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Abstract: Alcohol consumption afflicts men and women differently. However, the underlying neuronal mechanisms 
that contribute to the difference are mostly unexplored. Although more men suffer from alcohol use disorders (AUD), 
women more frequently accelerate to dependence and develop adverse consequences of alcoholism sooner than 
men. Women also exhibit more significant negative emotions that cues more reactivity and alcohol-craving than 
men. Despite ample evidence that women are vulnerable to AUD, results of preclinical studies on sex differences 
in alcohol consumption and withdrawal-related behaviors are inconclusive. In this study, we trained adult male and 
female Sprague-Dawley rats to drink alcohol in the intermittent access to 20% ethanol two-bottle free-choice para-
digm for two months. Their behaviors and Fos expression in related brain regions were measured at acute (24 h) and 
after prolonged (28 days) abstinence. We found that female rats drank more alcohol than males. After acute absti-
nence, rats of both sexes showed higher sensitivity to depressive, thermal, and mechanical stimuli. Females also 
displayed higher anxiety levels. After prolonged abstinence, rats of both sexes displayed depressive-like behaviors; 
the males displayed allodynia; the females showed higher anxiety levels and drank more alcohol upon reaccess to 
alcohol. Furthermore, during acute withdrawal, Fos-positive nuclei were increased in the prefrontal cortex, anterior 
cingulate cortex (ACC), nucleus accumbens (NAc), amygdala and lateral habenula (LHb) in the females, versus only 
in the ACC, amygdala, and LHb in the males. Conversely, after prolonged abstinence, Fos-positive nuclei were de-
creased in the prefrontal cortex, ACC, and NAc in the females, but fell in the ACC, NAc, and LHb of the males. Thus, 
adaptations in diverse brain regions may contribute to the sex differences in behaviors in ethanol-withdrawn rats.
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Introduction 

Anxiety, depression, and hyperalgesia, which 
occur commonly during withdrawal from chron-
ic, repeated and excessive alcohol consump-
tion, have been considered crucial negative 
reinforcement factors leading to relapse [1-3]. 
Although more men suffer from alcohol use dis-
orders (AUD), women more frequently acceler-
ate to dependence and develop adverse conse-
quences of alcoholism sooner than men [4-8]. 
Women also exhibit greater negative emotions 
such as anxiety, depression, and neuroticism 
[9-11]; they demonstrate greater stress that 
cues more reactivity and alcohol-craving than 
men. However, despite ample evidence that 
women are a population vulnerable to AUD, 
results of preclinical studies on sex differences 

in alcohol consumption and withdrawal-related 
behaviors are inconclusive. For example, in the 
two-bottle choice drinking paradigm [12-16], 
females of several strains of rodents consume 
more alcohol compared to their male counter-
parts; they also exhibit greater cue-induced and 
yohimbine-induced alcohol-seeking after chron-
ic corticosterone exposure in adolescence [17]. 
Conversely, males had more severe physical 
signs of withdrawal, such as greater seizure 
susceptibility, hangover-like, and anxiety-like 
responses during acute removal from a liquid 
diet or intraperitoneal administration of ethanol 
[18, 19]. However, in some strains (e.g., P rats), 
the males drink more than the females [20]. 
Thus, significant gaps remain in our under-
standing of the role of sex on the effects of 
ethanol and its withdrawal/negative conse-
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quences (e.g., anxiety, depression, and pain), 
particularly in animals withdrawn from the 
chronic intermittent-access, voluntary ethanol-
drinking procedure, which mimics some as- 
pects of the drinking pattern in human alcohol-
ics [21]. 

Fos protein, an anatomical marker of neuronal 
activity [22, 23], has been used to identify brain 
regions that respond to experimental challeng-
es [24-27]. By measuring Fos protein during 
acute ethanol withdrawal [28-30], several stud-
ies have revealed increased neuronal activity in 
multiple brain regions, most prominently in 
forebrain areas including many cortical regions, 
septum, accumbens, amygdala, paraventricu-
lar nucleus of the thalamus and hypothala- 
mus, hippocampus, locus coeruleus, and later-
al habenula (LHb). Emotional disturbances 
(anxiety, depression, and pain) can also stimu-
late specific brain regions such as the cerebral 
cortex (medial prefrontal cortex, ventrolateral 
orbital cortex, piriform cortex, and cingulate 
cortex), nucleus accumbens (NAc), amygdala, 
paraventricular hypothalamic nucleus (PV), and 
LHb [29, 31-39]. Overlapping patterns of Fos-
induction in specific regions of the brain, acti-
vated by both ethanol withdrawal as well as the 
emotional-disturbance challenge, suggest that 
specific neuroanatomical sites in the brain are 
associated with the aversive effects observed 
during alcohol abstinence [40]. However, most 
such studies were conducted in male animals 
during acute ethanol withdrawal; hence, sex 
differences after acute and prolonged absti-
nence remain mostly unexplored. 

To assess the role of sex in the withdrawal-
related negative emotional behaviors and ch- 
anges of neuronal activity in the brain, we 
examined the depressive- and anxiety-like be- 
haviors, perceptive sensitivity, and Fos-expre- 
ssion in relevant brain regions in male and 
female Sprague-Dawley rats after acute (24 h) 
and prolonged (28 days) withdrawal from chron-
ic, intermittent, voluntary alcohol drinking. We 
found significant differences between males 
and females in the related behaviors and brain 
regions in response to acute as well as pro-
longed withdrawal. 

