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Hippocampal neurodegeneration is a consequence of excessive alcohol drinking in
alcohol use disorders (AUDs), however, recent studies suggest that females may be
more susceptible to alcohol-induced brain damage. Adult hippocampal neurogenesis is
now well accepted to contribute to hippocampal integrity and is known to be affected by
alcohol in humans as well as in animal models of AUDs. In male rats, a reactive increase
in adult hippocampal neurogenesis has been observed during abstinence from alcohol
dependence, a phenomenon that may underlie recovery of hippocampal structure and
function. It is unknown whether reactive neurogenesis occurs in females. Therefore,
adult female rats were exposed to a 4-day binge model of alcohol dependence followed
by 7 or 14 days of abstinence. Immunohistochemistry (IHC) was used to assess neural
progenitor cell (NPC) proliferation (BrdU and Ki67), the percentage of increased NPC
activation (Sox2+/Ki67+), the number of immature neurons (NeuroD1), and ectopic
dentate gyrus granule cells (Prox1). On day seven of abstinence, ethanol-treated females
showed a significant increase in BrdU+ and Ki67+ cells in the subgranular zone of the
dentate gyrus (SGZ), as well as greater activation of NPCs (Sox2+/Ki67+) into active
cycling. At day 14 of abstinence, there was a significant increase in the number of
immature neurons (NeuroD1+) though no evidence of ectopic neurogenesis according
to either NeuroD1 or Prox1 immunoreactivity. Altogether, these data suggest that
alcohol dependence produces similar reactive increases in NPC proliferation and adult
neurogenesis. Thus, reactive, adult neurogenesis may be a means of recovery for the
hippocampus after alcohol dependence in females.

Keywords: alcohol, ethanol, hippocampus, abstinence, recovery, alcoholism, adult neurogenesis, neural stem
cells

INTRODUCTION

Alcohol misuse is a leading cause of preventable death due to its toxic consequences across multiple
organs of the body (Centers for Disease Control and Prevention [CDC], 2021). Alcohol use disorder
(AUD), for which the hallmark symptom is the excessive consumption of alcohol despite negative
consequences or harm, is diagnosed in nearly 14% of United States adults in any given year (Grant
et al., 2015). While the lifetime prevalence of a severe AUD in women is about half (9.7%) of what
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is reported for males (18.3%), over the last decade, the annual
AUD diagnosis rate has increased 84% in women compared to
only 35% in men (Grant et al., 2017; Fama et al., 2020). Thus,
the gender gap is narrowing across a variety of alcohol-related
metrics (Keyes et al., 2008; Grant et al., 2015; Grucza et al.,
2018; White, 2020), but few studies have examined only females,
especially in preclinical models.

Women appear to be more vulnerable to the damaging effects
of alcohol in various organ systems when compared to men,
even when accounting for fewer years of harmful consumption or
dependence (Nixon et al., 2014; Fama et al., 2020). Clinical studies
have found that despite a shorter history of alcohol dependence,
females exhibit similar levels of brain degeneration as males,
which suggests that they are more vulnerable to the neurotoxic
effects of alcohol (Mann et al., 1992, 2005). The brain is especially
impacted by the toxic effects of alcohol with detectable cognitive
impairments across learning, memory, executive function, and
motor processes related to gait and balance (Sullivan, 2000a,b;
Crews and Nixon, 2009; Nixon et al., 2014; Cortez et al., 2020;
Fama et al., 2020). However, little is known about the damaging
effects of alcohol on the female brain. Many studies show that
women develop alcohol-induced brain damage faster than males
despite decreased use and misuse (Crawford and Ryder, 1986;
Jacobson, 1986; Nixon et al., 1995, 2014; Flannery et al., 2007;
Fama et al., 2020; White, 2020) though a few fail to find a
difference between males and females in hippocampal volume
loss (Demirakca et al., 2011; Grace et al., 2021). Interestingly,
with abstinence from alcohol drinking, brain and behavioral
recovery have been observed (Carlen et al., 1978; Jacobson, 1986;
Pfefferbaum et al., 1995; Sullivan et al., 2000; Gazdzinski et al.,
2005; Demirakca et al., 2011; Hoefer et al., 2014; Zou et al.,
2018). Females may exhibit quicker structural brain recovery
and withdrawal symptom cessation (Jacobson, 1986; Deshmukh
et al., 2003), but they may suffer from more prolonged cognitive
impairment compared to males (Luquiens et al., 2019).

The hippocampus is one brain region that is both a target of
alcohol’s neurotoxic effects (Sullivan et al., 1995; Wilson et al.,
2017), but also has the ability to recover with abstinence (Sullivan
et al., 2000; Bartels et al., 2007; Hoefer et al., 2014). Clinical
studies have observed recovery of hippocampal volume loss
due to alcohol use as well as improved cognitive function, as
assessed with learning and memory, intelligence, and attention
tasks, with both short-term and extended periods of abstinence
(Brandt et al., 1983; Bartels et al., 2007; Demirakca et al., 2011;
Hoefer et al., 2014; Zou et al., 2018). While the mechanisms
underlying brain recovery during abstinence remain unknown,
many purport that it may not be mere coincidence that
hippocampal recovery coincides with the presence of neural stem
cells (NSCs) and the ongoing generation of new neurons, or
adult neurogenesis (Nixon, 2006; Mandyam and Koob, 2012;
Geil et al., 2014; Toda et al., 2019).

Neurogenesis from NSCs contributes to both hippocampal
structure and function throughout the life of an organism
(see Toda et al., 2019; Snyder and Drew, 2020 for review).
Asymmetrical division of NSCs that reside within the
subgranular zone (SGZ) of the dentate gyrus generate NPCs
that differentiate and ultimately mature into newborn granule

cells (Palmer et al., 1997). Current theories suggest that true
NSCs of the neurogenic niche are radial glial-like cells that are
largely quiescent and express the Sox2 transcription factor as
well as astrocyte markers, such as glial fibrillary acidic protein
(GFAP; Bonaguidi et al., 2011). Activated NSCs, those that
express the endogenous cellular proliferation marker Ki67, give
rise to intermediate NPCs, which divide rapidly and birth more
fate-restricted NPCs that eventually become mature granule cells
(Seri et al., 2001; Kronenberg et al., 2003). While neurogenesis
continues throughout the lifespan of most mammals studied to
date (Eriksson et al., 1998; Spalding et al., 2013; Boldrini et al.,
2018), there is a lingering debate as to the extent and role of these
cells in humans (Boldrini et al., 2018; Sorrells et al., 2018; for
review see Kumar et al., 2019). Preclinical studies have shown that
adult neurogenesis is necessary for hippocampal functioning,
with reductions associated with impairments in function, while
conversely, increasing adult neurogenesis is associated with
improvements, such as better learning and memory performance
(Shors et al., 2001; Imayoshi et al., 2008; Clelland et al., 2009;
Sahay et al., 2011). Indeed, alcohol intoxication concentration-
dependently reduces NPC proliferation and neurogenesis in
adolescent and adult organisms, including humans (Nixon
and Crews, 2002, 2004; Herrera et al., 2003; Crews et al., 2006;
Richardson et al., 2009; Golub et al., 2015; Le Maitre et al.,
2018). Injury-induced neurogenesis, often referred to as “reactive
neurogenesis” has been observed in rodents after several forms
of brain insult such as traumatic brain injury (Dash et al., 2001;
Blaiss et al., 2011; Yu et al., 2016), ischemia (Jin et al., 2006),
seizure (Parent et al., 1997; Scharfman et al., 2003), and notably
upon abstinence after alcohol dependence (Nixon and Crews,
2004; Somkuwar et al., 2016; West et al., 2019). However, whether
reactive neurogenesis is beneficial and reparative is still up for
debate (Blaiss et al., 2011; Cho et al., 2015; Golub et al., 2015;
Yu et al., 2016; Lee et al., 2019; Nickell et al., 2020). Recent work
in females suggests that they may exhibit reactive neurogenesis
during abstinence from alcohol as has been observed previously
in males (Maynard and Leasure, 2013; Maynard et al., 2017; West
et al., 2019). However, whether increased neurogenesis occurs
and whether this is due to increased NPC activation has yet to be
studied in female rodent models of AUD to date. Furthermore,
astrocytic dysfunction has been observed in females but not
males (Wilhelm et al., 2016). With the known relationship
between astrocytes and NSCs and NPCs, this suggests that there
could be a sex specific effect of alcohol on adult NPC-related
phenomena during abstinence.

In this study, we investigated the effects of alcohol dependence
on NPCs in the dentate gyrus of the hippocampus and its
impact on cell cycle activation during recovery in abstinence.
Previous studies report a reactive increase in NPC proliferation
in the SGZ of the dentate gyrus following 1 week of abstinence
from alcohol dependence in male rats (Nixon and Crews, 2004;
Hayes et al., 2018). These increases in proliferation result in
significantly more immature neurons in the SGZ 14 days after
the cessation of binge alcohol exposure according to immature
neuron markers Doublecortin (Nixon and Crews, 2004) and
NeuroD1 (Hayes et al., 2018). However, these investigations
focused on alcohol-induced reactive neurogenesis in males alone,
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with little known about alcohol effects on adult neurogenesis,
let alone reactive neurogenesis, in female preclinical models.
Therefore, the aim of this study was to examine NPC proliferation
and neurogenesis in females after alcohol dependence, using
identical methodologies as those employed in males. As females
may be more susceptible to the negative effects of alcohol, we
hypothesized that the reactive changes in NPC and adult-born
neurons observed in males would also be apparent in females.

MATERIALS AND METHODS

Animal Model of an AUD
A total of 30 adult female Sprague-Dawley rats (∼235 g, Charles
River Laboratories, Raleigh, NC, United States) were used across
two institutions [University of Kentucky (UK) N = 18, Con = 10,
and EtOH = 8; The University of Texas at Austin (UT) N = 12,
Con = 6, and EtOH = 6]. Rats were age matched to prior work
in males (9–10 weeks of age) as females weigh less than males.
Although the animal model was performed in two different
locations, the experimental procedures were identical following
Morris et al., 2010b and some personnel were identical between
both universities. Rats were allowed to acclimate to either the
University of Kentucky or The University of Texas at Austin
AAALAC-accredited vivariums for 5 days before the start of
experimental procedures. Rats were double-housed in standard
polycarbonate cages (all UT, some UK) or polysulfone cages
(most UK cages) during all phases of the study except for 24 h
during withdrawal scoring. All rats were maintained on a 12-
h light/dark cycle (lights on 0700-1900) and allowed ad libitum
access to standard, 18% protein rodent chow (UK = Teklad 2018
diet, Envigo, Madison, WI, United States; UT = Prolab R© RMH
1800 5LL2∗, LabDiet, St Louis, MO, United States) and water
(UK mostly polysulfone bottles, UT = polycarbonate bottles)
for the duration of the experiment apart from the 4 days of
binge treatment when food was removed. Prior to the binge
exposure, all rats were handled individually for 3 min per day
for three consecutive days. All experimental procedures were
approved by both the University of Kentucky and The University
of Texas at Austin Institutional Animal Care and Use Committees
and followed the NIH guidelines for the Care and Use of
Laboratory Animals.

