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Abstract

Compared to men, women disproportionally experience alcohol-related organ damage, including 

brain damage, and while men remain more likely to drink and to drink heavily, there is cause for 

concern because women are beginning to narrow the gender gap in alcohol use disorders (AUD). 

The hippocampus is a brain region that is particularly vulnerable to alcohol damage, due to cell 

loss and decreased neurogenesis. In the present study, we examined sex-differences in 

hippocampal damage following binge alcohol. Consistent with our prior findings, we found a 

significant binge-induced decrement in dentate gyrus (DG) granule neurons in the female DG. 

However, in the present study, we found no significant decrement in granule neurons in the male 

DG. We show that the decrease in granule neurons in females is associated with both spatial 

navigation impairments and decreased expression of trophic support molecules. Finally, we show 

that post-binge exercise is associated with an increase in trophic support and repopulation of the 

granule neuron layer in the female hippocampus. We conclude that sex differences in alcohol-

induced hippocampal damage are due in part to a paucity of trophic support and plasticity-related 

signaling in females.
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Introduction

Although not traditionally classified as a neurodegenerative disease due to its preventable 

nature, excessive consumption of alcohol results in significant brain volume loss and 

cognitive impairment (Pfefferbaum et al., 1992, Sullivan et al., 2000, Crews and Nixon, 

2009, de la Monte and Kril, 2014). Fronto-temporal regions, including the hippocampus, are 

particularly vulnerable (Sullivan et al., 1995, Agartz et al., 1999, Beresford et al., 2006). The 

effects of alcohol on hippocampal neurogenesis (including disruption of the ability of neural 

stem cells to form colonies, proliferate, differentiate, and survive) contribute to the 

neuropathological and cognitive consequences of alcohol (Nixon and Crews, 2002, Crews 

and Braun, 2003, Tateno et al., 2005). The mechanisms of alcohol-induced cell death and 

inhibition of cell birth and survival are complex but appear to involve proinflammatory 

cytokines, oxidative stress, and the loss of trophic factors, mechanisms that overlap with 

many neurodegenerative conditions (Crews, 2008, Crews and Nixon, 2009).

Like many diseases, alcoholism affects women and men differently. Decades of data show 

that, compared to men, women disproportionately experience alcohol-related health 

problems, including damage to the heart and liver (Erol and Karpyak, 2015), as well as a 

significantly higher mortality rate (Smith and Weisner, 2000, Walter et al., 2005). Mounting 

evidence indicates that they are also more likely than men to suffer alcohol-induced brain 

damage, including larger reductions in hippocampal volume (Agartz et al., 1999, Hommer et 

al., 2001, Agartz et al., 2003, Schweinsburg et al., 2003, Mann et al., 2005, Mancinelli et al., 

2007, Sharrett-Field et al., 2013). And while men remain more likely to drink and to drink 

heavily (Dwyer-Lindgren et al., 2015, Erol and Karpyak, 2015), it is concerning that women 

are beginning to narrow the gender gap in prevalence of alcohol use disorders (AUD) 

(Holmila and Raitasalo, 2005, Wilsnack et al., 2013, Erol and Karpyak, 2015).

Rodent models replicate the pattern of brain damage seen in AUD (Collins et al., 1996, 

Obernier et al., 2002a, Obernier et al., 2002b, Crews and Nixon, 2009), and provide a means 

by which to systematically evaluate sex differences in extent of damage as well as 

underlying mechanisms. One goal of the present study was to evaluate sex differences in 

binge alcohol-induced brain damage and cognitive dysfunction using a well-established 

model (Majchrowicz, 1975, Collins et al., 1996) that reproduces the level of intoxication and 

neurodegeneration seen in human AUD (Collins et al., 1996, Corso et al., 1998, Obernier et 

al., 2002b, Crews et al., 2004, Hamelink et al., 2005). Using this model, we have previously 

shown a significant decrease in granule neurons in the hippocampal dentate gyrus (DG) of 

female rats (Leasure and Nixon, 2010, Maynard and Leasure, 2013), but whether the male 

hippocampus is similarly affected remains unknown.

Pre-clinical studies are beginning to elucidate mechanisms underlying female brain 

susceptibility to alcohol, and recent reports implicate inflammatory cytokines, aberrant 

gliosis, and glucocorticoids (Alfonso-Loeches et al., 2013, Wilhelm et al., 2015a, Wilhelm et 

al., 2015b). We have shown that the binge-induced decrease in DG granule neurons in the 

female brain persists for at least 5 weeks into abstinence, unless animals exercise (Maynard 

and Leasure, 2013). Exercise-driven restoration of the granule cell layer suggests that binge 

alcohol may damage the female brain in part by inducing a lasting decrement in trophic 
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support, as one of the best documented effects of exercise is increased availability of trophic 

molecules in the brain (Gomez-Pinilla et al., 1997, Vaynman et al., 2004b, a, Llorens-Martin 

et al., 2008). Therefore, the second goal of the present study was to evaluate sex differences 

in trophic factor expression in the hippocampus after binge alcohol. Finally, we also 

determined whether exercise-driven restoration of the female DG was associated with 

increased expression of trophic factors.

We hypothesized that females would show a more severe binge-induced decrement in DG 

granule neurons and accompanying spatial navigation impairment, compared to males. We 

also hypothesized that females would have a more marked binge-induced decline in trophic 

support, including decreases in IGF-1, BDNF, their receptors (IGFR and TrkB, respectively) 

as well as cyclic AMP response element-binding protein (CREB), a downstream target of 

BDNF that in turn regulates BDNF transcription (see (Ehrlich and Josselyn, 2016) for 

review). Finally, we hypothesized that exercise-driven restoration of the binge-depleted 

granule cell population in the DG would be associated with increased expression of trophic 

molecules, their receptors, and CREB.