Materials and methods

Animals

The Animal Care and Utilization Committee of 
Rutgers, the State University of New Jersey, by 

National Institutes of Health guidelines, app- 
roved all procedures, minimizing the number of 
animals used and their suffering. All methods 
were performed following the relevant guide-
lines and regulations of NIH. Adult (2 months 
old) male and female Sprague-Dawley rats 
(Taconic Farms, NY) were housed individually in 
a climate-controlled room, following a 12 h 
light/dark schedule (lights off at 11:00 am), 
and given at least 1 week to acclimatize to the 
housing conditions and the handling prior to 
the actual experiments. Food and water were 
available ad libitum. 

Intermittent access to 20% ethanol in two-bot-
tle free choice (IA2BC) drinking procedure

In the alcohol-drinking group, rats were first 
trained to drink ethanol for 12 weeks in the 
IA2BC schedule [30, 41-43]. Rats were given 
access to ethanol during three 24-hour ses-
sions per week. On Monday, each rat was given 
access to one bottle of 20% (v/v) ethanol and 
one bottle of water. After 24 h, the ethanol bot-
tle was replaced with a second water bottle 
that was available for the next 24 h. This pat-
tern was repeated on Wednesdays and Fridays. 
The rats had unlimited access to two bottles of 
water over the weekend. The weight of each rat 
was measured on the Monday of each week to 
calculate the grams of ethanol intake per kilo-
gram of body weight. Ethanol solutions were 
prepared in tap water from 95% (v/v) ethanol 
(Pharmco, Brookfield, CT, USA). They were divid-
ed into two subgroups for behavioral tests: sub-
group 1, at 24 hours of abstinence, n = 22/sex; 
subgroup 2, n = 14/sex, at 28 days of absti-
nence. After behavioral tests, eight rats/sex in 
subgroup 2 resumed alcohol drinking in the 
same IA2BC paradigm for other 2-weeks. 

In the ethanol-naïve group (n = 14/sex, 8 for 
behavioral tests, 6 for immunohistology study), 
rats were age and sex-matched with the alco-
hol-drinking group; and had access to two bot-
tles of water for 15 weeks. Behavioral tests and 
Fos study were conducted on week 16. 

Blood ethanol concentration (BEC) measure-
ments

After drinking ethanol for 12 weeks, blood sam-
ples (approx. 0.2 ml) of both sexes (n = 8/sex) 
were collected from the lateral tail vein follow-
ing 2 hours’ access to 20% ethanol. The sam-
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ples were centrifuged at room temperature 
(approximately 21-22°C) for 15 minutes at 
8000 rpm, and 10 µl plasma from each blood 
sample was analyzed using the NAD-ADH en- 
zyme spectrophotometric method [44]. 

Forced swim test (FST) 

To measure general depressive-like behavior, 
we adopted a commonly used modified FST 
[42, 45, 46], with a transparent plastic tube 
(diameter = 24.5 cm, height = 51 cm) filled to 
30 cm with water at 23-25°C. The pre-test was 
performed 24 h after ethanol withdrawal when 
the rat was placed individually into the FST 
apparatus for 15 minutes. The test was per-
formed 24 h after the pre-test (i.e., at 48 h after 
ethanol withdrawal) when the rat was placed 
individually into the FST apparatus for 5 min-
utes, and its behaviors were recorded with 
video recorders. Immobility was defined as the 
rat floating in the water without struggling and 
only making movements necessary to keep its 
head above water. 

Sucrose preference test (SPT)

The SPT was performed on a cohort of rats that 
had been drinking ethanol for 12 weeks in the 
IA2BC paradigm. Then these rats were habitu-
ated to two bottles of 1% sucrose of solution for 
24 h before the 20 h fast and water depriva-
tion. Following this, they were given one bottle 
of 1% sucrose solution and one bottle of water 
for 3 h. The preference ratio of 1% sucrose was 
calculated by the following formula: Preference 
ratio (%) = 1% sucrose solution intake (ml/3 h)/
total fluid intake (ml/3 h sucrose solution + 
ml/3 h water).

Elevated plus maze test (EPM)

Anxiety levels were evaluated with EPM [39, 
47]. The maze consisted of four arms (two open 
without walls and two enclosed by 30 cm high 
walls) perpendicular to a central platform 50 
cm above the floor, placed in an isolated, silent 
and dimly lit room (illumination of 100-140 lux). 
The time spent in the open arms, the number of 
entries into open arms and the total distance 
traveled were recorded using Smart 3.0 (Pan 
lab Harvard Apparatus, Barcelona, Spain).

Open field test (OFT)  

The OFT apparatus consisted of chambers 
(TruScan Photobeam Activity Monitors, 16 × 16 

× 16 inches, Coulbourn Instruments, White-
hall, PA) where each rat was gently placed in 
the center of the open field and allowed to 
explore for 60 minutes as its movements were 
recorded. The animal activities such as time 
spent in the center (14.4 × 14.4 cm), distance 
traveled, resting time, and vertical movement 
was tracked automatically by TruScan 2.0 
software.