Adult female Sprague-Dawley rats were treated with ethanol
via intragastric gavage in a binge model of an AUD (Majchrowicz,
1975; Morris et al., 2010). As shown in the experimental timeline
(Figure 1A), ethanol (25% w/v in Vanilla Ensure Plus R©, Abbott
Labs, Columbus, OH, United States) was administered 3 times
a day for 4 days (3 pm, 11 pm, and 7 am). Rats received an
initial 5.0 g/kg dose of ethanol with subsequent doses determined
based on the behavioral intoxication of the rat (Figure 1B).
Control rats were run simultaneously with ethanol-treated rats.
Control rats received an isocaloric diet of Vanilla Ensure Plus R©

containing dextrose, the volume of which was an average of
that received by all ethanol-exposed rats for each session. For
blood ethanol concentration (BEC) determination, tail blood
was drawn using heparinized capillary tubes on day 3 of the
binge (90 min after the seventh binge dose) and stored in

FIGURE 1 | (A) Experimental timeline: Following a 4-day binge alcohol
exposure, female rats underwent abstinence for either 7 (BrdU, Ki67, Sox2,
and Sox2/KI67 analysis) or 14 (BrdU, Ki67, NeuroD1, and Prox1 analysis)
days in the home cage. Two hours prior to perfusion at both time points, all
rats were injected with BrdU. (B) Intoxication behavior scale and dosing.
(C) Withdrawal severity scale.

microcentrifuge tubes on ice containing 3 µl of heparin. After
all blood samples were collected, they were centrifuged for 5 min
at 6,500 rpm, and stored at −20◦C until processing. BECs were
measured from plasma by an AM1 Alcohol Analyser (Analox
Instruments, Lunenburg, MA, United States). All blood samples
were run in triplicate. Withdrawal severity was measured by
scoring withdrawal behaviors in the home cage every 30 min,
beginning 10 h after the final dose of alcohol (5 pm) to hour
26 (9 am; 16 h). Withdrawal behavior was scored exactly as
previously described (Figure 1C; Morris et al., 2010b). For each
30-min block, the most severe observed behavior is recorded, and
a mean withdrawal score was determined by averaging the scores
from all the observed time points for each rat. Peak withdrawal
score is the most severe withdrawal behavior detected throughout
the entire observation period.

Tissue Preparation
As prior work in males has shown peak increases in NPC
proliferation on the seventh day of abstinence from a 4-day binge
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ethanol exposure followed by increases in immature neuron
markers 1 week later (Nixon and Crews, 2004; Hayes et al.,
2018), rats were sacrificed either 7 (T7) or 14 (T14) days
after the final dose of alcohol. To identify dividing cells the
thymidine analog, bromodeoxyuridine (BrdU 300 mg/kg; i.p.;
Millipore Sigma, Burlington, MA, United States; Cameron and
McKay, 2001) was injected at T7 (n = 18) or T14 (n = 12).
Rats were sacrificed two h following BrdU injections with a
lethal dose of sodium pentobarbital (i.p.; Fatal-Plus R©, Vortech
Pharmaceuticals, Dearborn, MI, United States) and transcardially
perfused using 0.1 M phosphate buffered saline (PBS) followed
by 4% paraformaldehyde (PFA). Brains were removed and
post-fixed for 24 h in 4% PFA, then stored in PBS pH 7.4
(Gibco, Life Technologies, Grand Island, NY, United States)
until sectioning. Unbiased tissue collection methodologies were
employed, identical to previous studies (McClain et al., 2011;
Hayes et al., 2018; Zhao and van Praag, 2020). Twelve series of
coronal sections were cut at 40 µm on a vibrating microtome
(Leica VT1000S, Wetzlar, Germany) starting randomly mid
striatum through the caudal extent of brain tissue. Sections were
stored in series, in 24-well plates with a cryoprotectant at −20◦C
until histological processing.

Immunohistochemistry
In order to establish whether reactive neurogenesis occurs in
females during abstinence from alcohol, we examined multiple
neurogenesis-related markers via Immunohistochemistry (IHC)
as reported in prior work in male rats (Nixon and Crews, 2004;
McClain et al., 2011, 2014; Hayes et al., 2018). First, BrdU IHC
was used to identify dividing cells in S-phase, which is confirmed
by Ki67 IHC, an endogenous marker of cell proliferation (Kee
et al., 2002; Nixon and Crews, 2004). Differential effects on
BrdU vs. Ki67 could also indicate cell cycle perturbation as
we have observed during intoxication in adolescent male rats
(Morris et al., 2010a; McClain et al., 2011). Next, in order to
establish whether reactive neurogenesis occurs due to activation
of NPCs in abstinence, we quantified the number of Ki67 and
Sox2, an NPC marker, co-labeled cells within the SGZ of the
dentate gyrus. Lastly, 14 days after the binge ethanol exposure,
we investigated the expression of immature neurons as well as
potentially aberrant, ectopic newborn neurons utilizing NeuroD1
IHC, a transcription factor that is transiently expressed in
progenitors that have committed to a neuronal fate (Gao et al.,
2009; McClain et al., 2014; Hayes et al., 2018). Finally, Prox1
expression, a post-mitotic marker for dentate gyrus granule cells
(Iwano et al., 2012), was used to additionally identify potentially
ectopic granule cells in the hilus and molecular layer of the
dentate gyrus as we have observed previously in adolescent male
rats (McClain et al., 2014).

3,3′-Diaminobenzidine Tetrahydrochloride (DAB) IHC
All free-floating sections in a series were processed for IHC
as previously described (McClain et al., 2011; Hayes et al.,
2018). For Sox 2 and Ki67 T7 IHC, two control rats were
dropped in both analyses due to problems with tissue integrity,
with an additional two ethanol-treated rats removed from
the Ki67 T7 analysis as a result of damage from slide

breakage. For Sox2, Ki67, NeuroD1, and Prox1, every 12th
section was washed in Tris-Buffered Saline (TBS) followed
by incubation in 0.6% hydrogen peroxide for 30 min to
quench endogenous peroxidases. Sections were then incubated
in Antigen Retrieval Citra Solution (Biogenex, Freemont, CA,
United States) at 65◦C for 1 h. Next, a blocking buffer
of 0.1% triton-X and 3% normal serum (as appropriate,
Vector Laboratories, Burlingame, CA, United States) in TBS
for 30 min to block non-specific binding. The sections were
then incubated in blocking buffer with primary antibodies
24–48 h at 4◦C (see Table 1 for antibody specifications).
Following primary antibody incubation, tissue was washed
in blocking buffer followed by incubation in species specific
secondary antibodies (Table 1) and normal serum for 1 h at
room temperature. Sections were then incubated in an avidin-
biotin-complex (Vectastain Elite ABC kit, Vector Laboratories,
Burlingame, CA, United States) for 1 h and developed with
nickel-enhanced DAB (Vector Laboratories, Burlingame, CA,
United States). Finally, sections were mounted on glass slides and
coverslipped with Cytoseal R© (Thermo Fisher Scientific, Waltham,
MA, United States).

Bromodeoxyuridine (BrdU) IHC
Immunohistochemistry procedures for BrdU detection were
similar to those described in McClain et al. (2011), Hayes
et al. (2018). For the T7 IHC, one control and two ethanol-
treated rats were dropped from the T7 analysis. The control
was for apparent BrdU injection failure, while the two ethanol-
exposed rats were due to issues involving tissue integrity.
Briefly, every 6th section in the series was used and incubated
in 0.6% hydrogen peroxide for 30 min. DNA was then
denatured using sodium citrate in 50% formamide at 60◦C
for 2 h. Next, sections were exposed to 2N HCl at 37◦C
for 1 h. Following neutralization of HCl with 0.1 M Boric
Acid (pH 8.5), a blocking buffer consisting of 0.1% triton-X

TABLE 1 | Antibody specifications.

Primary antibody Company;
Product no.

Conc. Time in
primary (h)

Secondary
antibody (source)

DAB

Goat anti-NeuroD1 R&D systems;
AF2746

1:400 24 Biotinylated rabbit
anti-goat (Vector)

Goat anti-Prox1 R&D systems;
AF2727

1:200 24 Biotinylated rabbit
anti-goat (Vector)

Mouse anti-BrdU Millipore;
MAB3424

1:4,000 24 Biotinylated horse
anti-mouse (Vector)

Mouse anti-Ki67 Leica; NCL-L-
Ki67-MM1

1:100 48 Biotinylated horse
anti-mouse (Vector)

Rabbit anti-Sox2 Millipore;
AB5603

1:1,000 24 Biotinylated goat
anti-rabbit (Vector)

Fluorescent

Mouse anti-Ki67 Leica; NCL-L-
Ki67-MM1

1:100 48 AlexaFluor goat
anti-mouse 555

(Invitrogen)

Rabbit anti-Sox2 Millipore;
AB5603

1:1,000 48 AlexaFluor goat
anti-rabbit 488

(Invitrogen)
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and 3% horse serum (Vector Laboratories, Burlingame, CA,
United States) in TBS was used for 30 min to block non-
specific binding. Sections were then washed in MgCl reaction
buffer followed by incubation of DNase in reaction buffer for
1 h. Tissue was then incubated overnight in mouse anti-BrdU
primary antibody in blocking buffer at 4◦C. The following
day, tissue was washed 3 times for 10 min each in blocking
buffer, followed by incubation in a horse anti-mouse secondary
antibody (Vector Laboratories, Billerica, MA, United States)
for 1 h. Tissue was placed in an avidin-biotin-complex (ABC;
Vector Laboratories, Burlingame, CA, United States) for an
additional hour and stained with a nickel-enhanced DAB (Vector
Laboratories, Burlingame, CA, United States). Finally, tissue was
mounted to slides, allowed to dry, and sealed with Cytoseal R©

(Thermo Fisher Scientific, Waltham, MA, United States) and a
glass coverslip.

Dual Fluorescent IHC
Dual IHC labeling of Sox2 and Ki67 antibodies was used to
examine the changes in NPC activation in the hippocampal
SGZ during abstinence from alcohol. Four control rats were
excluded from this analysis due to tissue integrity issues.
Free-floating sections were processed as previously described
(Hayes et al., 2018): every 12th section was washed in TBS,
followed by 1 h of antigen retrieval in Citra Plus solution
(Biogenex Laboratories, San Ramon, CA, United States) at
65◦C. Sections were then placed in a blocking buffer of 10%
normal goat serum, 0.1% triton-X, and TBS for 30 min and
then incubated with anti-Sox2 and anti-Ki67 primary antibodies
(see Table 1) in blocking buffer for 48 h at 4◦C. Next,
sections were rinsed in the blocking solution and incubated
in species specific Alexa Fluor secondary antibodies (Table 1)
with 1.5% normal goat serum for 1 h at room temperature.
After final washes in TBS, sections were mounted onto glass
slides, dried, and coverslipped with ProLong Gold Anti-fade
medium (Invitrogen).

Quantification
An unbiased profile counting methodology with 100% sampling
fraction was utilized for each section in order to be identical
to previous studies conducted in male rats (Crews et al., 2004;
Noori and Fornal, 2011; Hayes et al., 2018). This approach was
utilized as a result of the low cell number and/or heterogenous
nature of the cell markers selected. Slides were coded so that
experimenters were blinded to experimental conditions. The
dorsal hippocampus of one hemisphere was quantified between
Bregma −1.92 and −5.52 mm as determined by Paxinos and
Watson, 2009 at either every 6th section (240 µm apart; BrdU)
or every 12th section (480 µm apart; all other antibodies). This
results in approximately 5–9 sections per subject (every 12th) or
10–16 sections per subject (every 6th). Immunoreactive cells in
the SGZ (∼30 µm width or three granule cell bodies between the
granule cell layer (GCL) and hilus) of the dorsal hippocampus
were quantified identical to previous work (Hayes et al., 2018).
For hilar and molecular layer ectopic cell counts, a region of
2–3 granule cell widths, respectively, (∼10 µm) outside of the

GCL was analyzed (Liang et al., 2013; McClain et al., 2014). DAB-
labeled counts were obtained using a 60× or 100× oil immersion
objective and a 2× coupler on an Olympus BX43 or BX51
microscope (Olympus, Center Valley, PA, United States). For the
quantification of anti-Sox2 and anti-Ki67 immunopositive cells
and co-immunofluorescence, the Olympus BX51 microscope
with a 40× lens at a 2× magnification was employed. Initially,
Sox2+/Ki67+ cells were analyzed for Sox2+ expression and
followed by assessment of Ki67+ expression. Secondarily, co-
labeling was verified in several cells in representative tissue
sections from each group on a Zeiss LSM 710 confocal
microscope (Carl Zeiss Microscopy, LLC, White Plains, NY,
United States; UT Microscopy and Flow Cytometry Core) with
0.5 µm Z-plane sections obtained with a 63× oil immersion lens
and 3D rendered using Zen software (Carl Zeiss Microscopy,
LLC, White Plains, NY, United States; UT Microscopy and Flow
Cytometry Core).