Materials and Methods

Alcohol Treatment

All applicable international, national and institutional guidelines for the care and use of 

animals were followed and all experimental procedures were approved by the University of 

Houston Institutional Animal Care and Use Committee (protocol number 14-013). A total of 

173 (106 female, 67 male) Long-Evans rats (Harlan Sprague Dawley, Indianapolis, IN, 

USA), aged nine weeks were used across all experiments. Upon arrival, females weighed 

175–200g and males 275–300g. Rats were group housed by sex in clear Plexiglas cages and 

given 1 week to acclimate to vivarium conditions, which includes ad libitum rat chow and 

water and a reversed light/dark cycle (lights off at 9:00/on at 21:00). Prior to beginning the 

experiments, all rats were tamed by gentle handling to acclimate them to the experimenters 

and gavage. Alcohol was administered via intragastric gavage according to a previously 

established paradigm modified from Majchrowicz (1975). This model was chosen because it 

mimics the high blood alcohol levels of binge-pattern drinkers (Tomsovic, 1974, Hunt, 

1993) and for its well-documented neurodegeneration profile (Obernier et al., 2002b, Kelso 

et al., 2011). During binge exposure, food was removed from all animals but water was 

always available. Rats were gavaged with alcohol diet (25% alcohol w/v in vanilla Ensure™; 

Abbot Laboratories, Columbus, OH) or isocaloric control diet (Dextrose w/vanilla Ensure™) 

every 8 hours for 4 days, starting on the first day of the experiment (12 doses total). The 

initial dose for each animal was 5g/kg and caused significant intoxication; further doses 

were then determined based on a 6-point behavioral intoxication scale: 0, normal rat; 1, 

hypoactive; 2, ataxia; 3, ataxia with dragging abdomen and/or delayed righting reflex; 4, loss 

of righting reflex; 5, loss of eye blink reflex. Each score corresponds to a dose of ethanol 

between 0 and 5 g/kg, such that the greater the observed behavioral intoxication, the smaller 

the subsequent dose. This method maintains consistent intoxication relevant to AUD while 

avoiding mortality (Knapp and Crews, 1999, Nixon and Crews, 2002). Control animals 

received isocaloric diet at the average volume given to the alcohol group of the same sex to 
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control for gavage experience and caloric intake (Gillette-Guyonnet and Vellas, 2008, 

Loncarevic-Vasiljkovic et al., 2012). Blood alcohol concentration (BAC) was determined 

from blood samples taken 90 minutes after the morning dose on day 3 (Leasure and Nixon, 

2010, Maynard and Leasure, 2013) from either the tail vein or saphenous vein. For an 

additional 12 animals, blood samples were collected via saphenous vein 90 minutes after the 

third, fifth, and seventh doses of alcohol to track BAC progression during the binge and 

determine potential differences between doses and sexes. Samples were centrifuged, and 

then stored at −20°C until analysis. Serum was extracted and BAC determined using an AMI 

Analyzer based on external standards (Analox, Waltham, MA). Withdrawal symptoms began 

approximately 10 hours after the final dose, and were scored every half hour (Penland et al., 

2001) until they subsided, approximately 27 hours after the last dose.

Behavioral Tests

Exploratory behavior in the open field—The open field test is commonly used to 

assess general locomotor activity levels and anxiety-like behavior in rodents (Prut and 

Belzung, 2003). Four and a half days after the last dose of alcohol each animal was tested in 

an open field, which consisted of a plywood box with a white plastic bottom divided into 25 

equally-sized squares (each 15 × 15 cm) as previously reported (Leasure and Jones, 2008). 

Each animal was placed in the center of the open field and video recorded for 5 minutes. 

Locomotor activity was analyzed using an automated tracking system (Noldus, Amsterdam, 

Netherlands) which determined distance traveled and percentage of time spent in the center 

of the arena.

Spatial navigation in the Morris water maze—The Morris water maze (MWM) is 

widely used to study spatial learning and memory and is useful for detection of damage to 

cortical regions and the hippocampus (D’Hooge and De Deyn, 2001). The apparatus used 

consisted of a circular, galvanized steel pool, 167 cm in diameter and 76 cm deep as 

previously reported (Leasure and Jones, 2008). The pool was located in a room with many 

extramaze cues on the walls surrounding the pool (such as posters, electrical outlets, etc). 

The pool was filled with water that reached 2cm above the platform surface (12 cm 

diameter) and then made opaque with white non-toxic paint. Water was allowed to attain 

room temperature before testing began. Twenty-four hours after the open field task (6 days 

post binge) rats began MWM training, using a difficult two-trial per day paradigm that has 

been shown to detect subtle differences in performance (van Praag et al., 1999b, Vaynman 

and Gomez-Pinilla, 2005). The platform was placed in the northwest quadrant and remained 

there throughout spatial learning, but the release point changed each day. Each rat was given 

two trials per day for six consecutive days. Each trial had a 60s ceiling and a 60s inter-trial 

interval. Rats were placed into the water facing the wall, from one of four randomly chosen 

release points, and allowed 60s to find the hidden platform. Once the animal reached the 

platform, it was allowed to remain on the platform for approximately 10s. If the animal 

failed to reach the platform within the trial ceiling, it was gently guided there by the 

experimenter and placed on the platform for 10s. The animal was then removed from the 

water, dried off, and placed in its home cage to await its next trial. Pool water was agitated 

between animals and trials to prevent utilization of olfactory cues. Escape latency, swim 

speed, and path length were recorded and analyzed by an automated tracking system 
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(Noldus, Amsterdam, Netherlands). Following six days of spatial reference memory testing, 

the animals were tested in a reversal learning task in order to assess binge-induced 

perseverative behavior, as previously described (Obernier et al., 2002b). The submerged 

platform was moved to the southeast corner (opposite quadrant from learning) and the 

animals were given an additional four trials. During reversal learning, the release point for 

an animal changed for each trial. Length of time and number of entries into the former 

platform quadrant were recorded and analyzed.