Marbles burying test (MBT)

Twenty 1.5 cm glass marbles were evenly sp- 
aced in five rows of four, on a 4-5 cm layer of 
corncob bedding material in a standard rat 
cage. After placing the rat in the test cage, the 
number of marbles buried in the bedding (to 
2/3 their depth) after 30 min was counted [36, 
47].

Pain threshold test (PTT)    

An up-down testing paradigm was used to mea-
sure PTT in response to mechanical stimuli as 
described [48]. An up-down testing paradigm 
was used to measure paw withdrawal thresh-
olds (PWT) in response to mechanical stimuli 
as described 1. Rats were placed in a Plexiglas 
chamber on an elevated mesh screen to accli-
mate the environment for 30 minutes. Then, a 
series of von Frey hairs (0.4, 0.6, 1, 1.4, 2, 4, 6, 
8, 10, 15, and 26 g) were applied perpendicu-
larly to the plantar surface of the hind paw for 3 
s. In the current study, the 1-g von Frey hair was 
applied first. When rats suddenly withdrew the 
stimulated hind paw, it was considered as a 
positive response. Then the next smaller hair 
was applied; in the absence of a positive 
response, the next larger hair was applied. The 
test stopped when (1) 3 stimuli were applied 
after the first positive response, or (2) a nega-
tive response was obtained with the 26-g hair. 
According to the formula used in the previous 
studies, the paw withdrawal threshold was cal-
culated by converting the pattern of positive 
and negative responses to the von Frey fila-
ment stimulation to a 50% threshold value. 

Paw withdrawal latencies (PWL) to thermal 
stimuli were measured with an Analgesia Meter 
(Model 336, IITC Life Science Instruments, 
Woodland Hills, CA, USA). Briefly, each rat was 
placed in a Plexiglas chamber on a glass plate 
located above a light box. After 15-minute accli-
mation to the environment, these rats were 
subjected to radiant heat, which was applied by 
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aiming a light beam to the middle of the plantar 
surface of the hind paw. When the rat lifted its 
paw in response to the heat, the light beam 
was turned off. The PWL, measured in the unit 
of seconds, was defined as the length of time 
between the start of the light beam and the 
foot-lift. Each measure was repeated five times, 
allowing 5 minutes between successive tests 
to avoid sensitization to the stimulus. A cutoff 
time of 20 seconds was used to prevent paw 
tissue damage. The mean PWL of each rat was 
calculated by averaging the value of five tests.

Estrous cycle phase identification  

To assess the influence of estrous cycle on eth-
anol intake, vaginal smears were collected to 
determine estrous cycle phases as described 
[49]. A cotton swab was moistened with sterile 
water and gently inserted approximately 4 mm 
into the vagina and slowly rotated clockwise to 
collect cell samples. The cells were transferred 
to slides, stained, and viewed under a light 
microscope. Four phases were used for catego-
rization: 1. proestrus: almost exclusively clus-
ters of round, well-formed, nucleated epithelial 
cells. 2. estrus: predominantly cornified squa-
mous epithelial cells, present in densely packed 
clusters; 3. metestrus: predominantly small 
darkly-stained leukocytes; 4. diestrus: predom-
inant leukocytes with rare cornified squamous 
epithelial cells which may still be present. 

Immunohistochemistry 

Naïve control rats (n = 6/sex) andalcohol-drink-
ing rats from the 12-week IA2BC program were 
sacrificed for Fos immunostaining study at 24 
hours withdrawal (acute, n = 6/sex) and at 28 
days (prolonged, n = 6/sex) withdrawal. Rats 
were anesthetizeddeeply with sodium pento-
barbital (50 mg/kg, i.p.), then transcardially 
perfused with saline followed by 4% parafor-
maldehyde (PFA). After post-fixation (overnight, 
at 4°C) in 4% PFA, cryoprotected tissue was 
sliced (at 30-μm) using a microtome (Microm 
HM550, Walldorf, German). Primary antibodies 
against c-Fos rabbit pAb (ABE457, 1:1,600, 
EMD Chemicals Inc. San Diego, CA) and bioti-
nylated anti-rabbit antibody (1:200, Vector 
Laboratories, Burlingame, CA) were used. Two-
dimensional counts of immunopositive cells 
from each image (0.1 mm2 area) in each area 
were quantified using an image-analysis sys-
tem comprising Nikon DS-Ri1 digital camera, 

Nikon Eclipse 80i microscope, and a computer 
with a NIS-Elements BR 3.0 software (Nikon, 
Melville, NY). An observer blinded to the treat-
ment of the animals counted the number of 
positive nuclei in each slide.

Data analysis 

Statistical analysis was performed using Sigma 
Plot (Systat Software Inc., San Jose, CA). 
Consumption data and BEC were subjected to 
Student’s t-test. The consumption data during 
different estrous cycle phases were subjected 
to one-way analysis of variance (ANOVA). 
Behavioral and Fos data were statistically ana-
lyzed using two-way ANOVA with sex as a 
between-subjects factor and withdrawal as a 
within-subjects factor. The significant main 
effect was further analyzed using the Tukey 
post hoc test when appropriate. Statistical sig-
nificance was declared at P<0.05.