Statistical Analysis
All data were assembled in Excel (Microsoft Office v16)
and analyzed and graphed using GraphPad Prism (version 9,
GraphPad Software, La Jolla, CA, United States). All data are
reported as mean ± SEM. Data were analyzed using Student’s
t-tests (two-tailed) or Mann-Whitney U tests as appropriate for
equal or unequal variance, respectively. BrdU and Ki67 utilized
a two-way ANOVA with Bonferroni multiple comparisons. The
relationship between the expression of all the neurogenesis
markers used and BEC or withdrawal severity was analyzed using
Pearson and Spearman correlations, respectively. Significance
was accepted at p < 0.05.

RESULTS

AUD Model Data
Adult, female rats underwent 4 days of binge alcohol exposure,
parameters for which are detailed for each cohort in Table 2.
Although the rat orders were identical (age 9–10 weeks),
starting weights differed slightly between the T7 and T14 cohort
(Supplementary Figure 1). Importantly, within each cohort
there were no differences between the ethanol and control
groups in initial weight prior to the start of the binge nor rate
of weight loss across the binge. Overall, ethanol-treated rats
averaged intoxication scores of 1.5 ± 0.1 (ataxia, with elevated
abdomen), which produced a mean dose of 10.6 ± 0.3 g/kg/day
and peak BECs of 344.2 ± 28.3 mg/dL as measured on the
third day of the binge. Assessment of withdrawal behaviors
began 10 h after their final dose of ethanol and lasted for
16 h. Ethanol-treated rats expressed average withdrawal scores
of 0.7 ± 0.2 out of four (hyperactivity) with a peak score of
2.8 ± 0.3 (head tremors). While BEC and withdrawal scores
appeared lower in the T14 cohort, only mean withdrawal
was significantly different. All values in both cohorts were
within the range of what has been reported for this model
in male and female rats in our lab and others (Leasure
and Nixon, 2010; Morris et al., 2010b; Barton et al., 2017;
Maynard et al., 2017).
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TABLE 2 | Animal model data.

Time point Subjects Intox score Dose (g/kg/day) BEC (mg/dl) Mean WD Peak WD

T7 EtOH = 8
CON = 10

1.6 ± 0.1 10.2 ± 0.3 384.2 ± 20.8 1.0 ± 0.2 3.2 ± 0.2

T14 EtOH = 6
CON = 6

1.3 ± 0.2 11.2 ± 0.4 290.7 ± 55.4 0.3 ± 0.1* 2.2 ± 0.5

*p < 0.05 vs. T7.

FIGURE 2 | Cellular proliferation markers are increased following 7 or 14 days of abstinence in ethanol-treated rats. Representative images are shown for BrdU
(A–C) and Ki67 (D–F) immunoreactivity in control [(A) BrdU: n = 9; (D) Ki67: n = 8], T7 ethanol-exposed [(B) BrdU: n = 6; (E) Ki67: n = 6), and T14 ethanol-exposed
rats [(C) BrdU: n = 6; (F) Ki67: n = 6). (G) BrdU+ cells were counted throughout the SGZ and were increased significantly in the T7 ethanol-treated rats compared to
controls and T14 ethanol-exposed rats. BrdU expression was confirmed with immunohistochemistry of the endogenous proliferation marker Ki67. As observed with
the BrdU IHC, prior ethanol exposure increased KI67 expression in the SGZ following 7, but not 14 days of abstinence. Bars represent means ± SEM. Symbols
represent individual data points. Scale bars = 100 µm; 10 µm inset. **p < 0.01.

Ethanol Increases Cell Proliferation in
the SGZ During Abstinence
In order to establish whether reactive neurogenesis occurs in
females, we first examined two well-established proliferation
markers in the SGZ, BrdU, a thymidine analog that was injected
2 h prior to perfusion, and Ki67, an endogenous marker of
cell proliferation. In both controls and ethanol-exposed rats,
BrdU+ cells were apparent throughout the SGZ in clusters, as
expected (Figures 2A–C). We found significant main effects of
group (F1,23 = 26.15, p < 0.0001) and time (F1,23 = 26.02,
p < 0.0001), as well as a significant group by time interaction
(F1,23 = 21.62, p = 0.0001). Multiple comparisons revealed
significantly more BrdU+ cells in the T7 ethanol-exposed rats
compared to both the T7 and T14 controls, as well as the
T14 ethanol-treated rats (p < 0.0001 for all T7 comparisons).
Next, we examined Ki67 immunoreactivity in an adjacent series
of tissue as a means of confirming the exogenous cellular
proliferation marker, BrdU, but also as a tool to screen for
potential cell cycle effects revealed by differential effects on
BrdU+ vs. Ki67+ cells in adolescent males (Morris et al., 2010a;
McClain et al., 2011). Qualitatively, Ki67 immunoreactivity
shows a similar pattern of clustered cells along the SGZ, as
observed with BrdU (Figures 2D–F). Overall immunoreactive

profiles for Ki67 appear lower than what was observed with a
prior manufacturer. However, similar to BrdU immunoreactivity,
we observed significant main effects of group (F1,22 = 25.06,
p < 0.0001) and time (F1,22 = 21.78, p = 0.0001), as well as a
significant group by time interaction (F1,22 = 9.22, p = 0.0061).
Multiple comparisons revealed significantly more Ki67+ cell
in the T7 ethanol-treated group compared to all other groups
(p < 0.0001 for all T7 comparisons). Furthermore, correlational
analysis revealed no significant relationship between either BrdU
or Ki67 expression and BEC as well as observed withdrawal
behaviors (Table 3).

Ethanol Exposure Increases the Number
of NPC Into Active Cycling
Next, we examined NPC activation by quantifying the number
of Ki67 and Sox2 co-labeled cells, as we observed an increase
in activated NPCs in the SGZ of males following alcohol
dependence (Hayes et al., 2018). First, we quantified Sox2+ cells,
a NPC marker, with DAB IHC within the SGZ 7 days post 4-day
binge exposure (Figures 3A,B), which revealed a significant 23%
increase in Sox2+ cells of ethanol-treated animals compared to
controls [Figure 3C; t(14) = 2.5, p = 0.025]. Next, in order to
examine whether alcohol altered the number of actively cycling
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TABLE 3 | Correlations with BEC and withdrawal scores.

Measurement BEC (mg/dl) Mean WD Peak WD

n Pearson r P-value Spearman r P-value Spearman r P-value

SGZ T7 BrdU 6 0.33 0.52 0.14 0.80 −0.12 0.81

T14 BrdU 6 −0.12 0.82 0.26 0.59 0.43 0.42

T7 Ki67 6 0.36 0.48 0.32 0.56 0.32 0.51

T14 Ki67 6 −0.55 0.23 −0.15 0.77 −0.20 0.71

T7 Sox2 8 −0.24 0.57 −0.57 0.14 −0.69 0.07

T7 Sox2/Ki67 8 0.22 0.61 −0.20 0.63 −0.35 0.39

GCL T14 NeuroD1: Inner 1/3 6 0.06 0.91 0.44 0.38 −0.23 0.66

T14 NeuroD1: Outer 2/3 6 −0.18 0.73 −0.07 0.90 −0.77 0.07

ML T14 NeuroD1 6 0.48 0.34 0.42 0.41 −0.29 0.58

Hilus T14 NeuroD1 6 0.51 0.31 0.70 0.12 −0.03 0.95

ML T14 Prox1 6 0.34 0.51 −0.09 0.85 −0.26 0.66

Hilus T14 Prox1 6 0.43 0.40 0.03 0.99 −0.37 0.50

Sox2+ progenitors in the SGZ, the number of Sox2+ cells
that also expressed Ki67 was quantified. We found a significant
increase in the number of Sox2+ cells that co-expressed Ki67
in the ethanol-treated females compared to controls (Figure 3L;
U = 0, p = 0.0007). However, this increase in the amount of
colabeling may be the result of a greater amount of Sox2+ and
Ki67+ cells in the DG of our ethanol-treated females. Therefore,
to see if the increase in the amount of double labeled cells
reflect changes in active cycling, we examined alterations in the
proportion of Sox2+ cells that also express Ki67. In ethanol-
treated females, 34% of all Sox2+ cells in the SGZ were also Ki-
67+, whereas only 11.5% were in controls (Figure 3M; p < 0.05).
These increases in NPC expression and activation were not
correlated to withdrawal scores or BEC (Table 3).

Prior Ethanol Exposure Increases the
Number of Newly Differentiated Neurons
in the SGZ
NeuroD1 is normally seen in the SGZ and inner 1/3 of the
GCL as immature neurons migrate following cell division,
as is visible in both groups (Figure 4). We observed a
significant increase in NeuroD1+ cells in the inner 1/3 of
the GCL/SGZ in ethanol-treated female rats at T14 compared
to controls [Figure 4C; t(10) = 2.5, p = 0.03]. In order to
probe for a relationship between reactive neurogenesis and
alcohol dependence as has been observed in males (Nixon and
Crews, 2004), correlations were conducted between NeuroD1
profile counts and measures of withdrawal severity (peak/mean
withdrawal scores) or BEC (Table 3). No significant relationship
between NeuroD1+ cell counts and these aspects of alcohol
dependence were observed.

Ethanol Exposure Does Not Produce
Ectopic Granule Cells in the Dentate
Gyrus
In order to investigate whether ectopic neurogenesis is occurring
in adult female rats after alcohol dependence, NeuroD1+ cells

were also quantified in the outer 2/3 of the GCL, the hilus, and the
molecular layer of the dentate gyrus at T14. Analysis of the outer
2/3 of the GCL [Figure 4D; t(10) = 1.3, p = 0.24], molecular layer
[Figure 4E; t(10) = 0.03, p = 0.98], and hilus [Figure 4F; U = 7.5,
p = 0.1] did not reveal significant differences in the number
of NeuroD1+ cells in any of those regions between groups.
Prox1 expression was also examined for evidence of ectopic
cells. As with NeuroD1+ analysis, we observed no significant
differences in the number of Prox1+ cells in ethanol-treated
females compared to controls in both the molecular layer and
hilus (Figure 5, molecular layer: t(10) = 1.069, p = 0.31; hilus:
t(10) = 0.5341, p = 0.61). As ectopic neurogenesis occurs with
seizures and the number of ectopic Prox1+ cells in the molecular
layer appeared more variable in the ethanol-treated rats, we
further probed the data for a potential relationship to withdrawal
severity as well as other aspects of the model. For both the
hilus and molecular layer, ectopic Prox1+ cell number did not
correlate with either measure of withdrawal severity (peak/mean
withdrawal scores) or BEC (Table 3).