Voluntary Exercise

Consistent with our prior findings, in the current study female, but not male rats 

demonstrated a binge-induced reduction of dentate gyrus granule neurons. We have 

previously shown that four weeks of voluntary exercise reverses this loss in females 

(Maynard and Leasure, 2013). Therefore, in the current study, we only included female rats 

in our exercise experiments. On the seventh day following the last dose of alcohol, female 

rats in exercise groups were given access to voluntary exercise wheels for a maximum of 

four hours daily for one week, two weeks, or three weeks, beginning at the onset of their 

dark cycle (9:00 AM). Exercise began on the seventh post-binge day because binge alcohol 

exposure damages the brain, and the initial seven days following brain injury is a vulnerable 

period during which increased activity can exacerbate damage and limit recovery (Humm et 

al., 1998, Griesbach et al., 2004). In order to precisely monitor distance travelled, rats were 

removed from home cages and placed into individual running wheels equipped with 

counters. During the exercise period, animals had access to food and water ad libitum. After 

exercise, animals were returned to their home cages in the vivarium. Sedentary animals 

remained in their home cages in the vivarium during this period.

Histological Procedures

Perfusion and tissue sectioning—Rats were overdosed with anesthetic 8 hours after 

the last dose of alcohol and then intracardially perfused with saline, followed by 4% 

paraformaldehyde until the neck was stiff. Brains were dissected out and post-fixed 

overnight, then stored in 30% sucrose at 4°C. A freezing sliding microtome (Leica, 

Bannockburn, IL) was used to collect serial coronal sections (50 μm), which were stored in 

96-well microtiter plates at −20°C in cryoprotectant.

Immunohistochemistry—To assess cell proliferation, every sixth serial section was 

processed for Ki67 using our standard immunohistochemistry (IHC) protocol (Maynard and 

Leasure, 2013). Free-floating sections were rinsed with 0.1 M tris-buffered saline (TBS) 

three times at room temperature for 10 minutes each. To quench endogenous peroxidases, 

sections were then treated for 30 minutes at room temperature in 0.6% hydrogen peroxide, 

followed by three 10-minute washes in TBS. Next, sections were treated with a 30 minute 

citrate buffer antigen retrieval step at 80° C, and then allowed to return to room temperature 

for 5 minutes. Following three additional TBS washes, sections were blocked for 60 minutes 

in 3% normal donkey serum (Sigma-Aldrich, St. Louis, MO, USA), followed by incubation 

at 4° C for 72 hours in primary antibody (rabbit anti-Ki67, Vector Laboratories, Burlingame, 

CA; 1:1800). After two TBS rinses for 15 minutes each and 15 minutes blocking in 3% 

normal donkey serum, sections were incubated overnight at room temperature in secondary 
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antibody (biotinylated donkey anti-rabbit, Jackson ImmunoResearch Laboratories, West 

Grove, PA, USA; 1:250). Next, sections were rinsed three times in TBS for 10 minutes each, 

treated for 60 minutes in avidin-biotin complex (ABC, Vector Labs, Burlingame, CA, USA) 

and then rinsed three times in TBS for 10 minutes each. Sections reacted and were 

visualized with diaminobenzidine (DAB) and then rinsed four times in TBS for 10 minutes 

each, before being mounted onto gelatinized slides and allowed to dry overnight. Once 

dried, all brain sections were counterstained with Methyl Green, cleared in xylene, and 

coverslipped using Permount. Slides were coded such that the investigators performing cell 

counts were blind to experimental condition. The same slides were also used for 

quantification of dentate gyrus granule neurons using the methyl green Nissl counterstain.

Fluorojade B and TUNEL staining—Fluorojade B (FJB) staining of degenerating cells 

was conducted following published methods (Schmued and Hopkins, 2000, Leasure and 

Nixon, 2010). Every twelfth section from Bregma −1.80 μm and ending at Bregma −6.04 

(Paxinos and Watson, 2009) was mounted onto Superfrost Plus ® slides (Fisher Scientific, 

Waltham, MA) and left to dry overnight. Slides were processed through graded alcohols, 

rinsed in distilled water, and then incubated in 0.06% potassium permanganate for 10 

minutes on a shaker. Slides were then washed in distilled water for one minute before being 

incubated in FJB and DAPI (41-6-diamidino-2-phenylindole counterstaining to visualize 

nucleic material) in the dark for 20 minutes on a shaker. After three additional washes in 

distilled water, sections were air dried and then coverslipped in Cytoseal 40 ® (Thermo 

Fisher Scientific, Waltham, Massachusetts). Slides were then coded to ensure that cell 

counting was performed blind to experimental condition. It has been previously shown that 

cell death due to binge is necrotic in nature, not apoptotic (Obernier et al., 2002a; Morris et 

al., 2010), however these studies were conducted in males. Therefore, the terminal 

deoxynucleotidyl transferase (TdT) dUTP Nick-End Labeling (TUNEL) assay was selected 

to investigate whether cell death due to binge in females was apoptotic, because it is 

designed to detect apoptotic cells that undergo extensive DNA degradation during the late 

stages of apoptosis (Kyrylkova et al., 2012). TUNEL staining was performed using the 

DeadEnd™ Colorimetric TUNEL kit (Promega, Madison, Wisconsin). Briefly, tissue was 

dried overnight on Superfrost Plus ® slides (Fisher Scientific, Waltham, MA), then 

immersed in NaCl, phosphate-buffered saline (PBS), fixed in 4% paraformaldehyde, and 

immersed again in PBS. The tissue was then permeabilized using Proteinase K for 30 

minutes and then rinsed in PBS. The tissue was then re-fixed in 4% paraformaldehyde and 

immersed in PBS. The slides were then covered with equilibrium buffer and then incubated 

with recombinant terminal deoxynucleotidyl transferase (rTdT) reaction mixture for 1 hour. 

The rTdT reaction was terminated using a 2x saline-sodium citrate buffer (SSC) solution. 

The slides were then immersed in PBS, blocked in 0.3% hydrogen peroxide, and immersed 

again in PBS. Then the tissue was incubated in Streptavidin HRP for 30 minutes and then 

rinsed using PBS. The tissue then incubated for 10 minutes in DAB and then rinsed in 

deionized water. The slides were allowed to dry and then coverslipped using Permount 

(Fisher) as the mounting medium. The positive control was generated using DNase I 

(Promega) to induce DNA fragmentation.
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Cell quantification—The number of remaining neurons in the dentate gyrus, was 

determined by unbiased stereology using the optical fractionator method applied via an 

automated system (StereoInvestigator, MicroBrightField, VT, USA). Using a Nikon Eclipse 

80i upright microscope, the granule cell layer of the DG was traced using the 10x objective 

and cells were counted with two-dimensional counting frames using a 100x oil objective. 