Results

Sex differences in ethanol consumption of 
Sprague-Dawley rats in the IA2BC paradigm

Alcohol drinking groups have access to 20% 
ethanol for 12 weeks (36 sessions). Average 
ethanol intake over 36 sessions (Figure 1A) 
indicated that female rats consumed signifi-
cantly more alcohol than their male counter-
parts (t = 9.39, P<0.0001), in keeping with a 
recent report [13]. Interestingly, females also 
drank significantly more water (in ml/kg) (Table 
1). Therefore, there was no apparent sex differ-
ence in alcohol preference (Table 1). 

Blood ethanol concentrations (BECs) measured 
immediately after 2 hours’ access to ethanol 
were significantly higher in the females than in 
the males (Figure 1B, t=3.66, P=0.002). Aver- 
age BEC in the females was 39.3±11.3 (from 
8.5 to 80.00) mg/dl, with 71.4% (5/7) being 
above 20 mg/dl. Average BEC in the males was 
13.1±2.5 (from 3.8 to 22.3) mg/dl, with only 
25% (2/8) being above 20 mg/dl. 

To determine how prolonged abstinence affects 
ethanol consumption, a 28-day deprivation pe- 
riod was introduced after a 12-week (36 ses-
sions) drinking in the IA2BC paradigm. Following 
the abstinence period, rats resumed drinking in 
the same IA2BC schedule; during this period, 
we observed a significant effect of sex (F1, 

26=21.04, P<0.001) and abstinence (F2, 26= 
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6.46, P=0.005) on ethanol consumption. The 
females, not the males, consumed significantly 
more alcohol than they did before abstinence 
(Figure 1C). 

To determine whether hormonal fluctuations 
impacted alcohol consumption, we collected 
vaginal smears to monitor the estrous cycle for 
two weeks; their corresponding ethanol intake 
was also measured. The data of ethanol intake 
for each phase of the cycle were pooled. No sig-
nificant difference was seen in ethanol con-

sumption between various stages of the es- 
trous cycle at both the two h and 24 h time 
points following access to ethanol (Figure 1D, 
1E). However, the females in all stages of the 
estrous cycle consumed significantly more eth-
anol than the males (Figure 1D, 1E).

Sex-differences in negative affective behaviors 
after abstinence 

Anxiety-like behaviors: Anxiety-like behavior 
was assessed after acute (24 h) and prolonged 
(28 days) abstinence, employing the elevated 
plus-maze test (EPM), open field test (OFT) and 
marbles buried test (MBT).

EPM  

The alcohol-drinking females (AF) spent signifi-
cantly shorter time and showed fewer entries  
in the open arms compared to water-drinking 

Figure 1. Ethanol intake of the male and female Sprague-Dawley rats in the IA2BC procedure. (A) The female rats 
drank significantly more ethanol than the male rats. (n = 12/sex, *P<0.05, unpaired t-test. male vs. female). (B) 
Blood alcohol levels in the female rats were significantly higher than that in the male rats measured at two h after 
starting the ethanol drinking session. (n = 8/sex, *P<0.05, unpaired t-test, male vs. female.). (C) Ethanol intake 
before and after abstinence when drinking resumed after the 28-day of abstinence, the female rats, but not the 
males, drank significantly more ethanol than before withdrawal. (n = 8/sex, two-way ANOVA, #P<0.05 vs. before 
withdrawal). Different menstrual cycles in female rats did not affect the results at 2 h (D) and 24 h (E) time points 
after starting ethanol drinking. The females in all menstrual cycles drank more than the males did. (n = 16 rats/ 
estrus phase, n = 10 rats/metestrus, diestrus and proestrus phase; n = 36 rats/male. *P<0.05 vs. males, one-way 
ANOVA). 

Table 1. Water intake (ml/kg) and percent 
preference for ethanol
Gender Water intake (ml/kg) Preference (%)
Male 63.4 ± 1.7 32.6 ± 1.4
Female 87.8 ± 2.1* 33.9 ± 1.1
Note: *P<0.05 vs. males. n = 12 rats/sex, unpaired t 
test, male vs. female.
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female (WF) controls after acute and prolonged 
abstinence (Figure 2A and 2B, all P<0.05). No 
difference was found in the time spent in open-
arms between alcohol-drinking males (AM), 
and water-drinking male (WM) controls after 
acute and prolonged abstinence. There was no 
difference in entries in open arms between AM 
and WM controls after acute or prolonged absti-
nence (Figure 2A and 2B, all P>0.05). 

OFT  

The AF spent a significantly shorter time in the 
central area of the open field chamber than WF 
controls after acute abstinence (Figure 2C, 
P<0.05). This difference was not observed 
after prolonged abstinence (Figure 2C). Also, 
no difference was found between AM and WM 
controls in the time spent in the central area of 
the open field chamber after acute and pro-
longed abstinence. Both male and female rats 
showed no difference in total distance traveled 
between alcohol and water controls after acute 
and prolonged abstinence in EPM or OFT (data 
not shown).

AF and the AM had a longer immobile duration 
at acute and prolonged abstinence compared 
to their sex-matched water controls (Figure 3A, 
all P<0.05). Interestingly, the immobile time of 
both the WF and the AF was significantly longer 
than that of age-matched WM and AM (Figure 
3A). 

The measure of the latency to the first immobil-
ity has been shown to increase the sensitivity 
and improve the predictive validity of the FST 
[53]. In this study, only the AM, but not the AF, 
displayed a shorter latency to the first immobil-
ity after both acute and prolonged abstinence 
compared to their water controls (Figure 3B, all 
P<0.01). The latency to the first immobility in 
the WF was shorter than age-matched WM. 
This difference was not observed either after-
acute and prolonged abstinence (Figure 3B). 