DISCUSSION

The impact of various types of alcohol exposures on adult
neurogenesis has been well-studied in male rodents, however,
there has been a considerable lack of research on the effect in
females alone. Therefore, in this study, we sought to investigate
the effects of binge ethanol exposure on the phenomena
of reactive neurogenesis in the hippocampus of female rats.
Following 7 days of abstinence from alcohol dependence, we
observed a striking fourfold increase in NPC proliferation
(BrdU+ and Ki67+), which is likely due to an increase in
active cycling of NPCs (Sox2+ /Ki67+). Seven days later at T14,
newborn neurons indicated by NeuroD1+ immunoreactivity
were similarly increased. Furthermore, this rebound effect
did not appear to produce an increased number of ectopic
neurons (ectopic Prox1+ or NeuroD1+ cells) as occurs in
seizure models or in adolescent male rats exposed to alcohol
(McClain et al., 2014). Taken together, these results suggest that
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FIGURE 3 | Alcohol-induced reactive neurogenesis is a result of an increase in active division of NPC. Representative images of Sox2+ cells in the hippocampus of a
control [(A) n = 8] and ethanol-treated [(B) n = 8] rat at T7 as quantified in panel (C). Representative images of Sox2+ (D,G), Ki67+ (E,H), and dual-labeled cells (F,I)
in a control (D–F), n = 6) and an ethanol-treated [(G–I) n = 8] rat following 7 days of abstinence. (J) 3-D rendered z-stack images “orthogonal view” to show
Sox2+/Ki67+ co-labeling in the same cell. (K) The increase in Sox2 expression was replicated with immunofluorescence. Additionally, all Sox2+ cells were assessed
for the presence of Ki67 expression. As previously observed in males, there was a significant increase in the amount (L) and proportion (M) of actively dividing NPC
in ethanol-treated rats compared to controls at T7. (M) Data are mean ± SEM. Symbols represent individual data points. Scale bars = 100 µm in A main, D; 50 µm
A inset; 20 µm in panel (J). *p < 0.05; **p < 0.01.

alcohol dependence results in reactive, adult neurogenesis in
females. Although qualitative and not a direct comparison,
reactive neurogenesis appears similar between adult males and
females after the 4-day binge (Nixon and Crews, 2004; Hayes
et al., 2018), however, some subtle differences were observed in
this study compared to our past work and may warrant future
direct comparisons between the sexes.

The neuroplasticity or damage that occurs with alcohol
dependence results in a transient increase in the generation

of new neurons, a phenomenon that has been termed reactive
neurogenesis when it occurs after an insult (Molowny et al.,
1995; Nixon and Crews, 2004). Binge ethanol exposure in adult
females resulted in increases in NPC proliferation according to
BrdU and Ki67 IHC (Figure 2). While the mechanism for this
reactive neurogenesis in females is under investigation, our report
in males showed that these changes in proliferation were not the
result of alterations in the cell cycle but increased NPC activation
(Hayes et al., 2018). Although changes in cell cycle dynamics
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FIGURE 4 | NeuroD1 expression is increased in neurogenic regions in ethanol-treated rats following 14 days of abstinence. Representative images of NeuroD1
immunoreactivity in a control [(A) n = 6] and an ethanol-exposed [(B) n = 6] rat at T14. Expression of NeuroD1 was increased in the SGZ and inner third of the GCL
(C), but not the outer 2/3 (D), molecular layer (E), or hilus (F). Bars represent means ± SEM. Symbols represent individual data points. Scale bars = 100 µm; 20 µm
inset. *p < 0.05.

were not examined in the current study, the similar increases in
Ki67+ and BrdU+ proliferating cells suggest that the cell cycle
is not likely perturbed by alcohol exposure at this time point
(McClain et al., 2011). Furthermore, the increased recruitment
of NPCs into active cycling in females (Ki67+/Sox2+ cells)
may suggest a similar mechanism underlying alcohol-induced
reactive neurogenesis as found in males (Hayes et al., 2018).
Yet further analysis is still required as a limitation of this work
is that Sox2 is not specific to progenitors and can also be
expressed in astrocytes (Komitova and Eriksson, 2004). However,
in the current study, Sox2-Ki67 co-labeling was only examined
in the SGZ where progenitors reside and astrocyte proliferation
has not been observed in models of AUD, thus supporting
the interpretation that proliferating Sox2+ cells are most likely
NPCs. Though only qualitative, in the current study, we observed
an increase in NPC activation in females (Figure 3). Females
exhibited twice the amount (∼30%) of activated progenitors
at this time point than that previously seen in males (∼15%;
Hayes et al., 2018). While not a direct comparison between
the sexes, this observation is surprising given that most studies
see enhanced survival of newborn neurons in females and not
differences in proliferation (see Mahmoud et al., 2016 for review).
This differential increase in activated progenitors is intriguing
considering the higher baseline levels of cellular proliferation in
the dentate gyrus of males compared to females under normal

conditions (Yagi et al., 2020). Circulating gonadal hormones
have been implicated in changes in cellular proliferation in
the hippocampus. Higher levels of proliferating cells are found
in females in the proestrus stage, or when concentrations of
estradiol are highest, compared to males and females in other
estrous cycle stages (Tanapat et al., 1999). Furthermore, repeated
estradiol administration in gonadectomized rats resulted in
increased cell proliferation in the SGZ of females but not males
(Barker and Galea, 2008). As previously stated, we used intact
female rats, but did not monitor estrous stage throughout the
experiment. Although we cannot rule out the possibility of
an interaction between hormone levels and alcohol exposure
on components of adult neurogenesis, prior preclinical studies
found that estrous stage had no impact on binge alcohol-induced
hippocampal damage or recovery (Maynard and Leasure, 2013;
Maynard et al., 2017). While changes in circulating hormones
associated with estrous cycle garner much of the focus, androgens
have also been found to increase adult neurogenesis via the
androgen receptor pathway in young adult males but not
females (Duarte-Guterman et al., 2019). Thus, despite both sexes
exhibiting reactive, adult neurogenesis, it remains possible that
the mechanism underlying this process differs between the sexes
and warrants future investigation.

In order to identify and quantify the relative change in
the number of immature neurons in females as a result of
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FIGURE 5 | Ectopic granule cells were not observed in the DG of female rats
14 days following ethanol exposure. Representative images show Prox1
immunoreactivity in a control [(A) n = 6] and ethanol-treated [(C) n = 6] rat.
Prior alcohol exposure had no impact on Prox1+ ectopic cells in the molecular
layer (B) or hilus (D) of adult female rats. Data are mean ± SEM. Symbols
represent individual data points. Scale bars = 200 µm; 60 µm inset.

alcohol-induced reactive neurogenesis, we used an immature
neuronal marker, the transcription factor NeuroD1 (Gao et al.,
2009). Consistent with our previous studies in males, we found
significantly more cells committed to the neuronal fate born from
alcohol-induced reactive neurogenesis in the ethanol-treated
females compared to controls at day 14 of abstinence (Nixon
and Crews, 2004; Hayes et al., 2018). While there was still a
significant increase in NeuroD1+ cells in the ethanol-treated
females at day 14 in the current study, when compared to our
previous studies in males, we observed fewer NeuroD1+ cells
in the dentate gyrus despite more progenitors activated into
proliferation. While these differences in immature neurons could
be attributed to differences in the source of antibodies used,
it is possible that circulating hormones may influence alcohol-
induced proliferating cell survival.

Teasing apart the precise mechanisms of reactive neurogenesis
after alcohol dependence remains a key area of inquiry. During
the development of dependence, multiple events occur as part
of alcohol’s neuroplastic effects on the brain that overlap with
mechanisms known to cause reactive neurogenesis (reviewed
in Nixon, 2006; Geil et al., 2014). Specifically, cell death and
degeneration, a hyperglutamatergic state, and alcohol withdrawal
seizures are mechanistically intertwined and also the major causes
implicated in reactive neurogenesis (Nixon and Crews, 2004;
Crews and Nixon, 2009; Mandyam, 2013; Geil et al., 2014).
Though the role of seizures in reactive NPC proliferation had
been ruled out at least in males (e.g., Nixon and Crews, 2004),

recent studies bring to light that newborn neurons may be driving
the development of alcohol withdrawal seizures (Lee et al., 2019).
This latter point strongly suggests that it is the maladaptive
plastic events such as deranged glutamatergic signaling or
neuroimmune activation that occur during the development
of dependence that underlies these intertwined phenomena
(Crews and Nixon, 2009; Avchalumov et al., 2021). This remains
speculative as what little is known about cellular mechanisms
underlying alcohol-induced reactive neurogenesis jumps forward
to implicate brain-derived neurotrophic factor (BDNF) in the
hippocampus (McClain et al., 2014; Somkuwar et al., 2016; Hayes
et al., 2018). Thus, while a hyperglutamatergic state, seizures,
and neuroimmune activation can be linked through BDNF,
much remains to be discerned regarding the involvement of this
cascade in mechanisms of reactive, adult neurogenesis whether in
males or females.

Adult neurogenesis is essential for hippocampal structure
and function, with increases associated with improved
cognitive performance (Sahay et al., 2011). As hippocampal
neurodegeneration is a consequence of alcohol dependence,
reactive neurogenesis has been implicated in repopulating
the hippocampal dentate gyrus in males (Mandyam and
Koob, 2012; Gage and Temple, 2013). However, the functional
importance of this reactive increase remains up for debate.
The increased production of newborn neurons coincides with
behavioral recovery on performance of the Morris Water Maze
task, a hippocampal-dependent, learning and memory task
(Nickell et al., 2020; Nawarawong et al., 2021). In addition, cells
born during reactive neurogenesis appear to be incorporated
into hippocampal circuitry. Recent studies in male rats have
observed similar expression levels of the immediate early
gene c-Fos in newborn neurons in both ethanol-treated rats
and controls (Nawarawong et al., 2021). However, a recent
human study found that females demonstrated prolonged
cognitive impairment due to a slower recovery from alcohol
compared to males (Luquiens et al., 2019). Furthermore, a
chronic model of alcohol exposure in female mice found that
the alcohol-induced reactive increase in neurogenesis resulted
in aberrant hippocampal neuronal integration and cognitive
dysfunction (Golub et al., 2015). While we did not study
cognitive impairment in the current study, we did not observe
any differences in ectopic neurogenesis (Figures 4, 5). While
there are a number of experimental differences between our rat
study and Suh and colleague’s mouse studies (Golub et al., 2015;
Lee et al., 2019), much remains to be learned about how cells
born during reactive neurogenesis function, such as whether they
are incorporated into neuronal ensembles and their contribution
to the overall integrity of the hippocampus. Future studies
understanding what underlies these changes in females as well
as those directly comparing both sexes are necessary to fully
understand the role and functional implications of reactive
neurogenesis in the recovery of hippocampal structure and
function in models of AUD.

A limitation of the current study is the lack of a
full time course assessing the various components of adult
neurogenesis, as has previously been performed in males
(Nixon and Crews, 2002, 2004; Hayes et al., 2018). Under normal
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conditions, hippocampal neuronal maturation is slower in
females compared to males (Mahmoud et al., 2016; Yagi et al.,
2020). The time points used in the current study are based
on studies performed in males, therefore it is possible that
the time course of proliferation effects may differ in females
from what has previously been reported in males (Nixon and
Crews, 2004; Hayes et al., 2018). Furthermore, the current study
only examined an immature neuronal marker (NeuroD1). While
cells that survive to 14 days are thought to persist long-term
and are incorporated into hippocampal circuity (Kempermann
et al., 2003; Snyder and Cameron, 2012), sex differences in
the number of immature neurons in the dentate gyrus have
been observed, with increased immature neuron numbers in
females under normal conditions (Siddiqui and Romeo, 2019). In
depth assessments of adult neurogenesis have not been examined
extensively in females alone and may differ or interact with
the sex differences in reaction to alcohol dependence (Siddiqui
and Romeo, 2019; Yagi and Galea, 2019). Furthermore, any
interpretations must take into consideration sex differences
in hippocampal volume and makeup. Previous studies have
observed larger GCL volumes and a greater density of NPCs in
the dorsal hippocampus of males compared to females (Duarte-
Guterman et al., 2019; Yagi et al., 2020). As an available pool
of NPCs is a requirement of reactive neurogenesis (Yu et al.,
2008; Blaiss et al., 2011; Sun et al., 2013), basal differences in
populations of progenitors between the sexes may explain the
greater impact of the neurotoxic effects of alcohol on females.
Taken together, this suggests that alcohol’s damaging effects may
be where the sexual dimorphism lies (Wilhelm et al., 2016; Cortez
et al., 2020) rather than in reactive proliferation. Perhaps this
is why there is not a relationship between BrdU+ cell number
and withdrawal severity (Table 3) as there is in males (Nixon
and Crews, 2004). Indeed, there are known sex differences in
several events surrounding alcohol-induced damage, such as
neuroimmune activation (Wilhelm et al., 2016; Barton et al., 2017;
Rath et al., 2020), effects of which notably also interact with
the control of adult neurogenesis (Alvarez Cooper et al., 2020;
Diaz-Aparicio et al., 2020).