The average mounted section thickness was approximately 37μm, thus top and bottom guard 

zones were set at 5μm each, for an optical dissector height of 27μm. Granule neurons were 

counted in every twelfth section in a single hemisphere beginning at the earliest emergence 

of the DG at Bregma −1.88 μm and ending at Bregma −6.04 (Paxinos and Watson, 2009). 

This resulted in 5–6 sections per brain. The counting frame size was 40 × 40 μm and the grid 

size was 200 × 200 μm. Coefficients of error (CE) were calculated using the method of 

Gunderson and were less than 0.05 for all groups (Gundersen et al., 1999).

To quantify Ki67-positive (Ki67+) cells in the dentate gyrus, the granule cell layer (GCL) 

and subgranular zone (SGZ) of the DG were traced using the 10x objective and cells 

counted using a 40x oil objective. Each labeled soma in the granule cell layer and 

subgranular zone (defined as zero to two cell bodies from the inner molecular layer) was 

counted in every sixth section from Bregma −1.88 μm and ending at Bregma −6.04 (Paxinos 

and Watson, 2009), using a 40 x oil objective. This resulted in 10–12 sections per brain.

Quantification of FJB-positive (FJB+) cells was conducted on a Nikon Eclipse 80i upright 

microscope fitted with epifluorescence including 405λ and 488λ cubes (for DAPI and FJB 

detection respectively). The dentate gyrus was traced at 405 using a 10x objective and then 

the cube switched to 488 for FJB detection. FJB+ cells were counted in one hemisphere of 

the hippocampal dentate gyrus (combined GCL and SGZ).

Western blotting—Eight hours following the last dose of alcohol rats were overdosed 

with anesthetic and observed for loss of toe pinch reflex as an indicator of anesthetic depth. 

Each animal was then decapitated, brains quickly removed and the hippocampi were 

dissected and separated into dorsal and ventral halves. Tissue was then flash frozen using 

dry ice and stored at −80°C. The dorsal hippocampus was homogenized in lysis buffer and 

centrifuged in order to isolate protein from the lysate. The dorsal hippocampus was chosen 

because it is associated with spatial navigation function (Bannerman et al., 2002, Bannerman 

et al., 2003), and a focus of this project was sex-specific impairment in spatial performance 

due to binge alcohol. The supernatant was taken and stored for further use. A sample of this 

was used for quantification of protein concentration via BCA protein assay (Thermo Fisher 

Scientific, Waltham, MA). Protein concentration was then adjusted with a portion of sample 

in loading buffer to 1 μg/μL for all samples and heated at 70°C for 10 min to denature 

proteins.

For each Western blot, 20 μl of each sample (standardized to 20 μg total protein content) was 

separated by molecular weight via gel electrophoresis and transferred to polyvinylidene 

(PVDF) membranes. Following transfer, membranes were washed six times for 10 min each 

in Tris-buffered saline with Tween-20 (TBST). Membranes were then incubated for 1h at 

room temperature I a blocking solution consisting of 5% powdered nonfat milk in TBST. 

Primary antibodies (rabbit host) were added to the blocking solution and membranes were 
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transferred to 4°C, where they were incubated overnight. For BDNF and IGF-1, the primary 

antibody was from Santa Cruz Biotechnology (Dallas, TX) and used at a dilution of 1:100. 

For TrkB, IGFR, CREB and pCREB the primary antibodies were from Cell Signaling 

Technology (Danvers, MA) and used at a dilution of 1:1,000. Primary antibodies for either 

COX IV or GAPDH (Cell Signaling Technology, 1:1,000 and GeneTex, Irvine, CA, 

1:10,000 respectively) were included on each blot as a positive loading control for basal 

protein expression, depending on molecular weight of target proteins. Membranes were then 

washed six times for 10 minutes each in TBST and incubated in a solution of 5% skim milk 

in TBST containing secondary antibody (goat anti-rabbit, 1:10,000) conjugated against 

horseradish peroxidase (HRP) that was optimized for use with the C-Digit blot scanner. 

Incubation lasted 1h at room temperature, after which membranes were washed a final six 

times in TBST for 10 minutes each. Visualization of proteins was achieved by 

chemiluminescence using a Li-Cor C-Digit blot scanner (Li-Cor Biosciences, Lincoln, NE) 

and luminol substrate from the same manufacturer. Band intensity was quantified using the 

accompanying software (Image Studio Digits ver 4.0). Background, signal and midtone 

levels were adjusted for each blot for fidelity in reporting, and a region of interest containing 

each band was drawn with minimal background included. The expression of a protein was 

then weighted by the corresponding intensity of the loading control in the same lane. This 

weight was obtained by dividing each loading control by the mean intensity of all loading 

controls within the same blot in order to account for any possible variability between protein 

concentrations in individual lanes. The mean of the weighted intensity values from all 

treatment groups were normalized against this average (percent of control). This was done 

out of necessity due to the large number of animals, which prevented simultaneously 

running every animal on a single blot, and the inability to compare data from separate blots 

directly.

Statistical analyses—Data were analyzed using SPSS Statistics 17.0 (IBM SPSS 

Statistics, IL, USA). Dose, BAC, and Western blotting data were analyzed using unpaired 2-

tailed Student’s t tests. Because the intoxication and withdrawal scales are non-linear, these 

data were analyzed using Kruskal-Wallis. Neuroanatomical data and open field data were 

analyzed using 2-way ANOVA with Sex and Diet as between group variables. Water maze 

data were analyzed using three-way mixed model ANOVA, with Sex and Diet as between 

subjects variables and Training Day as the repeated measure. Where applicable, Bonferroni-

corrected post hoc comparisons were made. All data are reported as means ± standard error 

of the mean and p values deemed statistically significant if < 0.05.