Sucrose preference test (SPT) results showed 
that compared to their sex-matched Naive con-
trols, sucrose preference was reduced in both 
the AF and the AM in acute abstinence (Figure 
3C, all P<0.05), implying a depressive state. 

Figure 2. Sex differences in anxiety levels of rats during the 24-h and 28-
days of abstinence. A. Percent of time in open arm in the elevated plus maze 
(EPM). After 24 h and 28 days of abstinence, the female rats spent a sig-
nificantly shorter time in the open arms than the naïve control. B. Entries in 
open arm in EPM. After 24-h and 28-days of abstinence, females, but not 
males, entered fewer times into the open arms. C. Central time spent in the 
open field test (OFT). After 24 h of abstinence, the females spent a shorter 
time in the central area in OFT. D. Marbles buried in the marble-burying test 
(MBT). Females, but not the males, buried more marbles after 24-h and 
28-days of abstinence. *P<0.05, **P<0.01 vs. sex-matched water control, 
#P<0.05, ###P<0.001 vs. males. n = 8-10 rats/sex, two-way ANOVA. 

MBT 

Marbles burying test (MBT) is 
based on the natural reper-
toire of rodent behavior where-
by rats or mice will bury either 
harmful or harmless objects 
(such as glass marbles) in 
their bedding [50]. This test is 
proven to be a useful behav-
ioral assay of anxiety or ob- 
sessive-compulsive disorder 
(OCD) behavior [51, 52]. The 
AF buried more marbles than 
the WF controls after acute 
and prolonged abstinence 
(Figure 2D, all P<0.05). Si- 
milarly, AF always buried more 
marbles than age-matched 
AM during acute or prolonged 
abstinence (Figure 2D, all 
P<0.05). However, no differ-
ence was found in the number 
of marbles buried by AM and 
WM controls after acute and 
prolonged abstinence. 

Depressive-like behavior 

Depressive-like behavior was 
assessed using the forced 
swimming test (FST). Both the 
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Mechanical allodynia and thermal hyperalge-
sia  

Both AM and AF showed a lower threshold to 
mechanical stimulation on their paws than that 
of their sex-matched controls at acute absti-
nence (Figure 4A, all P<0.05). After the pro-
longed abstinence, the AM, but not the AF, still 
displayed a lower paw-withdrawal threshold 
than that of their sex-matched controls (Figure 
4A, P<0.05).

Both the AM and the AF showed a shorter laten-
cy to thermal stimuli than that of their sex-
matched controls after acute abstinence (Fi- 
gure 4B, all P<0.05). However, there was no dif-
ference between naïve and alcohol drinking in 

haviors and emotional dysregulation during 
ethanol withdrawal [40, 55-57], namely: the 
prefrontal cortex, anterior cingulate cortex, nu- 
cleus accumbens, amygdala, and lateral ha- 
benula. 

Prefrontal cortex (PFC) 

After both acute and prolonged abstinence, the 
AF, but not the AM, showed significant changes 
in Fos expression in the PFC, including infralim-
bic cortex, prelimbic cortex, orbitofrontal cortex 
(Table 2).  

Infralimbic cortex (IL) 

AF displayed a significant increase in Fos-
positive (Fos+) cells in the IL after acute absti-

Figure 3. Depressive-like behaviors of rats during 24-h and 28-days of ethanol-withdrawal (WD). A. Both males and 
females showed longer immobility duration in forced swimming test (FST) after 24-h and 28-days of abstinence. B. 
Males, but not females, show shorter latency to the first immobility after 24-h and 28-days of abstinence in FST. C. 
The sucrose preference was lower in both male and female rats withdrawn from chronic ethanol than ethanol-naïve 
rats. The Sucrose Preference Test (SPT) was conducted during 24-h ethanol withdrawal. *P<0.05, **P<0.01 vs. 
sex-matched water controls; #P<0.05 vs. males. n = 8-10 rats/sex, two-way ANOVA.

Figure 4. Changes in thermal and mechanical nociceptive thresholds in rats 
during 24-h and 28-days of ethanol withdrawal (WD). (A) Paw withdrawal la-
tency response to mechanical stimuli. (B) Paw withdrawal latency response 
to thermal stimuli. Rats of both sexes show a decreased threshold to me-
chanical and thermal stimuli on their paws than that of their sex-matched 
controls after 24-h of abstinence (A, B). After 28-days of abstinence, the 
males, but not the females, displayed a lower paw withdrawal threshold 
to mechanical stimuli than that of their sex-matched controls. *P<0.05, 
**P<0.01 compared with sex-matched water controls. n = 8-10 rats/sex, 
two-way ANOVA.

both sexes after prolonged 
abstinence (Figure 4B).

Sex differences in changes 
in neuronal activities of the 
brain after acute (24 h) and 
prolonged (28 days) absti-
nence  

Having discovered the sex dif-
ference in behaviors after ac- 
ute as well as prolonged absti-
nence, we then investigated 
its neuronal basis using immu-
noreactivity with Fos protein, 
an anatomical marker of neu-
ronal activity in the brain [54]. 
We analyzed Fos in multiple 
brain regions that play critical 
roles in conditioned drug be- 
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nence (P<0.01), and a dramatic decrease after 
prolonged abstinence, compared with sex-ma- 
tched ethanol-naïve rats (Table 2). However, 
there was no significant change in Fos expres-
sion in IL of the AM after acute or prolonged 
abstinence. 