An important consideration when investigating the effects
of alcohol in females is potential differences in alcohol
pharmacokinetics. Compared to males, females have a faster
rate of absorption, distribution to the brain, and elimination
of alcohol (Robinson et al., 2002; Cederbaum, 2012). However,
in preclinical models, these differences are not thought to be
influenced by the fluctuating hormone levels associated with the
different estrous stages (Robinson et al., 2002; Maynard et al.,
2017). The binge model of exposure was chosen specifically
to circumvent potential alcohol pharmacokinetic differences as
dosing is based on intoxication behavior (Majchrowicz, 1975).
This binge model has been useful in comparing across ages
where slight pharmacokinetic differences have occurred (e.g.,
Varlinskaya and Spear, 2004; Morris et al., 2010b) or within drug
discovery studies (Liput et al., 2013). Furthermore, similar BECs
have been observed for both males and females with this model
(Maynard et al., 2017; West et al., 2018). Therefore, with the
consistency in intoxication levels between the sexes in the binge
model of alcohol exposure, any differences that emerge in females

would be the result of alternative mechanisms and not a direct
result of pharmacokinetics differences.

While the binge model of alcohol exposure in preclinical
studies reduces potential sex differences in pharmacokinetics,
potential differences in withdrawal behaviors, and severity are
unavoidable. In clinical alcohol dependent populations, men
report more withdrawal symptoms and more impaired general
functioning compared to females (Deshmukh et al., 2003). This
is mirrored in preclinical studies that have observed quicker
recovery from alcohol dependence in females (Devaud and
Chadda, 2001; Alele and Devaud, 2007). In the current study,
average withdrawal behaviors were similar to slightly less severe
than those previously reported in males (Hayes et al., 2018).
While a direct comparison is necessary to flesh out quantitative
changes, alterations in GABAergic inhibitory tone have been
implicated in the sex differences in withdrawal severity (for
review see Sharrett-Field et al., 2013). Devaud and Alele (2004)
reported greater levels of alpha subunits of the GABAa receptor
in males, while they observed increased beta subunit expression
in females. These alterations in GABA receptor subunits result
in decreased inhibitory tone in males and may underlie the more
prolonged and severe observed withdrawal behaviors. A common
withdrawal behavior is seizures, or spontaneous convulsions.
In seizure models, seizure behavior is correlated with increased
ectopic cellular expression. In adolescent males, we observed
an increase in ectopic cells that was positively correlated with
withdrawal severity. However, in this current study utilizing a
binge model of alcohol dependence in females, seizure expression
did not alter aberrant cellular division. Furthermore, the lack
of changes we observed in ectopic Prox1 expression suggests
an underlying neuroprotective mechanism that may play a role
in differences in withdrawal behavior expression. Thus future
work is required to understand the influence of sex on alcohol
withdrawal and recovery.

CONCLUSION

In conclusion, these data add to a nascent but growing body
of work on the effects of alcohol exposure in females within
the context of an AUD, as recent reviews have detailed (Cortez
et al., 2020; Fama et al., 2020; White, 2020). Despite a greater
vulnerability for alcohol-induced damage in females, the current
study agrees with prior preclinical reports suggesting that
females exhibit pronounced hippocampal structural recovery
(Jacobson, 1986; Deshmukh et al., 2003; Leasure and Nixon,
2010; Maynard and Leasure, 2013; West et al., 2019). Following
binge ethanol exposure, we found increased levels of cellular
proliferation, activated NPCs, and immature neurons in the
DG of females, phenomena consistent with increased adult
neurogenesis potentially contributing to recovery. Whether such
recovery mechanisms are sufficient to overcome prior damage
(e.g., West et al., 2019) and the signaling mechanism behind
these effects are the next questions. While these alterations
in cellular proliferation and survival appear to be important
to the structural and functional recovery of the hippocampus
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in males (Nickell et al., 2020; Nawarawong et al., 2021), little
is known about the functional implications of these newborn
cells in females. Further understanding of the role reactive
neurogenesis plays in hippocampal recovery will allow for the
identification of novel pharmacological targets for the therapeutic
treatment of AUDs.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

ETHICS STATEMENT

The animal study was reviewed and approved by the University of
Kentucky IACUC and The University of Texas at Austin IACUC.

AUTHOR CONTRIBUTIONS

HP and KN designed the experiments. NN, KT, SG, KN, HP,
and CA performed the experiments. NN and KT performed the
statistical analyses. NN and KN wrote the original draft of the

manuscript and interpreted the results. NN, KT, CA, and KN
prepared the figures. All authors have read, commented, edited,
and agreed to the manuscript.

FUNDING

This research was funded by the NIH grants R01AA025591,
R01AA016959, R21AA025563, and T32AA007471; and start-up
funds from The University of Texas at Austin.

ACKNOWLEDGMENTS

The authors wish to thank the Center for Biomedical Research
Support (the UT Microscopy and Flow Cytometry Core) and Huy
Q. Dang for technical support.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fnins.
2021.689601/full#supplementary-material

REFERENCES
Alele, P. E., and Devaud, L. L. (2007). Sex differences in steroid modulation of

ethanol withdrawal in male and female rats. J. Pharmacol. Exp. Ther. 320,
427–436. doi: 10.1124/jpet.106.107896

Alvarez Cooper, I., Beecher, K., Chehrehasa, F., Belmer, A., and Bartlett, S. E.
(2020). Tumour necrosis factor in neuroplasticity, neurogenesis and alcohol use
disorder. Brain Plast. 6, 47–66. doi: 10.3233/BPL-190095

Avchalumov, Y., Oliver, R. J., Trenet, W., Osorno, R. E. H., Sibley, B. D., Purohit,
D. C., et al. (2021). Chronic ethanol exposure differentially alters neuronal
function in the medial prefrontal cortex and dentate gyrus. Neuropharmacology
185:108438. doi: 10.1016/j.neuropharm.2020.108438

Barker, J. M., and Galea, L. A. (2008). Repeated estradiol administration alters
different aspects of neurogenesis and cell death in the hippocampus of female,
but not male, rats. Neuroscience 152, 888–902. doi: 10.1016/j.neuroscience.2007.
10.071

Bartels, C., Kunert, H. J., Stawicki, S., Kroner-Herwig, B., Ehrenreich, H., and
Krampe, H. (2007). Recovery of hippocampus-related functions in chronic
alcoholics during monitored long-term abstinence. Alcohol. Alcohol. 42,
92–102.

Barton, E. A., Baker, C., and Leasure, J. L. (2017). Investigation of sex differences
in the microglial response to binge ethanol and exercise. Brain Sci. 7:139. doi:
10.3390/brainsci7100139

Blaiss, C. A., Yu, T. S., Zhang, G., Chen, J., Dimchev, G., Parada, L. F., et al.
(2011). Temporally specified genetic ablation of neurogenesis impairs cognitive
recovery after traumatic brain injury. J. Neurosci. 31, 4906–4916. doi: 10.1523/
JNEUROSCI.5265-10.2011

Boldrini, M., Fulmore, C. A., Tartt, A. N., Simeon, L. R., Pavlova, I.,
Poposka, V., et al. (2018). Human hippocampal neurogenesis persists
throughout aging. Cell Stem Cell 22, 589–599.e585. doi: 10.1016/j.stem.2018.
03.015

Bonaguidi, M. A., Wheeler, M. A., Shapiro, J. S., Stadel, R. P., Sun, G. J., Ming, G. L.,
et al. (2011). In vivo clonal analysis reveals self-renewing and multipotent adult
neural stem cell characteristics. Cell 145, 1142–1155. doi: 10.1016/j.cell.2011.
05.024

Brandt, J., Butters, N., Ryan, C., and Bayog, R. (1983). Cognitive loss and recovery
in long-term alcohol abusers. Arch. Gen. Psychiatry 40, 435–442.

Cameron, H. A., and McKay, R. D. (2001). Adult neurogenesis produces a large
pool of new granule cells in the dentate gyrus. J. Comp. Neurol. 435, 406–417.

Carlen, P. L., Wortzman, G., Holgate, R. C., Wilkinson, D. A., and Rankin, J. C.
(1978). Reversible cerebral atrophy in recently abstinent chronic alcoholics
measured by computed tomography scans. Science 200, 1076–1078.

Cederbaum, A. I. (2012). Alcohol metabolism. Clin. Liver Dis. 16, 667–685. doi:
10.1016/j.cld.2012.08.002

Centers for Disease Control and Prevention [CDC] (2021). Effect of Dinking
Alcohol on Your Health. Available online at: https://www.cdc.gov/alcoholportal/
index.html (accessed March 7, 2021).

Cho, K. O., Lybrand, Z. R., Ito, N., Brulet, R., Tafacory, F., Zhang, L., et al. (2015).
Aberrant hippocampal neurogenesis contributes to epilepsy and associated
cognitive decline. Nat. Commun. 6:6606. doi: 10.1038/ncomms7606

Clelland, C. D., Choi, M., Romberg, C., Clemenson, G. D. Jr., Fragniere, A., Tyers,
P., et al. (2009). A functional role for adult hippocampal neurogenesis in spatial
pattern separation. Science 325, 210–213. doi: 10.1126/science.1173215

Cortez, I., Rodgers, S. P., Kosten, T. A., and Leasure, J. L. (2020). Sex and age
effects on neurobehavioral toxicity induced by binge alcohol. Brain Plast. 6,
5–25. doi: 10.3233/BPL-190094

Crawford, S., and Ryder, D. (1986). A study of sex differences in cognitive
impairment in alcoholics using traditional and computer-based tests. Drug
Alcohol. Depend. 18, 369–375. doi: 10.1016/0376-8716(86)90101-8

Crews, F. T., Mdzinarishvili, A., Kim, D., He, J., and Nixon, K. (2006). Neurogenesis
in adolescent brain is potently inhibited by ethanol. Neuroscience 137, 437–445.
doi: 10.1016/j.neuroscience.2005.08.090

Crews, F. T., and Nixon, K. (2009). Mechanisms of neurodegeneration and
regeneration in alcoholism. Alcohol. Alcohol. 44, 115–127. doi: 10.1093/alcalc/
agn079

Crews, F. T., Nixon, K., and Wilkie, M. E. (2004). Exercise reverses ethanol
inhibition of neural stem cell proliferation. Alcohol 33, 63–71.

Dash, P. K., Mach, S. A., and Moore, A. N. (2001). Enhanced neurogenesis in
the rodent hippocampus following traumatic brain injury. J. Neurosci. Res. 63,
313–319.