Results

Binge alcohol-induced brain damage

Mean intoxication score, alcohol dose, BAC, withdrawal score and peak withdrawal scores 

did not differ between males and females (see Table 1). Nonetheless, as shown in Figure 1, 

binge alcohol treatment significantly decreased the number of remaining granule neurons in 

the dentate gyrus of females, but not males. A two-way ANOVA revealed significant main 

effects of Sex [F(1,24) = 19.98, p < 0.0001] and Diet [F(1,24) = 5.02, p = 0.035], as well as a 

significant Sex x Diet interaction [F(1,24) = 4.51, p = 0.044]. To control for the possibility 
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that neuron loss in the DG was linked to stage of estrous, remaining granule neurons were 

quantified in a separate group of females (n = 5) that began binge exposure during diestrous 

(determined by vaginal cytology). The mean number of remaining granule neurons in this 

group was 803,859 ± 6,772. One-way ANOVA was significant [F(2,17) = 7.96, p = 0.004] 

and post hoc analysis indicated that diestrous females had significantly fewer remaining 

granule neurons compared to controls [p = 0.014], but were not different from the binged 

females reported above.

Cell proliferation and cell death in the dentate gyrus after binge alcohol

We next determined whether the binge-induced decrement in granule neurons in female rats 

was due to inhibition of cell birth, induction of cell death, or both. We used Ki67 labeling to 

assess cell birth (see Figure 2A). Two-way ANOVA revealed significant main effects of Sex 

[F(1,23) = 11.80, p = 0.002] and Diet [F(1,23) = 22.26, p < 0.0001] but no significant Sex x 

Diet interaction [F(1,23) = 0.090, p = 0.767]. Thus, binge resulted in a significant decrease in 

the number of proliferating cells in both sexes compared to same-sex controls (47% decrease 

in females and 38% in males). The significant main effect of Sex indicated that males on 

average had more Ki67+ cells than females, regardless of binge exposure. The 47% binge-

induced decrease of Ki67+ cells in females was not significantly different than the 38% 

decrease in males [t(13) = .907, p = .381]. To assess cell death, we used FJB, a marker of 

degenerating neurons, whether apoptotic or necrotic (Schmued and Hopkins, 2000). Two-

way ANOVA revealed significant main effects of Sex [F(1,23) = 4.33, p = 0.049] and Diet 

[F(1,23) = 68.71, p < 0.0001] and a Sex x Diet interaction [F(1,23) = 5.101, p = 0.034], 

indicating that binge increased cell death more severely in females than males (see Figure 

2B). It has previously been reported that cell death due to binge is necrotic in nature, not 

apoptotic (Obernier et al., 2002a, Morris et al., 2010), but these studies were conducted in 

males. To investigate the possibility that granule neurons in the female dentate gyrus may 

show apoptosis after binge (whereas males do not), we performed TUNEL staining 

(Kyrylkova et al., 2012) in representative male and female brains. While we saw TUNEL+ 

cells in the positive control, there was none apparent in the binged male or female brains 

(see Figure 2C). While this analysis does not definitively determine the nature of cell death 

after binge alcohol, it provides evidence that the mechanism is not different between the 

sexes.

Open field behavior and spatial navigation in the Morris water maze

To assess anxiety-like behavior, as well as nonspecific motor function and exploratory 

behavior, we used the open field test five days post binge (see Figure 3A). Two-way 

ANOVA revealed no significant main effect of Sex [F(1,40) = 2.36, p = 0.13] or Diet [F(1,40) 

= 0.23, p = 0.63] and no significant interaction [F(1,40) = 0.046, p = 0.831] for percent time 

spent in the center of the open field. A similar pattern was observed for distance traveled 

(Sex [F(1,40) = 2.16, p = 0.74]; Diet [F(1,40) = 1.82, p = 0.19]; Sex x Diet [F(1,40) = 0.046, p = 

0.831]). These results indicate there were no sex differences or lingering effects of binge on 

exploratory behavior.

Acquisition of the spatial reference memory task was measured by escape latency, path 

length to the platform, and swim speed. The average of each animal’s two daily trials was 
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used for analysis. A three-way mixed model ANOVA revealed for escape latency significant 

main effects of Training Day [F(5,200) = 60.75, p < 0.05] and Diet [F(1,40) = 4.76, p < 0.05] 

and significant Sex x Diet [F(1,40) = 4.96, p < 0.05] and Diet x Training Day [F(5,200) = 2.67, 

p < 0.05] interactions (see Figure 3B). Thus, all groups improved performance over time, 

and Diet, when averaged across time, had a significant, sex-dependent effect. Bonferroni-

corrected post hoc comparisons showed that binged females had significantly longer escape 

latencies compared to control females (p = 0.003) and binged males (p = 0.07) (see Figure 

3C). For path length, there was a significant main effect of Training Day [F(5,200) = 90.36, p 

< 0.05] and significant Sex x Diet [F(1,40) = 4.97, p < 0.05] and Diet x Training Day [F(5,200) 

= 2.56, p < 0.05] interactions. Thus, all groups decreased path length over time, and Diet, 

when averaged across time, had a significant, sex-dependent effect. Bonferroni-corrected 

post hoc comparisons showed that binged females had significantly longer path lengths 

compared to control females (p = 0.006) and binged males (p = 0.014) (see Figure 3D). For 

swim speed, there was a significant main effect of Training Day [F(5,200) = 59.31, p < 0.05] 

and a significant Diet x Training Day [F(5,200) = 3.84, p < 0.05] interaction. Binge alcohol 

had no effect on performance in the reversal learning task, in which the submerged platform 

was moved to the opposite quadrant used in the reference memory task. Number of entries 

into and time spent in the original platform quadrant during the first trial were measured as a 

sign of perseverative behavior. ANOVA revealed a significant effect of Trial [F(3,120) = 

41.165, p < .05] indicating that all animals decreased escape latency over the course of the 

trials. There were no significant main effects of Sex [F(1,40) = .490, p = .488] or Diet [F(1,40) 

= .048, p = .829] or significant interactions [F(1,40) = .033, p = .856] indicating that binge 

exposure had no effect on learning the new location of the platform (see Figure 3F). Also, 

there were no significant effects for average latency, path distance, or average velocity. 

