opioid use. In addition, this also provides support for our hypothesis that CREB
activity in the tVTA correlates with more severe symptoms of withdrawal. Of course, we
will need to investigate these premises further, with more points on the withdrawal time
course and additional molecular markers.

In conclusion, our data indicate that males suffer from more severe withdrawal symptoms
sooner after the cessation of morphine treatment, while females experience a more

Neurosci Lett. Author manuscript; available in PMC 2020 July 13.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Bobzean et al.

Page 9

protracted withdrawal syndrome lasting at least 72 hours after the last dose of morphine. In
addition, our data demonstrate the link between activation of CREB in the tVTA and the
severity of morphine withdrawal symptoms of females. Future studies will investigate sex-
dependent differences in activation of the CREB pathways in GABAergic neurons in the
tVTA and characterize the timescale and relationship between CREB activity and somatic

withdrawal symptoms.
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Highlights

We observed sex differences in the onset and severity of withdrawal
symptoms.

Males withdrawal symptoms were more severe earlier in withdrawal than
females.

Withdrawal symptoms in females persisted for longer than in males.

tVTA pCREB activity is correlated with withdrawal symptom severity in
females.

Neurosci Lett. Author manuscript; available in PMC 2020 July 13.
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Figure 1. Effects of chronic escalating morphine treatment and morphine withdrawal on body
mass of male and female rats.

Mean body weight is expressed as percent (%) change in body weight throughout
experimental timeline. The main figure (A) depicts all four experimental groups on the same
graph (morphine-treated females, filled black triangles; saline-treated females, open grey
triangles; morphine-treated males, filled black squares; saline-treated males, open grey
squares). For purposes of clarity, these same data are replotted into mini-graphs B-D:B)
females;C) males;D) morphine-treated male vs female rats. All saline-treated animals
continued to gain weight throughout the course of the experiment (A). Morphine-treated
male rats stopped gaining weight after 7 days of morphine treatment and the overall weight
gain for morphine-treated male rats was significantly lower than that for saline-treated
controls (*p<0.05; A,C). Female morphine-treated rats continued to gain weight for all 10
days of morphine administration and had significantly greater weight-gain than their saline-
treated counterparts (*<0.05; A,B). Withdrawal from chronic morphine immediately
reduced body mass in both male and female animals (#p<0.001; A,B,C,D). While, both male
and female rats showed a stark weight loss during the first 48h of withdrawal, female
animals showed a greater percentage of weight loss than male animals during this time.
Male animals seemed to recover from this much faster than female animals.
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Figure 2. Spontaneous withdrawal behaviors.
Behaviors were recorded 12, 24, 26, 48, 60, and 72 hours after the last injection. A)

Spontaneous withdrawal from chronic morphine administration significantly induced wet-
dog shake symptoms in all rats (p<0.001;B). Overall, morphine-dependent males had more
wet-dog shakes compared to morphine-dependent females. Specifically, morphine-

dependent male rats exhibited more wet-dog shakes compared to morphine-dependent

females at 12, 24, 36 and 60 hours after cessation of morphine treatment
(*male>female; p<0.05). B) Spontaneous withdrawal from chronic morphine administration
significantly induced writhing symptoms in male and female rats compared to saline-paired
controls (p<0.001). Morphine-dependent male rats had more writhing symptoms compared
to females 48 hours after cessation of morphine treatment (*p<0.05); however, females had
more writhing symptoms 60 and 72 hours after the end of treatment (#female>male;p<0.05).
C) Difference in trends of collectively scored withdrawal behaviors at 12, 24, 36, 48, 60, and
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72h after the last injection (n = 8-10/group for each group independently). Withdrawal
scores for morphine-dependent male rats were significantly higher than those for morphine-
dependent females at 12, 24, and 36 hours of withdrawal (#*p<0.05) after which symptoms
began to subside. Withdrawal scores for female rats remained elevated for up to 60 hours
into morphine withdrawal. Global withdrawal scores for morphine-dependent female rats
were remained elevated and exceeded those for males at the 72h time point (#p<0.05).
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Figure 3. Sex differences in pCREB positive neurons of the VTA.
A) Schematics showing landmarks and position of tVTA from Begma. B) pCREB/GAD67

positive cell number quantification in saline-treated (clear bars) or morphine-dependent
(checkered bars) animals. Note that pCREB levels after 72h of spontaneous withdrawal are
significantly higher only in the tVTA of morphine-dependent females compared to saline-
treated females (*p<0.05). C) 20x Photomicrographs depicting pCREB /GAD67
immunofluorescence.
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Figure 4. Correlation between pCREB positive cells and morphine withdrawal scores.
Solid inverted triangles represent global withdrawal scores correlated with pPCREB/GADG67

positive cells of morphine-treated females; solid squares represent the same correlation
scores for males. Regression analyses indicated that global withdrawal scores and number of
pCREB/GADG7 positive cells were significantly positively correlated for morphine-treated
females 72h after the last injection (*p<0.05).
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Table 1

Mean £ SEM of % change in body weight from Day 1

1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Treatment Escalating morphine doses Withdrawal

Days 1 2 3 4 5 6 7 8 9 10 11 12 13
Saline Males Mean 0.000 1.881 2217 3484 4691 518 6396 7417 8483 9237 12490 13.897 15.002
(n=9) SE 0000 0498 0508 0558 0613 0643 0770 1049 0982 1046 1187 1115 1180
Saline Mean 0.000 -0.338 0.063 1544 2054 2691 2881 3991 4379 5176 6.354 7.552 8.313
g;emales (= SE 0.000 0498 0.508 0558 0.613 0.643 0.770 1.049 0.982 1.046 1.187 1.115 1.180
Morphine Mean 0.000 1465 2179 3483 3.859 3.617 4113 3730 3236 2744 -0925 -3.252 1.100
Males (7=8) g 0.000 0529 0539 0592 0650 0.682 0.816 1113 1.041 1110 1.259 1.182 1.252
Morphine Mean 0.000 1.206 2.781 3489 4.220 4.728 5593 6.967 6.627 8.694 4.768 2.928 5.630
ie));nales (= SE 0.000 0473 0482 0530 0582 0.610 0.730 0995 0.932 0.993 1.126 1.058 1.120
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