Demirakca, T., Ende, G., Kammerer, N., Welzel-Marquez, H., Hermann, D., Heinz,
A., et al. (2011). Effects of alcoholism and continued abstinence on brain
volumes in both genders. Alcohol. Clin. Exp. Res. 35, 1678–1685. doi: 10.1111/j.
1530-0277.2011.01514.x

Frontiers in Neuroscience | www.frontiersin.org 12 September 2021 | Volume 15 | Article 689601

https://www.frontiersin.org/articles/10.3389/fnins.2021.689601/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fnins.2021.689601/full#supplementary-material
https://doi.org/10.1124/jpet.106.107896
https://doi.org/10.3233/BPL-190095
https://doi.org/10.1016/j.neuropharm.2020.108438
https://doi.org/10.1016/j.neuroscience.2007.10.071
https://doi.org/10.1016/j.neuroscience.2007.10.071
https://doi.org/10.3390/brainsci7100139
https://doi.org/10.3390/brainsci7100139
https://doi.org/10.1523/JNEUROSCI.5265-10.2011
https://doi.org/10.1523/JNEUROSCI.5265-10.2011
https://doi.org/10.1016/j.stem.2018.03.015
https://doi.org/10.1016/j.stem.2018.03.015
https://doi.org/10.1016/j.cell.2011.05.024
https://doi.org/10.1016/j.cell.2011.05.024
https://doi.org/10.1016/j.cld.2012.08.002
https://doi.org/10.1016/j.cld.2012.08.002
https://www.cdc.gov/alcoholportal/index.html
https://www.cdc.gov/alcoholportal/index.html
https://doi.org/10.1038/ncomms7606
https://doi.org/10.1126/science.1173215
https://doi.org/10.3233/BPL-190094
https://doi.org/10.1016/0376-8716(86)90101-8
https://doi.org/10.1016/j.neuroscience.2005.08.090
https://doi.org/10.1093/alcalc/agn079
https://doi.org/10.1093/alcalc/agn079
https://doi.org/10.1111/j.1530-0277.2011.01514.x
https://doi.org/10.1111/j.1530-0277.2011.01514.x
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-15-689601 September 8, 2021 Time: 18:0 # 13

Nawarawong et al. Female Neurogenesis and Alcohol

Deshmukh, A., Rosenbloom, M. J., Sassoon, S., O’Reilly, A., Pfefferbaum, A.,
and Sullivan, E. V. (2003). Alcoholic men endorse more DSM-IV withdrawal
symptoms than alcoholic women matched in drinking history. J. Stud. Alcohol.
64, 375–379.

Devaud, L. L., and Alele, P. (2004). Differential effects of chronic ethanol
administration and withdrawal on gamma-aminobutyric acid type A and
NMDA receptor subunit proteins in male and female rat brain. Alcohol. Clin.
Exp. Res. 28, 957–965. doi: 10.1097/01.alc.0000128225.83916.40

Devaud, L. L., and Chadda, R. (2001). Sex differences in rats in the development
of and recovery from ethanol dependence assessed by changes in seizure
susceptibility. Alcohol. Clin. Exp. Res. 25, 1689–1696.

Diaz-Aparicio, I., Paris, I., Sierra-Torre, V., Plaza-Zabala, A., Rodriguez-Iglesias,
N., Marquez-Ropero, M., et al. (2020). Microglia actively remodel adult
hippocampal neurogenesis through the phagocytosis secretome. J. Neurosci. 40,
1453–1482. doi: 10.1523/JNEUROSCI.0993-19.2019

Duarte-Guterman, P., Lieblich, S. E., Wainwright, S. R., Chow, C., Chaiton,
J. A., Watson, N. V., et al. (2019). Androgens enhance adult hippocampal
neurogenesis in males but not females in an age-dependent manner.
Endocrinology 160, 2128–2136. doi: 10.1210/en.2019-00114

Eriksson, P. S., Perfilieva, E., Bjork-Eriksson, T., Alborn, A. M., Nordborg, C.,
Peterson, D. A., et al. (1998). Neurogenesis in the adult human hippocampus.
Nat. Med. 4, 1313–1317.

Fama, R., Le Berre, A. P., and Sullivan, E. V. (2020). Alcohol’s unique effects on
cognition in women: a 2020 (Re)view to envision future research and treatment.
Alcohol. Res. 40:03. doi: 10.35946/arcr.v40.2.03

Flannery, B., Fishbein, D., Krupitsky, E., Langevin, D., Verbitskaya, E., Bland, C.,
et al. (2007). Gender differences in neurocognitive functioning among alcohol-
dependent Russian patients. Alcohol. Clin. Exp. Res. 31, 745–754. doi: 10.1111/
j.1530-0277.2007.00372.x

Gage, F. H., and Temple, S. (2013). Neural stem cells: generating and regenerating
the brain. Neuron 80, 588–601. doi: 10.1016/j.neuron.2013.10.037

Gao, Z., Ure, K., Ables, J. L., Lagace, D. C., Nave, K. A., Goebbels, S., et al. (2009).
Neurod1 is essential for the survival and maturation of adult-born neurons. Nat.
Neurosci. 12, 1090–1092. doi: 10.1038/nn.2385

Gazdzinski, S., Durazzo, T. C., and Meyerhoff, D. J. (2005). Temporal dynamics
and determinants of whole brain tissue volume changes during recovery from
alcohol dependence. Drug Alcohol. Depend. 78, 263–273.

Geil, C. R., Hayes, D. M., McClain, J. A., Liput, D. J., Marshall, S. A., Chen, K. Y.,
et al. (2014). Alcohol and adult hippocampal neurogenesis: promiscuous drug,
wanton effects. Prog. Neuropsychopharmacol. Biol. Psychiatry 54C, 103–113.
doi: 10.1016/j.pnpbp.2014.05.003

Golub, H. M., Zhou, Q. G., Zucker, H., McMullen, M. R., Kokiko-Cochran,
O. N., Ro, E. J., et al. (2015). Chronic alcohol exposure is associated
with decreased neurogenesis, aberrant integration of newborn neurons, and
cognitive dysfunction in female mice. Alcohol. Clin. Exp. Res. 39, 1967–1977.
doi: 10.1111/acer.12843

Grace, S., Rossetti, M. G., Allen, N., Batalla, A., Bellani, M., Brambilla, P.,
et al. (2021). Sex differences in the neuroanatomy of alcohol dependence:
hippocampus and amygdala subregions in a sample of 966 people from the
ENIGMA addiction working group. Transl. Psychiatry 11:156. doi: 10.1038/
s41398-021-01204-1

Grant, B. F., Chou, S. P., Saha, T. D., Pickering, R. P., Kerridge, B. T., Ruan, W. J.,
et al. (2017). Prevalence of 12-month alcohol use, high-risk drinking, and DSM-
IV alcohol use disorder in the United States, 2001-2002 to 2012-2013: results
from the national epidemiologic survey on alcohol and related conditions.
JAMA Psychiatry 74, 911–923. doi: 10.1001/jamapsychiatry.2017.2161

Grant, B. F., Goldstein, R. B., Saha, T. D., Chou, S. P., Jung, J., Zhang, H., et al.
(2015). Epidemiology of DSM-5 alcohol use disorder: results from the national
epidemiologic survey on alcohol and related conditions III. JAMA Psychiatry
72, 757–766. doi: 10.1001/jamapsychiatry.2015.0584

Grucza, R. A., Sher, K. J., Kerr, W. C., Krauss, M. J., Lui, C. K., McDowell, Y. E.,
et al. (2018). Trends in adult alcohol use and binge drinking in the early 21st-
century United States: a meta-analysis of 6 national survey series. Alcohol. Clin.
Exp. Res. 42, 1939–1950. doi: 10.1111/acer.13859

Hayes, D. M., Nickell, C. G., Chen, K. Y., McClain, J. A., Heath, M. M.,
Deeny, M. A., et al. (2018). Activation of neural stem cells from
quiescence drives reactive hippocampal neurogenesis after alcohol dependence.
Neuropharmacology 133, 276–288. doi: 10.1016/j.neuropharm.2018.01.032

Herrera, D. G., Yague, A. G., Johnsen-Soriano, S., Bosch-Morell, F., Collado-
Morente, L., Muriach, M., et al. (2003). Selective impairment of hippocampal
neurogenesis by chronic alcoholism: protective effects of an antioxidant. Proc.
Natl. Acad. Sci. U.S.A. 100, 7919–7924.

Hoefer, M. E., Pennington, D. L., Durazzo, T. C., Mon, A., Abe, C., Truran, D., et al.
(2014). Genetic and behavioral determinants of hippocampal volume recovery
during abstinence from alcohol. Alcohol 48, 631–638. doi: 10.1016/j.alcohol.
2014.08.007

Imayoshi, I., Sakamoto, M., Ohtsuka, T., Takao, K., Miyakawa, T., Yamaguchi, M.,
et al. (2008). Roles of continuous neurogenesis in the structural and functional
integrity of the adult forebrain. Nat. Neurosci. 11, 1153–1161.

Iwano, T., Masuda, A., Kiyonari, H., Enomoto, H., and Matsuzaki, F. (2012). Prox1
postmitotically defines dentate gyrus cells by specifying granule cell identity
over CA3 pyramidal cell fate in the hippocampus. Development 139, 3051–3062.
doi: 10.1242/dev.080002

Jacobson, R. (1986). The contributions of sex and drinking history to the CT
brain scan changes in alcoholics. Psychol. Med. 16, 547–559. doi: 10.1017/
s003329170001031x

Jin, K., Wang, X., Xie, L., Mao, X. O., Zhu, W., Wang, Y., et al. (2006). Evidence for
stroke-induced neurogenesis in the human brain. Proc. Natl. Acad. Sci. U.S.A.
103, 13198–13202.

Kee, N., Sivalingam, S., Boonstra, R., and Wojtowicz, J. M. (2002). The utility of Ki-
67 and BrdU as proliferative markers of adult neurogenesis. J. Neurosci. Methods
115, 97–105.

Kempermann, G., Gast, D., Kronenberg, G., Yamaguchi, M., and Gage, F. H. (2003).
Early determination and long-term persistence of adult-generated new neurons
in the hippocampus of mice. Development 130, 391–399.

Keyes, K. M., Grant, B. F., and Hasin, D. S. (2008). Evidence for a closing
gender gap in alcohol use, abuse, and dependence in the United States
population. Drug Alcohol. Depend. 93, 21–29. doi: 10.1016/j.drugalcdep.2007.
08.017

Komitova, M., and Eriksson, P. S. (2004). Sox-2 is expressed by neural progenitors
and astroglia in the adult rat brain. Neurosci. Lett. 369, 24–27.

Kronenberg, G., Reuter, K., Steiner, B., Brandt, M. D., Jessberger, S., Yamaguchi,
M., et al. (2003). Subpopulations of proliferating cells of the adult hippocampus
respond differently to physiologic neurogenic stimuli. J. Comp. Neurol. 467,
455–463.

Kumar, A., Pareek, V., Faiq, M. A., Ghosh, S. K., and Kumari, C. (2019). ADULT
NEUROGENESIS IN HUMANS: a review of basic concepts, history, current
research, and clinical implications. Innov. Clin. Neurosci. 16, 30–37.