Binge exposure had no effect on perseverative behavior during the first trial of the reversal 

learning task. ANOVA revealed no significant effects of Sex [F(1,40) = .063, p = .803], 

[F(1,40) = .542, p = .466] or Diet [F(1,40) = .767, p = .386], [F(1,40) = .088, p = .769] for 

percent of time spent in the original platform quadrant or number of entries into the original 

quadrant (see Figure 3G and H).

Protein expression during and after binge alcohol

Expression of proteins associated with trophic support were assessed after 24 (Figure 4A) 

and 48 (Figure 4B) hours of binge exposure, and then 8 hours after the full four-day binge 

(Figure 5) using two-tailed Student’s t-tests comparing normalized control to normalized 

binge exposed for each protein of interest within sex. After 24 hours of binge exposure, 

females had a significant decrease in pCREB expression [t(7) = 2.909, p = .027], BDNF 

expression [t(4.798) = 2.609, p = .050], and expression of the high affinity BDNF receptor 

TrkB [t(7) = 2.592, p = .036]. On the other hand, 24 hours of binge exposure in males only 

resulted in a significant decrease in pCREB [t(7) = 2.828, p < .025] and a significant increase 

in expression of the IGF-1 receptor, IGF-1R [t(7) = −3.642, p < .008].

Following 48 hours of binge exposure, females had a significant decrease in pCREB 

expression [t(7) = 2.886, p = .023], TrkB expression [t(7) = 3.069, p = .018], IGF-1 

expression [t(7) = 4.080, p = .005] and a significant increase in IGF-1R expression [t(7) = 
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−3.441, p = .011]. In contrast to females, 48 hours of binge exposure in males only resulted 

in a significant decrease in IGF-1 expression [t(7) = 3.471, p = .010].

When assessed 8 hours after a full 4 day binge, females had a significant decrease in the 

protein expression of CREB [t(9) = 2.669, p = .026], pCREB [t(7) = 2.385, p = .049], BDNF 

[t(7) = 2.899, p = .023], TrkB [t(9) = 3.397, p = .008], and IGF-1 [t(6) = 2.628, p < .039]. 

However, a full 4 days of binge exposure in males only resulted in a significant decrease in 

BDNF expression [t(7) = 2.489, p = .042].

Exercise effects on the dentate gyrus after binge alcohol damage

Only female rats demonstrated a significant binge-induced reduction of dentate granule 

neurons, therefore only female animals were included in exercise experiments. To show that 

the effects of binge alcohol on dentate gyrus granule neurons in the female is lasting, we 

compared control and binged animals described above to a group of rats sacrificed 4 weeks 

after binge exposure. One way ANOVA was significant [F(2,18) = 6.598, p < .05] and post 

hoc analysis showed that animals sacrificed either 8 hours (p = .010) or 4 weeks (p = .044) 

after binge had significantly fewer remaining dentate gyrus granule neurons compared to 

non-binged controls (see Figure 6A). As we have previously shown that post-binge exercise 

is associated with repopulation of the binge-damaged dentate gyrus (Maynard and Leasure, 

2013), we allowed binged animals 1, 2 or 3 weeks of access to exercise wheels. There were 

no significant differences in average distance run during the first [F(2,20) = .310, p = .737] or 

second week of exercise [t(8) = .615, p = .615]. However, a one-way ANOVA for average 

distance run across the entire experiment revealed that animals that exercised for three 

weeks ran significantly more per day than animals that only exercised for one week [F(2,20) 

= 4.198, p < .05] likely because they had two extra weeks of access to exercise wheels (not 

shown). No differences were found however in average distance run between animals that 

had access for one week and two weeks (p = 0.10). In line with this, all animals increased 

distance run over the course of the experiment [F(6,120) = 8.357, p < .05]. As expected, more 

weeks of access to exercise wheels resulted in greater total distances run [F(2,20) = 10.805, p 

< .05] (Figure 6C). One-way ANOVA for the effect of exercise on remaining granule 

neurons after binge exposure revealed a significant effect of Time [F(3,21) = 9.69, p < .05]. 

Planned post hoc tests compared the number of remaining granule neurons after exercise 

compared to control animals revealed that two (p = 1.00) and three (1.00) weeks of exercise 

were associated with recovery from binge-induced granule cell loss but not one week of 

exercise (p < .05) when compared to control animals (see Figure 6B). We found no 

significant correlation between average distance run and remaining granule neurons (r = .

38), however there was a significant correlation between total distance run and remaining 

granule neurons (r = .51). These results indicate that between seven and fourteen days of 

exercise are necessary to repopulate the DG following binge exposure.

Changes in protein expression in binged female rats following exercise

Expression of proteins associated with trophic support was analyzed using Student’s t-tests 

comparing normalized protein expression in female binge-exposed sedentary animals to 

normalized protein expression in binge-exposed females that exercised for one week. 

Compared to binge-exposed sedentary animals, one week of exercise was associated with a 
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significant increase in BDNF expression [t(8) = −3.299, p = .011] and IGF-1 expression [t(7) 

= −2.697, p = .031], but no difference in the expression of their respective receptors, TrkB 

[t(8) = −1.558, p = .163] and IGF-1R [t(8) = .297, p = .775] (see Figure 6D). Additionally, 

one week of exercise was associated with a significant increase in pCREB expression [t(8) = 

−2.638, p = .034] but no increase in CREB expression [t(8) = −.428, p = .682].

Discussion

In the present study, we directly compared the effects of a well-established model of AUD 

on the hippocampus of male and female rats. Consistent with our prior findings (Maynard 

and Leasure, 2013), the present results show that there is an immediate (present 8 hours 

post-binge) and prolonged (apparent for at least 4 weeks) decrease in DG granule neurons in 

female rats due to binge alcohol. Also consistent with our prior findings (Maynard and 

Leasure, 2013), we show that post-binge exercise leads to repopulation of the depleted DG. 