Prelimbic cortex (PrL) 

Like the IL, the AF displayed a significant in- 
crease in Fos+ cells in the PrL after acute absti-
nence (P<0.01) and a dramatic decrease after 
prolonged abstinence, compared to sex-ma- 
tched ethanol-naïve rats (Table 2). There was 
no change in Fos+ cells in the AM after acute 
and protracted abstinence (Table 2). 

Orbitofrontal cortex (OFC)

The amount of Fos+ cells in AF dramatically 
increased after the acute abstinence (P<0.01) 
and then significantly decreased after the pro-
longed abstinence (P<0.01), compared to WF 
rats in the OFC (Table 2). However, there was no 
significant change in Fos expression in OFC of 
the AM following acute and prolonged absti-
nence (Table 2).

Anterior cingulate cortex (ACC) 

Fos+ cells in the ACC increased considerably-
after acute abstinence (all P<0.01) and dramat-
ically decreased after the prolonged abstinence 
(all P<0.05) in both sexes compared to sex-
matched ethanol-naïve rats (Table 2).

Nucleus accumbens (NAc)  

NAc core: AF displayed a remarkable increase 
of Fos+ cells in the NAc core after acute absti-

nence (P<0.001) and a significant decrease 
after the prolonged abstinence (P=0.01) com-
pared with sex-matched controls (Table 2). 
Though the number of Fos+ cells in the AM did 
not differ from that in the sex-matched controls 
after acute abstinence, it significantly de- 
creased after the prolonged abstinence com-
pared to sex-matched controls (Table 2, 
P=0.001).  

NAc shell: Both the AF and the AM displayed a 
significant increase in Fos+ cells in the NAc 
shell after the 24 h withdrawal compared to 
their sex-matched controls (Table 1, P<0.05). 
After 28 days’ withdrawal, the number of Fos+ 
cells decreased significantly in the AF, while the 
levels of Fos+ cells in the WM controls were like 
those in AM (Table 2).

Amygdala  

Central nucleus of the amygdala (CEA): Both 
the AF and the AM (P<0.01) displayed a signifi-
cant increase of Fos+ cells in the CEA after-
acute abstinence, compared to their sex-
matched controls (Table 2, P<0.01). After pro-
longed abstinence, the number of Fos+ cells in 
both sexes returned to the level of their sex-
matched controls (Table 2).

The basolateral nucleus of the amygdala (BLA): 
Both the AF and AM (P<0.01) displayed a re- 
markable increase of Fos+ cells in the BLA 
after acute abstinence, compared to their sex-
matched controls (Table 2, P<0.01). After pro-
longed abstinence, the number of Fos+ cells 
significantly decreased in the AF, while the 

Table 2. Fos expression in multiple brain regions of male and female rats after acute withdrawal (24 h) 
and long-term withdrawal (28 days)

Regions
Female P value P value Male P value P value

Naïve WD 24 h WD 28 d N. vs. 
24 h

N. vs. 
28 d Naïve WD 24 h WD 28 d N. vs. 

24 h
N. vs. 
28 d

IL 230.1 ± 19.7 419.7 ± 26.2 103.1 ± 12.2 <0.01 <0.01 248.2 ± 26.8 254.2 ± 17.9 235.0 ± 41.5 n.s. n.s.

PrL 268.3 ± 22.3 472.8 ± 22.5 154.4 ± 4.01 <0.01 <0.05 364.7 ± 31.1 341.8 ± 20.4 304.7 ± 41.6 n.s. n.s.

OFC 409.1 ± 46.5  703.9 ± 41.6 114.1 ± 25.2 <0.01 <0.01 463.5 ± 45.2 339.0 ± 52.0 404.3 ± 60.7 n.s. n.s.

ACC 214.9 ± 9.9  413.7 ± 31.2 85 ± 15.4 <0.01 <0.01 187.9 ± 10.0 253.9 ± 19.3 135.5 ± 14.5 <0.01 <0.01

Nac core 150.0 ± 14.8 226.0 ± 26.4 92.1 ± 15.7 <0.01 <0.01 82.8 ± 4.7 89 .2 ± 8.2 55.4 ± 3.4 n.s. <0.01

Nac shell 128.4 ± 10.6 297.8 ± 21.5 70.0 ± 13.8 <0.01 <0.01 70.4 ± 4.2 119.6 ± 17.8 49.8 ± 6.1 <0.05 n.s.

CEA 29.0 ± 2.7 56.4 ± 13.0 24.0 ± 2.6 <0.01 n.s. 11.7 ± 1.8 20.3 ± 8.8 16 .4 ± 1.8 <0.01 n.s.

BLA 60.8 ± 5.4 121.4 ± 11.9 27.5 ± 3.0 <0.01 <0.01 19.1 ± 2.9 33.2 ± 4.2 21.0 ± 1.8 <0.01 n.s.