Le Maitre, T. W., Dhanabalan, G., Bogdanovic, N., Alkass, K., and Druid,
H. (2018). Effects of alcohol abuse on proliferating cells, stem/progenitor
cells, and immature neurons in the adult human hippocampus.
Neuropsychopharmacology 43, 690–699. doi: 10.1038/npp.2017.251

Leasure, J. L., and Nixon, K. (2010). Exercise neuroprotection in a rat model of
binge alcohol consumption. Alcohol. Clin. Exp. Res. 34, 404–414. doi: 10.1111/j.
1530-0277.2009.01105.x

Lee, D., Krishnan, B., Zhang, H., Park, H. R., Ro, E. J., Jung, Y. N., et al. (2019).
Activity of hippocampal adult-born neurons regulates alcohol withdrawal
seizures. JCI Insight 4:e128770. doi: 10.1172/jci.insight.128770

Liang, Z., Gao, F., Wang, F., Wang, X., Song, X., Liu, K., et al. (2013). Status
epilepticus increases mature granule cells in the molecular layer of the dentate
gyrus in rats. Neural Regen. Res. 8, 609–615. doi: 10.3969/j.issn.1673-5374.2013.
07.004

Liput, D. J., Hammell, D. C., Stinchcomb, A. L., and Nixon, K. (2013). Transdermal
delivery of cannabidiol attenuates binge alcohol-induced neurodegeneration in
a rodent model of an alcohol use disorder. Pharmacol. Biochem. Behav. 111,
120–127. doi: 10.1016/j.pbb.2013.08.013

Luquiens, A., Rolland, B., Pelletier, S., Alarcon, R., Donnadieu-Rigole, H.,
Benyamina, A., et al. (2019). Role of patient sex in early recovery from alcohol-
related cognitive impairment: women penalized. J. Clin. Med. 8:790. doi: 10.
3390/jcm8060790

Mahmoud, R., Wainwright, S. R., and Galea, L. A. (2016). Sex hormones
and adult hippocampal neurogenesis: regulation, implications, and potential
mechanisms. Front. Neuroendocrinol. 41, 129–152. doi: 10.1016/j.yfrne.2016.
03.002

Majchrowicz, E. (1975). Induction of physical dependence upon ethanol and the
associated behavioral changes in rats. Psychopharmacology 43, 245–254.

Frontiers in Neuroscience | www.frontiersin.org 13 September 2021 | Volume 15 | Article 689601

https://doi.org/10.1097/01.alc.0000128225.83916.40
https://doi.org/10.1523/JNEUROSCI.0993-19.2019
https://doi.org/10.1210/en.2019-00114
https://doi.org/10.35946/arcr.v40.2.03
https://doi.org/10.1111/j.1530-0277.2007.00372.x
https://doi.org/10.1111/j.1530-0277.2007.00372.x
https://doi.org/10.1016/j.neuron.2013.10.037
https://doi.org/10.1038/nn.2385
https://doi.org/10.1016/j.pnpbp.2014.05.003
https://doi.org/10.1111/acer.12843
https://doi.org/10.1038/s41398-021-01204-1
https://doi.org/10.1038/s41398-021-01204-1
https://doi.org/10.1001/jamapsychiatry.2017.2161
https://doi.org/10.1001/jamapsychiatry.2015.0584
https://doi.org/10.1111/acer.13859
https://doi.org/10.1016/j.neuropharm.2018.01.032
https://doi.org/10.1016/j.alcohol.2014.08.007
https://doi.org/10.1016/j.alcohol.2014.08.007
https://doi.org/10.1242/dev.080002
https://doi.org/10.1017/s003329170001031x
https://doi.org/10.1017/s003329170001031x
https://doi.org/10.1016/j.drugalcdep.2007.08.017
https://doi.org/10.1016/j.drugalcdep.2007.08.017
https://doi.org/10.1038/npp.2017.251
https://doi.org/10.1111/j.1530-0277.2009.01105.x
https://doi.org/10.1111/j.1530-0277.2009.01105.x
https://doi.org/10.1172/jci.insight.128770
https://doi.org/10.3969/j.issn.1673-5374.2013.07.004
https://doi.org/10.3969/j.issn.1673-5374.2013.07.004
https://doi.org/10.1016/j.pbb.2013.08.013
https://doi.org/10.3390/jcm8060790
https://doi.org/10.3390/jcm8060790
https://doi.org/10.1016/j.yfrne.2016.03.002
https://doi.org/10.1016/j.yfrne.2016.03.002
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-15-689601 September 8, 2021 Time: 18:0 # 14

Nawarawong et al. Female Neurogenesis and Alcohol

Mandyam, C. D. (2013). The interplay between the hippocampus and amygdala
in regulating aberrant hippocampal neurogenesis during protracted abstinence
from alcohol dependence. Front. Psychiatry 27, 4–61. doi: 10.3389/fpsyt.2013.
00061

Mandyam, C. D., and Koob, G. F. (2012). The addicted brain craves new
neurons: putative role for adult-born progenitors in promoting recovery.
Trends Neurosci. 35, 250–260. doi: 10.1016/j.tins.2011.12.005

Mann, K., Ackermann, K., Croissant, B., Mundle, G., Nakovics, H., and Diehl, A.
(2005). Neuroimaging of gender differences in alcohol dependence: are women
more vulnerable? Alcohol. Clin. Exp. Res. 29, 896–901. doi: 10.1097/01.alc.
0000164376.69978.6b

Mann, K., Batra, A., Gunthner, A., and Schroth, G. (1992). Do women develop
alcoholic brain damage more readily than men? Alcohol. Clin. Exp. Res. 16,
1052–1056. doi: 10.1111/j.1530-0277.1992.tb00698.x

Maynard, M. E., Barton, E. A., Robinson, C. R., Wooden, J. I., and Leasure, J. L.
(2017). Sex differences in hippocampal damage, cognitive impairment, and
trophic factor expression in an animal model of an alcohol use disorder. Brain
Struct. Funct. 223, 195–210. doi: 10.1007/s00429-017-1482-3

Maynard, M. E., and Leasure, J. L. (2013). Exercise enhances hippocampal recovery
following binge ethanol exposure. PLoS One 8:e76644. doi: 10.1371/journal.
pone.0076644

McClain, J. A., Hayes, D. M., Morris, S. A., and Nixon, K. (2011). Adolescent
binge alcohol exposure alters hippocampal progenitor cell proliferation in rats:
effects on cell cycle kinetics. J. Comp. Neurol. 519, 2697–2710. doi: 10.1002/cne.
22647

McClain, J. A., Morris, S. A., Marshall, S. A., and Nixon, K. (2014).
Ectopic hippocampal neurogenesis in adolescent male rats following alcohol
dependence. Addict. Biol. 19, 687–699. doi: 10.1111/adb.12075

Molowny, A., Nacher, J., and Lopez-Garcia, C. (1995). Reactive neurogenesis
during regeneration of the lesioned medial cerebral cortex of lizards.
Neuroscience 68, 823–836.

Morris, S. A., Eaves, D. W., Smith, A. R., and Nixon, K. (2010a). Alcohol
inhibition of neurogenesis: a mechanism of hippocampal neurodegeneration
in an adolescent alcohol abuse model. Hippocampus 20, 596–607. doi: 10.1002/
hipo.20665

Morris, S. A., Kelso, M. L., Liput, D. J., Marshall, S. A., and Nixon, K. (2010b).
Similar withdrawal severity in adolescents and adults in a rat model of alcohol
dependence. Alcohol 44, 89–98. doi: 10.1016/j.alcohol.2009.10.017

Nawarawong, N. N., Nickell, C. G., Pauly, J. R., and Nixon, K. (2021).
Functional activation of newborn neurons following alcohol-induced reactive
neurogenesis. Brain Sci. 11:499. doi: 10.3390/brainsci11040499

Nickell, C. G., Thompson, K. R., Pauly, J. R., and Nixon, K. (2020). Recovery of
hippocampal-dependent learning despite blunting reactive adult neurogenesis
after alcohol dependence. Brain Plast. 6, 83–101. doi: 10.3233/BPL-200108

Nixon, K. (2006). Alcohol and adult neurogenesis: roles in neurodegeneration and
recovery in chronic alcoholism. Hippocampus 16, 287–295. doi: 10.1002/hipo.
20162

Nixon, K., and Crews, F. T. (2002). Binge ethanol exposure decreases neurogenesis
in adult rat hippocampus. J. Neurochem. 83, 1087–1093.

Nixon, K., and Crews, F. T. (2004). Temporally specific burst in cell proliferation
increases hippocampal neurogenesis in protracted abstinence from alcohol.
J. Neurosci. 24, 9714–9722.

Nixon, S. J., Prather, R., and Lewis, B. (2014). Sex differences in alcohol-related
neurobehavioral consequences. Handb. Clin. Neurol. 125, 253–272. doi: 10.
1016/B978-0-444-62619-6.00016-1

Nixon, S. J., Tivis, R., and Parsons, O. A. (1995). Behavioral dysfunction and
cognitive efficiency in male and female alcoholics. Alcohol. Clin. Exp. Res. 19,
577–581. doi: 10.1111/j.1530-0277.1995.tb01551.x

Noori, H. R., and Fornal, C. A. (2011). The appropriateness of unbiased optical
fractionators to assess cell proliferation in the adult hippocampus. Front.
Neurosci. 5:140. doi: 10.3389/fnins.2011.00140

Palmer, T. D., Takahashi, J., and Gage, F. H. (1997). The adult rat hippocampus
contains primordial neural stem cells. Mol. Cell Neurosci. 8, 389–404.

Parent, J. M., Yu, T. W., Leibowitz, R. T., Geschwind, D. H., Sloviter, R. S., and
Lowenstein, D. H. (1997). Dentate granule cell neurogenesis is increased by
seizures and contributes to aberrant network reorganization in the adult rat
hippocampus. J. Neurosci. 17, 3727–3738.

Paxinos, G., and Watson, C. (2009). The Rat Brain in Stereotaxic
Coordinates/George Paxinos, Charles Watson, Compact, 6th Edn, London:
Elsevier Academic.

Pfefferbaum, A., Sullivan, E. V., Mathalon, D. H., Shear, P. K., Rosenbloom, M. J.,
and Lim, K. O. (1995). Longitudinal changes in magnetic resonance imaging
brain volumes in abstinent and relapsed alcoholics. Alcohol. Clin. Exp. Res. 19,
1177–1191.

Rath, M., Guergues, J., Pinho, J. P. C., Zhang, P., Nguyen, T. G., MacFadyen,
K. A., et al. (2020). Chronic voluntary binge ethanol consumption causes sex-
specific differences in microglial signaling pathways and withdrawal-associated
behaviors in mice. Alcohol. Clin. Exp. Res. 44, 1791–1806. doi: 10.1111/acer.
14420

Richardson, H. N., Chan, S. H., Crawford, E. F., Lee, Y. K., Funk, C. K., Koob,
G. F., et al. (2009). Permanent impairment of birth and survival of cortical
and hippocampal proliferating cells following excessive drinking during alcohol
dependence. Neurobiol. Dis. 36, 1–10.

Robinson, D. L., Brunner, L. J., and Gonzales, R. A. (2002). Effect of gender and
estrous cycle on the pharmacokinetics of ethanol in the rat brain. Alcohol. Clin.
Exp. Res. 26, 165–172.

Sahay, A., Scobie, K. N., Hill, A. S., O’Carroll, C. M., Kheirbek, M. A., Burghardt,
N. S., et al. (2011). Increasing adult hippocampal neurogenesis is sufficient to
improve pattern separation. Nature 472, 466–470. doi: 10.1038/nature09817

Scharfman, H. E., Sollas, A. E., Berger, R. E., Goodman, J. H., and Pierce,
J. P. (2003). Perforant path activation of ectopic granule cells that are born
after pilocarpine-induced seizures. Neuroscience 121, 1017–1029. doi: 10.1016/
s0306-4522(03)00481-0

Seri, B., Garcia-Verdugo, J. M., McEwen, B. S., and Alvarez-Buylla, A. (2001).
Astrocytes give rise to new neurons in the adult mammalian hippocampus.
J. Neurosci. 21, 7153–7160.