We extend those findings in the present report by showing that the binge-induced decrease in 

granule neurons is sex-dependent and associated with spatial navigation impairment. We 

also show that the decrease in granule neurons is associated with decreased trophic support 

and that exercise-driven restoration of the binge-depleted DG is accompanied by 

upregulation of trophic support and plasticity-related signaling. This is, to our knowledge, 

the first report of a sex difference in hippocampal damage, associated cognitive impairment 

and trophic factor expression in an animal model of an AUD.

Sex differences in ethanol pharmacokinetics in rodents have been reported (Middaugh et al., 

1992, Rivier, 1993, Crippens et al., 1999), although these are typically assessed after only a 

single dose, and age and strain influence whether or not sex differences are observed 

(Collins et al., 1975, Erickson, 1984, Seitz et al., 1992). In the present study, we found no 

significant differences in BAC or dose of alcohol administered between males and females 

over the course of binge exposure. Nonetheless, our data show that binge alcohol 

significantly decreased the number of remaining DG granule neurons in females, but not 

males. In regions of the brain that do not show adult neurogenesis, a decrease in cell number 

due to exposure to a neurotoxin (such as alcohol) is most likely due to cell loss. In the 

dentate gyrus of the hippocampus, however, decreased neurogenesis is also a possibility, and 

binge alcohol has been shown to decrease neurogenesis (Nixon and Crews, 2002, Nixon, 

2006). We therefore examined both cell loss and cell genesis in the DG of binged male and 

female rats. Cell death after binge alcohol has previously been found in male rats, and shown 

to be necrotic, with FJB+ (but not TUNEL+) cells present in vulnerable regions (Obernier et 

al., 2002a, Morris et al., 2010, Kelso et al., 2011). Consistent with these reports, we found 

FJB+ (but not TUNEL+) cells in the DG of binged animals of both sexes. There was, 

however, a significant sex difference in the number of FJB+ cells, with females more 

severely affected. While this analysis does not definitively determine the nature of cell death 

after binge alcohol, it provides evidence that the mechanism is not different between the 

sexes. Moreover, we found that binge alcohol suppressed cell proliferation in both males and 

females. Both sexes showed a significant decrease in Ki67 labeling due to binge alcohol, 

however, female rats showed a higher (although not significantly different) percent decline. 

Moreover, there was a main effect of Sex on Ki67+ cells, indicating that male rats had more 

cell proliferation under basal conditions. Collectively, these results suggest that a lower 
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baseline level of cell proliferation in females, combined with a sex difference in binge-

induced cell death (with females more affected) contribute importantly to the selective 

vulnerability of the female DG to binge alcohol damage.

Binged females were also more cognitively affected than binged males when tested in the 

Morris water maze, a task previously shown to be affected by the integrity of the DG (van 

Praag et al., 1999a, Rola et al., 2004). When averaged over time, binged females took longer 

to find the platform and had longer path lengths compared to all other groups. Importantly, 

there was no difference between groups for swim speed, so the inferior performance of the 

binged females was not due to swimming slower than animals in the other groups. It is also 

important to note that the binged females, although delayed in acquiring the task, eventually 

learned it. Moreover, after having learned the platform location, none of the animals had 

difficulty adjusting to its new location during the reversal learning task, thus, there was no 

indication of perseveration or behavioral inflexibility. Reversal learning impairment has 

previously been shown in male rats following binge alcohol (Obernier et al., 2002b). 

Possibly the superior spatial navigation ability of pigmented rats such as Long-Evans 

(compared to albino strains (Harker and Whishaw, 2002)) accounts for the discrepancy.

We have previously shown that the decrement in DG granule neurons in the female 

hippocampus following binge alcohol is chronic, unless animals exercise (Maynard and 

Leasure, 2013). Given that exercise enhances available brain neurotrophic factors (Gomez-

Pinilla et al., 1997, Vaynman et al., 2004b, a, Vaynman et al., 2006, Munive et al., 2016), we 

reasoned that binge alcohol may induce a persistent dearth of trophic support molecules in 

the female brain. To examine this, we used Western blotting to assess expression of BDNF, 

IGF-1 and their associated receptors, as well as the transcription factor CREB and its 

phosphorylated form, pCREB, 24 and 48 hours into the binge, and then at the end of binge 

exposure. Our results support the hypothesis that compared to males, females have a much 

more pronounced binge-induced decline in trophic support. Females showed decreased 

expression of BDNF and the TrkB receptor after 24 hours of binge exposure (see Figure 

4A), and these decreases were also present at the end of the binge (see Figure 5). In contrast, 

males are slower to decrease expression of BDNF, and never show a decrease in TrkB. 

Males show an immediate upregulation of IGF-1R, which may help to buffer their brains 

against a transient binge-induced decrease in IGF-1, which was found 48 hours into binge 

exposure. Females, on the other hand, did not upregulate expression of IGF-1R until 48 

hours, which may have made them more vulnerable to decreased IGF-1, which they 

demonstrated beginning after 48 hours of binge exposure. Finally, females show immediate 

and persistent downregulation of pCREB, whereas for males this decrease is only seen at 24 

hours. Collectively, these results are consistent with the idea that binge alcohol selectively 

and persistently decreases trophic support and downstream signaling in the female brain.

Our data show that by the end of binge exposure, female rats have downregulated expression 

of BDNF, TrkB, and IGF-1, indicating a severe dearth of trophic support. In addition, they 

show downregulation of both CREB and its phosphorylated form, pCREB. These losses very 

likely underlie the significant decrease in granule neurons found only in binged females. 

CREB promotes neuroprotection by regulating the transcription of other pro-survival factors 

to protect neurons from excitotoxicity and apoptosis (Lonze and Ginty, 2002, Mantamadiotis 
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et al., 2002) and is critical for proliferation, differentiation, survival, and maturation of all 

types of cells, including new neurons in the rodent hippocampus (Nakagawa et al., 2002, 

Fujioka et al., 2004). Our data are consistent with previous findings that alcohol has 

profound effects on BDNF expression that appear to be dependent on the alcohol dose and 

brain region, with a pattern towards reduced BDNF with higher chronic doses (Stevenson et 

al., 2009, Moonat et al., 2010) that corresponds with alcohol-induced neurodegeneration 

(Davis, 2008) and reduced survival of new DG granule neurons (Nixon and Crews, 2002, 

Herrera et al., 2003). Moreover, alcohol reduces signaling through the BDNF-CREB 

feedback loop, resulting in a loss of trophic support (Zou & Crews, 2006).