LHb 16.0 ± 1.5 25.0 ± 1.6 16.5 ± 1.7 <0.01 n.s. 15.4 ± 1.5 28.9 ± 1.7 8.4 ± 0.6 <0.01 <0.01
Note: n = 6 rats/sex, two-way ANOVA. Abbreviation: IL, infralimbic cortex; PrL, prelimbic cortex; OFC, orbital cortex; ACC, anterior cingulate cortex; Nac, Nucleus accumbens; 
CEA, central nucleus of the amygdala; BLA, basolateral nucleus of the amygdala; LHb, lateral habenula.
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number of Fos+ cells in the AM returned to the 
levels of WM (Table 2). 

Lateral habenula (LHb)

Both AM and AF displayed a significant (all 
P<0.01) increase of Fos+ cells in the LHb after 
acute abstinence, compared to their sex-
matched controls (Table 2). In AF, this level 
eventually returned to the baseline level of the 
sex-matched controls; whereas, in the AM the 
number of Fos+ cells in the LHb remained sig-
nificantly decreased after prolonged absti-
nence (Table 2).

Discussion 

The female SD rats drank more alcohol and had 
higher BECs than the males, and this was not 
affected by the phases of the estrous cycle. 
Rats of both sexes displayed depressive-like 
behavior after the 24-h (acute), and 28-days 
(prolonged) abstinence; they also exhibited 
thermal hyperalgesia and mechanical allodynia 
after acute abstinence. The males displayed 
only mechanical allodynia after protracted 
abstinence. Notably, only the females showed 
higher levels of anxiety after both acute and 
prolonged abstinence, and a strong alcohol 
deprivation effect, as indicated by the signifi-
cantly elevated alcohol consumption upon 
resuming drinking after the prolonged absti-
nence. Moreover, after acute abstinence, Fos+ 
nuclei increased widely in the cerebral cortex 
(IL, PrL, OFC, ACC), NAc, amygdala, and LHb in 
the females but was limited to the ACC, amyg-
dala, and LHb in the males. After prolonged 
abstinence, the number of Fos+ cells was sub-
stantially decreased in the cerebral cortex and 
NAc of the females and the ACC, LHb, and NAc 
in the males. 

Despite compelling evidence showing female 
rats drink more alcohol than the males of many 
strains, few studies concerning sex differences 
have been done on SD rats. This may be be- 
cause SD rats consume low to moderate levels 
of ethanol [58-60] and have a lower ethanol 
preference than P rats [61, 62]. The IA2BC 
schedule has been considered as a useful 
model mimicking some drinking patterns in 
alcoholics. Several studies have found that 
some SD rats in the IA2BC paradigm drank 
excessive amounts of ethanol [48, 63, 64] and 
showed signs of physical dependence and 

hyperalgesia during abstinence [48, 64]. In 
keeping with a previous report [13], we ob- 
served that female SD rats drank more than 
their male counterparts in the IA2BC paradigm. 
Estrous cycle stage may not be a significant 
player in the difference since the female rats 
consumed a similar amount of alcohol in differ-
ent estrous cycle stages. 

In addition to alcohol consumption, we noted a 
significant sex difference in withdrawal-related 
behaviors. Previous rodent studies, including 
our own, have shown depressive- and anxiety-
like behaviors in rodents after acute [42, 47, 
65, 66] and prolonged abstinence [65]; howev-
er, most of these studies were done on males. 
In the current study, although depressive-like 
behavior was found in rats of both sexes, immo-
bility time was much longer in the females, in 
keeping with a previous report [67]. A previous 
study has demonstrated that the measure of 
the latency to the first immobility improves the 
predictive validity of the Forced Swim Test [53]. 
However, the AM, but not the AF had a shorter 
latency to the first immobility after both acute 
and prolonged abstinence compared to Naive 
controls. This result suggests that males have 
a higher propensity to develop depressive-like 
behavior than females during abstinence from 
chronic alcohol. Another possibility is those 
naive females are more likely to develop de- 
pressive-like behavior than naïve males, as 
indicated by the naive females who had a much 
shorter latency to the first immobility (males: 
110.6 ± 19.42 s; females: 31.6 ± 5.2 s). This 
short latency makes it difficult to detect the dif-
ference between naïve female control and AF.

Moreover, we found the females had higher lev-
els of anxiety (less time and number of entries 
in open arm in Elevated Plus Test) after both 
acute and prolonged abstinence, in general 
agreement with a previous clinical study [68]. 
We also noted that male controls spend a very 
short time (around 5%) in the open arms. Thus, 
we cannot exclude a possible floor effect, which 
makes it difficult to detect the difference 
between the naïve male control and the AM. 
However, the females but not males, buried 
more marbles in Marble Burying Test (MBT), 
indicating high anxiety levels after both acute 
and prolonged abstinence. MBT has been used 
successfully to characterize anxiety or obses-
sive-compulsive behavior [52]. Since withdraw-



Sex differences in ethanol withdrawal 

172 Int J Physiol Pathophysiol Pharmacol 2019;11(4):163-176

al symptoms have been linked to a vulnerability 
for relapse in drinking [1, 3] and were stronger 
in the females, it is not surprising that the 
females consumed more alcohol than the 
males in our and other investigators’ studies 
[13].