Sharrett-Field, L., Butler, T. R., Reynolds, A. R., Berry, J. N., and Prendergast,
M. A. (2013). Sex differences in neuroadaptation to alcohol and withdrawal
neurotoxicity. Pflugers Arch. 465, 643–654. doi: 10.1007/s00424-013-1266-4

Shors, T. J., Miesegaes, G., Beylin, A., Zhao, M., Rydel, T., and Gould, E. (2001).
Neurogenesis in the adult is involved in the formation of trace memories.
Nature 410, 372–376. doi: 10.1038/35066584

Siddiqui, A., and Romeo, R. D. (2019). Sex differences and similarities in
hippocampal cellular proliferation and the number of immature neurons
during adolescence in rats. Dev. Neurosci. 41, 132–138. doi: 10.1159/000502056

Snyder, J. S., and Cameron, H. A. (2012). Could adult hippocampal neurogenesis
be relevant for human behavior? Behav. Brain Res. 227, 384–390.

Snyder, J. S., and Drew, M. R. (2020). Functional neurogenesis over the years.
Behav. Brain Res. 382:112470. doi: 10.1016/j.bbr.2020.112470

Somkuwar, S. S., Fannon, M. J., Staples, M. C., Zamora-Martinez, E. R., Navarro,
A. I., Kim, A., et al. (2016). Alcohol dependence-induced regulation of the
proliferation and survival of adult brain progenitors is associated with altered
BDNF-TrkB signaling. Brain Struct. Funct. 221, 4319–4335. doi: 10.1007/
s00429-015-1163-z

Sorrells, S. F., Paredes, M. F., Cebrian-Silla, A., Sandoval, K., Qi, D., Kelley, K. W.,
et al. (2018). Human hippocampal neurogenesis drops sharply in children to
undetectable levels in adults. Nature 555, 377–381. doi: 10.1038/nature25975

Spalding, K. L., Bergmann, O., Alkass, K., Bernard, S., Salehpour, M., Huttner, H. B.,
et al. (2013). Dynamics of hippocampal neurogenesis in adult humans. Cell 153,
1219–1227. doi: 10.1016/j.cell.2013.05.002

Sullivan, E. V. (2000a). Cerebellar volume decline in normal aging, alcoholism, and
Korsakoff’s syndrome: relation to ataxia. Neuropsychology 14, 341–352.

Sullivan, E. V. (2000b). Contribution of alcohol abuse to cerebellar volume deficits
in men with schizophrenia. Arch. Gen. Psych. 57, 894–902.

Sullivan, E. V., Marsh, L., Mathalon, D. H., Lim, K. O., and Pfefferbaum, A. (1995).
Anterior hippocampal volume deficits in nonamnesic, aging chronic alcoholics.
Alcohol. Clin. Exp. Res. 19, 110–122.

Sullivan, E. V., Rosenbloom, M. J., Lim, K. O., and Pfefferbaum, A. (2000).
Longitudinal changes in cognition, gait, and balance in abstinent and relapsed
alcoholic men: relationships to changes in brain structure. Neuropsychology 14,
178–188.

Sun, C., Sun, H., Wu, S., Lee, C. C., Akamatsu, Y., Wang, R. K., et al. (2013).
Conditional ablation of neuroprogenitor cells in adult mice impedes recovery of
poststroke cognitive function and reduces synaptic connectivity in the perforant

Frontiers in Neuroscience | www.frontiersin.org 14 September 2021 | Volume 15 | Article 689601

https://doi.org/10.3389/fpsyt.2013.00061
https://doi.org/10.3389/fpsyt.2013.00061
https://doi.org/10.1016/j.tins.2011.12.005
https://doi.org/10.1097/01.alc.0000164376.69978.6b
https://doi.org/10.1097/01.alc.0000164376.69978.6b
https://doi.org/10.1111/j.1530-0277.1992.tb00698.x
https://doi.org/10.1007/s00429-017-1482-3
https://doi.org/10.1371/journal.pone.0076644
https://doi.org/10.1371/journal.pone.0076644
https://doi.org/10.1002/cne.22647
https://doi.org/10.1002/cne.22647
https://doi.org/10.1111/adb.12075
https://doi.org/10.1002/hipo.20665
https://doi.org/10.1002/hipo.20665
https://doi.org/10.1016/j.alcohol.2009.10.017
https://doi.org/10.3390/brainsci11040499
https://doi.org/10.3233/BPL-200108
https://doi.org/10.1002/hipo.20162
https://doi.org/10.1002/hipo.20162
https://doi.org/10.1016/B978-0-444-62619-6.00016-1
https://doi.org/10.1016/B978-0-444-62619-6.00016-1
https://doi.org/10.1111/j.1530-0277.1995.tb01551.x
https://doi.org/10.3389/fnins.2011.00140
https://doi.org/10.1111/acer.14420
https://doi.org/10.1111/acer.14420
https://doi.org/10.1038/nature09817
https://doi.org/10.1016/s0306-4522(03)00481-0
https://doi.org/10.1016/s0306-4522(03)00481-0
https://doi.org/10.1007/s00424-013-1266-4
https://doi.org/10.1038/35066584
https://doi.org/10.1159/000502056
https://doi.org/10.1016/j.bbr.2020.112470
https://doi.org/10.1007/s00429-015-1163-z
https://doi.org/10.1007/s00429-015-1163-z
https://doi.org/10.1038/nature25975
https://doi.org/10.1016/j.cell.2013.05.002
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-15-689601 September 8, 2021 Time: 18:0 # 15

Nawarawong et al. Female Neurogenesis and Alcohol

pathway. J. Neurosci. 33, 17314–17325. doi: 10.1523/JNEUROSCI.2129-13.
2013

Tanapat, P., Hastings, N. B., Reeves, A. J., and Gould, E. (1999). Estrogen stimulates
a transient increase in the number of new neurons in the dentate gyrus of the
adult female rat. J. Neurosci. 19, 5792–5801.

Toda, T., Parylak, S. L., Linker, S. B., and Gage, F. H. (2019). The role of adult
hippocampal neurogenesis in brain health and disease. Mol. Psychiatry 24,
67–87. doi: 10.1038/s41380-018-0036-2

Varlinskaya, E. I., and Spear, L. P. (2004). Acute ethanol withdrawal (hangover) and
social behavior in adolescent and adult male and female Sprague-Dawley rats.
Alcohol. Clin. Exp. Res. 28, 40–50.

West, R. K., Maynard, M. E., and Leasure, J. L. (2018). Binge ethanol effects on
prefrontal cortex neurons, spatial working memory and task-induced neuronal
activation in male and female rats. Physiol. Behav. 188, 79–85. doi: 10.1016/j.
physbeh.2018.01.027

West, R. K., Wooden, J. I., Barton, E. A., and Leasure, J. L. (2019). Recurrent binge
ethanol is associated with significant loss of dentate gyrus granule neurons in
female rats despite concomitant increase in neurogenesis. Neuropharmacology
148, 272–283. doi: 10.1016/j.neuropharm.2019.01.016

White, A. M. (2020). Gender differences in the epidemiology of alcohol use and
related harms in the United States. Alcohol. Res. 40:01. doi: 10.35946/arcr.v4
0.2.01

Wilhelm, C. J., Hashimoto, J. G., Roberts, M. L., Bloom, S. H., Andrew, M. R., and
Wiren, K. M. (2016). Astrocyte dysfunction induced by alcohol in females but
not males. Brain Pathol. 26, 433–451. doi: 10.1111/bpa.12276

Wilson, S., Bair, J. L., Thomas, K. M., and Iacono, W. G. (2017). Problematic alcohol
use and reduced hippocampal volume: a meta-analytic review. Psychol. Med. 7,
2288–2301. doi: 10.1017/S0033291717000721

Yagi, S., and Galea, L. A. M. (2019). Sex differences in hippocampal cognition and
neurogenesis. Neuropsychopharmacology 44, 200–213. doi: 10.1038/s41386-
018-0208-4

Yagi, S., Splinter, J. E. J., Tai, D., Wong, S., Wen, Y., and Galea, L. A. M. (2020).
Sex Differences in Maturation and Attrition of Adult Neurogenesis in the

Hippocampus. eNeuro 7:ENEURO.0468-19.2020. doi: 10.1523/ENEURO.0468-
19.2020

Yu, T. S., Washington, P. M., and Kernie, S. G. (2016). Injury-induced
neurogenesis: mechanisms and relevance. Neuroscientist 22, 61–71. doi: 10.
1177/1073858414563616

Yu, T. S., Zhang, G., Liebl, D. J., and Kernie, S. G. (2008). Traumatic
brain injury-induced hippocampal neurogenesis requires activation of early
nestin-expressing progenitors. J. Neurosci. 28, 12901–12912. doi: 10.1523/
JNEUROSCI.4629-08.2008

Zhao, X., and van Praag, H. (2020). Steps towards standardized quantification
of adult neurogenesis. Nat. Commun. 11:4275. doi: 10.1038/s41467-020-1
8046-y

Zou, X., Durazzo, T. C., and Meyerhoff, D. J. (2018). Regional brain volume
changes in alcohol-dependent individuals during short-term and long-term
abstinence. Alcohol. Clin. Exp. Res. 42, 1062–1072. doi: 10.1111/acer.13757

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Nawarawong, Thompson, Guerin, Anasooya Shaji, Peng and
Nixon. This is an open-access article distributed under the terms of the Creative
Commons Attribution License (CC BY). The use, distribution or reproduction in
other forums is permitted, provided the original author(s) and the copyright owner(s)
are credited and that the original publication in this journal is cited, in accordance
with accepted academic practice. No use, distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Neuroscience | www.frontiersin.org 15 September 2021 | Volume 15 | Article 689601

https://doi.org/10.1523/JNEUROSCI.2129-13.2013
https://doi.org/10.1523/JNEUROSCI.2129-13.2013
https://doi.org/10.1038/s41380-018-0036-2
https://doi.org/10.1016/j.physbeh.2018.01.027
https://doi.org/10.1016/j.physbeh.2018.01.027
https://doi.org/10.1016/j.neuropharm.2019.01.016
https://doi.org/10.35946/arcr.v40.2.01
https://doi.org/10.35946/arcr.v40.2.01
https://doi.org/10.1111/bpa.12276
https://doi.org/10.1017/S0033291717000721
https://doi.org/10.1038/s41386-018-0208-4
https://doi.org/10.1038/s41386-018-0208-4
https://doi.org/10.1523/ENEURO.0468-19.2020
https://doi.org/10.1523/ENEURO.0468-19.2020
https://doi.org/10.1177/1073858414563616
https://doi.org/10.1177/1073858414563616
https://doi.org/10.1523/JNEUROSCI.4629-08.2008
https://doi.org/10.1523/JNEUROSCI.4629-08.2008
https://doi.org/10.1038/s41467-020-18046-y
https://doi.org/10.1038/s41467-020-18046-y
https://doi.org/10.1111/acer.13757
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles

	Reactive, Adult Neurogenesis From Increased Neural Progenitor Cell Proliferation Following Alcohol Dependence in Female Rats
	Introduction
	Materials and Methods
	Animal Model of an AUD
	Tissue Preparation
	Immunohistochemistry
	3,3-Diaminobenzidine Tetrahydrochloride (DAB) IHC
	Bromodeoxyuridine (BrdU) IHC
	Dual Fluorescent IHC

	Quantification
	Statistical Analysis

	Results
	AUD Model Data
	Ethanol Increases Cell Proliferation in the SGZ During Abstinence
	Ethanol Exposure Increases the Number of NPC Into Active Cycling
	Prior Ethanol Exposure Increases the Number of Newly Differentiated Neurons in the SGZ
	Ethanol Exposure Does Not Produce Ectopic Granule Cells in the Dentate Gyrus

	Discussion
	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