In further support of this hypothesis, we found that exercise-driven repopulation of the 

granule neuron layer was associated with an increase of trophic support. Female rats either 

remained sedentary after binge alcohol or exercised for 1, 2 or 3 weeks, beginning 7 days 

after the end of binge. We found that 1 week of exercise was not sufficient to repopulate the 

granule neuron layer, but that with 2 or 3 weeks of exercise, the number of granule neurons 

was not different from control. We reasoned that if 2 weeks of exercise were sufficient to 

repopulate the granule neuron layer, changes in trophic support should be visible after 1 

week. Accordingly, we examined protein expression in binged female rats that had exercised 

for 1 week. Our results show significant increases in expression of BDNF, IGF-1 and 

pCREB. Thus, post-binge exercise is associated with an increase in trophic support and 

repopulation of the granule neuron layer. In male rats, abstinence after prolonged alcohol 

exposure is associated with an initial increase in BDNF levels, which eventually normalize 

(Somkuwar et al., 2016). It is possible that this normalization of BDNF does not naturally 

occur in females in the absence of an intervention, such as exercise.

It is not apparent from our data whether it is the amount of exercise (in terms of distance or 

length of time) that is essential for repair, or whether a single week of exercise would be 

sufficient and repopulation would be evident if animals were sacrificed 1 week later. What is 

apparent from our data is that 3 weeks of exercise is no more effective than 2 weeks at 

restoring the granule cell layer, and that once repopulated, the granule layer does not 

continue to increase in size with additional exercise. Exercise is being used as a 

supplementary treatment for AUD as a means by which to target co-morbid disorders such 

as anxiety and depression (Giesen et al., 2015, Stoutenberg et al., 2016). The exercise-driven 

enhancement of trophic support in the alcohol-damaged female brain supports the use of 

exercise as a treatment for AUD, as it may help to restore damaged tissue as well as enhance 

affect.

In summary, we provide evidence that the female dentate gyrus is selectively vulnerable to 

binge alcohol damage. After binge alcohol, cell death was apparent in both sexes, but 

females showed a significant decrement in dentate gyrus granule neurons, whereas males did 

not. Females also showed a greater decrease in cell birth, compared to males. Associated 

with this was a spatial learning impairment and a more rapid and lasting binge-induced 

decrease in trophic support, although this was reversible with exercise during abstinence. 

Our results support the growing body of clinical evidence suggesting that the female brain is 

selectively vulnerable to alcohol and provide a model by which to study underlying 

mechanisms.
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Figure 1. Sex-dependent effect of binge alcohol on the dentate gyrus
Binge alcohol significantly decreased the number of remaining granule neurons in the 

dentate gyrus of female rats, but not males. *p < 0.05 significantly different from control.
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Figure 2. Binge alcohol decreased cell proliferation and increased cell death in the dentate gyrus
Cell proliferation was significantly decreased by binge alcohol in both sexes (A; arrowheads 

in panel a indicate Ki67+ cells). Cell death (B) was increased by binge alcohol in the dentate 

gyrus of both sexes (FJB+ cells indicated in panel b by arrowheads). Cell death in the 

dentate gyrus did not appear to be apoptotic in nature, as we found virtually no TUNEL+ 

cells in binged animals (C; left panel shows positive control with arrowhead pointing to 

TUNEL+ cell).
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Figure 3. Sex-dependent effect of binge alcohol on spatial navigation
Panel A shows the timeline of behavioral analysis following binge alcohol. Binge alcohol 

had a significant, sex-dependent effect on acquisition of the spatial task. All groups 

ultimately learned the platform location, but binged males and females were initially slower 

to find it compared to same-sex controls (B). Binged males more rapidly achieved control 

performance, compared to binged females. The significant Sex x Diet interaction is apparent 

for both latency (C) and path length (D), with binged females being significantly different 

from all other groups. There was no difference between groups for swim speed (E). There 

were no differences between groups for reversal learning (F–H). *p < 0.05 significantly 

different from all other groups.
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Figure 4. Sex differences in protein expression during binge exposure
Expression of proteins associated with trophic support was assessed after 24 (A) and 48 (B) 

hours of binge exposure, Binge alcohol caused a decrease in pCREB, BDNF and trkB at 24 

hours in females, whereas males showed a decrease in pCREB only. Binged males showed 

an increase in IGFR at 24 hours, but binged females did not show this until 48 hours, at 

which point IGF-1 was downregulated in binged animals of both sexes. At 48 hours, binged 

males had normalized expression of pCREB, but binged females did not. *p < 0.05 

significantly different from same sex control.
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Figure 5. Sex differences in protein expression after binge exposure
Expression of proteins associated with trophic support was assessed 8 hours after the end of 

binge exposure. Binged females continue to show a decrease in pCREB and at this point 

CREB is decreased as well. They also show decreased BDNF as well as the trkB receptor 

and IGF-1. In contrast, binged males only show a decrease in BDNF. *p < 0.05 significantly 

different from same sex control.
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Figure 6. Exercise-driven repair is associated with increased expression of plasticity-related 
proteins
The binge-induced decrement in remaining granule neurons in the dentate gyrus of the 

female hippocampus is detectable immediately following binge (Binge 0) as well as 4 weeks 

later (Binge 28) (A). However, if animals exercise for at least 2 weeks post-binge, the 

number of granule neurons is normalized (B). Panel C depicts the total distance covered by 

animals that ran for 1, 2 or 3 weeks, beginning after 7 days of abstinence. One week of post-

binge exercise increased the expression of pCREB, BDNF and IGF-1 (D). *p < 0.05 

significantly different from control; **p < 0.05 significantly different from sedentary.
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