Increased sensitivity to painful stimuli has been 
detected in rats consuming ethanol and during 
acute abstinence [48, 69]. We observed 
increased sensitivity to both thermal and 
mechanical stimuli in SD rats of both sexes 
after acute abstinence. A previous rat study 
showed a further increase in mechanical allo-
dynia after 5-week abstinence [70]. Consistent 
with this, we observed increased sensitivity to 
mechanical stimuli in the males after 28-days 
abstinence. These observations are consistent 
with clinical studies showing persistent or even 
worsened peripheral neuropathy in alcohol 
withdrawal patients [71, 72]. We, however, did 
not detect significant changes in perceptive 
sensitivity to either mechanical or thermal stim-
uli in the females after 28-day abstinence, 
although these rats showed higher levels of 
anxiety and depression.

The mechanisms underlying sex difference in 
ethanol withdrawal syndrome are poorly under-
stood [73]. Analyses of immediate early genes, 
such as c-Fos, suggest it involves certain brain 
regions [74, 75]. Previous studies have shown 
increased Fos protein expression during acute 
ethanol withdrawal in multiple areas, including 
cerebral cortex (medial prefrontal cortex (mP- 
FC), ventrolateral orbital cortex, piriform cortex, 
and cingulate cortex), nucleus accumbens, 
amygdala, paraventricular hypothalamic nucle-
us (PV) and the LHb [28-30]. In keeping with 
these studies, we observed a widespread and 
robust Fos-induction during acute abstinence 
in mPFC (including IL, PrL), OFC, ACC, NAc core 
and shell, CEA, BLA, and LHb in the AF; but only 
in the CEA, BLA, and LHb in the AM. A previous 
mouse study, using the transcription factor 
Egr1 as an index of cellular activity, had found 
that protracted withdrawal symptoms (anxiety 
and depression) are associated with increased 
activity in the CEA and bed nucleus of the stria 
terminalis [65]. In contrast, in the current rat 
study, we detected a dramatic reduction of 
Fos+ nuclei in most tested brain regions [such 
as IL, PrL, OFC, ACC, NAc (core and shell), and 
BLA] of the AF after prolonged abstinence. 

Additionally, we found high levels of Fos-
induction during acute abstinence, but a signifi-
cant decrease in Fos+ nuclei in the ACC, NAc 
core and LHb of the AM. Thus, changes in Fos 
expression depend on brain regions, sex, and 
the duration of abstinence. 

It is unclear why Fos protein was suppressed 
after prolonged abstinence. However, Fos 
desensitization may be one of the mechanisms 
[28]. Fos protein, a putative transcriptional fac-
tor which forms the activator protein-1 (AP-1) 
complex with c-jun, binds DNA at AP-1 specific 
sites at the promoter and enhancer regions of 
target genes and converts extracellular signals 
into corresponding gene expression [76]. In 
response to chronic ethanol use and long-term 
abstinence, Fos desensitization occurs, indi-
cating cellular adaptation or neuronal plasticity 
at the level of gene regulation; however, the 
proteins whose expression is regulated by Fos 
in the nervous system remain unknown. They 
may be linked to a dysfunctional hypothalamic-
pituitary-adrenal (HPA) axis activity, which has 
been associated with an enhanced negative 
emotional state and susceptibility to relapse 
[77-79]. The vulnerability of the HPA axis to 
excess alcohol and abstinence also differs 
between sexes [80, 81]. After withdrawal from 
chronic alcohol consumption, the females had 
a lower circulating level of corticosterone and 
dampened CRH (corticotropin-releasing hor-
mone) and vasopressin expression in the medi-
al parvocellular division of the PVN (PVNmp) 
neurons without a change in the serum estro-
gen. Conversely, the males had normal circulat-
ing levels of corticosterone and decreased CRH 
and vasopressin expression in PVNmp neurons 
with lower testosterone levels. These data indi-
cate the adaptation of the whole CNS (including 
the HPA axis) to alcohol exposure and with-
drawal [82]. The blunted stress-induced corti-
sol response has been associated with higher 
anxiety levels in individuals with alcohol use 
disorders [83]. Therefore, it is not surprising 
that the females showed more pronounced 
anxiety- and depressive-like behaviors and 
alcohol deprivation effects than the males and 
exhibited Fos-depression in more brain regions 
than in the males after long-term abstinence.  

The current study also showed that Fos could 
be used as a marker to map the specific brain 
regions where adaptation has occurred, chang-
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ing the “set point” for drug reward and instigat-
ing further drug use [84]. Also, considering the 
differential intensity of Fos activation and 
reduction in various brain regions in both sexes, 
as shown in the current study, the induced gene 
regulation appears to vary between different 
brain regions. In other words, the molecular fin-
gerprinting of each brain region after chronic 
ethanol exposure and withdrawal seems to be 
different.

In summary, the current study describes that 
acute and prolonged withdrawal from chronic 
ethanol consumption (under the IA2BC para-
digm) produced negative effects in a sex-
dependent manner: female SD rats exhibited 
depression-like behavior, apparent anxiety, and 
a stronger susceptibility to relapse. The male 
SD rats showed depressive-like behavior and 
allodynia. Furthermore, following acute and 
prolonged abstinence, the immediate early ge- 
ne c-fos expression in specific brain regions 
also indicates sex differences. The brain 
regions which were activated have particular-
roles in mediating aspects of ethanol-driven 
behavior related to reward, dependence, emo-
tion, and withdrawal. This information may elu-
cidate the mechanisms underlying the sex dif-
ferences in tolerance, physical and psychologi-
cal dependence on and withdrawal from chron-
ic alcohol consumption. 
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