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Research Report

Recovery of Hippocampal-Dependent

Learning Despite Blunting Reactive Adult

Neurogenesis After Alcohol Dependence

Chelsea G. Nickella,1, K. Ryan Thompsonb,1, James R. Paulya and Kimberly Nixona,b,∗

aUniversity of Kentucky, Department of Pharmaceutical Sciences, Lexington, KY, USA
bThe University of Texas at Austin, College of Pharmacy, Austin, TX, USA

Abstract.

Background: The excessive alcohol drinking that occurs in alcohol use disorder (AUD) causes neurodegeneration in regions

such as the hippocampus, though recovery may occur after a period of abstinence. Mechanisms of recovery are not clear,

though reactive neurogenesis has been observed in the hippocampal dentate gyrus following alcohol dependence and correlates

to recovery of granule cell number.

Objective: We investigated the role of neurons born during reactive neurogenesis in the recovery of hippocampal learning

behavior after 4-day binge alcohol exposure, a model of an AUD. We hypothesized that reducing reactive neurogenesis would

impair functional recovery.

Methods: Adult male rats were subjected to 4-day binge alcohol exposure and two approaches were tested to blunt reactive

adult neurogenesis, acute doses of alcohol or the chemotherapy drug, temozolomide (TMZ).

Results: Acute 5 g/kg doses of EtOH gavaged T6 and T7 days post binge did not inhibit significantly the number of

Bromodeoxyuridine-positive (BrdU+ ) proliferating cells in EtOH animals receiving 5 g/kg EtOH versus controls. A single

cycle of TMZ inhibited reactive proliferation (BrdU+ cells) and neurogenesis (NeuroD+ cells) to that of controls. However,

despite this blunting of reactive neurogenesis to basal levels, EtOH-TMZ rats were not impaired in their recovery of acquisition

of the Morris water maze (MWM), learning similarly to all other groups 35 days after 4-day binge exposure.

Conclusions: These studies show that TMZ is effective in decreasing reactive proliferation/neurogenesis following 4-day

binge EtOH exposure, and baseline levels of adult neurogenesis are sufficient to allow recovery of hippocampal function.

Keywords: Alcohol abstinence, alcoholism, ethanol, hippocampus, learning, neural stem cell, neurogenesis

INTRODUCTION

Alcohol use disorder (AUD) is a chronic, relaps-

ing disorder that impacts millions of Americans with

nearly 14% of U.S. adults meeting diagnostic criteria
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in a given year [1]. Excessive alcohol use, the defin-

ing characteristic of an AUD, results in damage and

neurodegeneration across many brain regions with

binge patterns of alcohol drinking more likely to

result in neurodegeneration [2–5]. One of the primary

targets of alcohol neurotoxicity is the hippocam-

pus [6, 7]. In humans, binge and heavy alcohol

consumption have been associated with deficits in

hippocampal-dependent tasks which correspond to

cell and volume loss in the hippocampus [8–13].

Studies in animal models of AUDs strongly sup-

port causality between excessive alcohol exposure
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and loss of hippocampal integrity [14]. Numerous

models demonstrate impairments in hippocampal-

dependent learning and memory with corresponding

deficits in hippocampal structure following alcohol

dependence [7, 15–18]. However, recovery of brain

structure and function may occur with abstinence

from alcohol drinking [19–23]. The hippocampus

is one such region where both structure and func-

tion have been reported to recover with abstinence,

although results varied depending on the type of cog-

nitive task or structural aspect measured as well as

the timing of assessment relative to last drink [21,

24–26]. The mechanisms involved in recovery remain

poorly understood, though data from human and ani-

mal models have long suggested various types of

structural plasticity [17, 20, 27–29].

One means of hippocampal plasticity is the pro-

cess of adult neurogenesis. The dentate gyrus of the

hippocampus is one region of the brain where ongo-

ing, adult neurogenesis is well accepted to contribute

to hippocampal integrity in mammals, including

humans [30–35]. Granule cells are born continu-

ously from neural stem cells (NSC) in the neurogenic

niche of the dentate gyrus subgranular zone, then

migrate into the granule cell layer and integrate into

hippocampal circuitry [27, 32, 33]. Newborn neu-

rons play specific roles in learning and memory [33,

36–40]. For example, adult neurogenesis may be

necessary for initial learning of a spatial task [33,

41–43], likely through their role in pattern separa-

tion, meaning the discrimination of contexts that are

highly similar [37, 39, 44]. In support of this view,

when adult neurogenesis is ablated or impaired, ani-

mals show increased interference when presented

with variations to tasks or contexts that are similar

to an initial one [39, 45–47]. Conversely, increasing

adult neurogenesis is associated with improved learn-

ing and memory performance e.g. [35, 37] see also

for review [32, 36]. In addition, many speculate on a

role of adult neurogenesis in recovery from damage,

especially in the hippocampus [48–50].

Alcohol exposure has dynamic effects on adult

neurogenesis, contributing to alcohol-induced neu-

rodegeneration, but also to recovery in abstinence [27,

50–52]. Intoxicating doses of alcohol inhibit prolif-

eration and/or impact neuroblast survival to decrease

adult neurogenesis, effects which have been observed

extensively in animal models but also in humans [27,

50, 53–60]. However, while in withdrawal and absti-

nence after alcohol dependence, reactive increases

in adult neurogenesis are associated with repair

and recovery of hippocampal structure and function

[51, 52, 61–63]. This reactive adult neurogenesis is

initiated through the activation of Type 1 NSC prolif-

eration in the dentate gyrus subgranular zone [61, 62].

However, the functional role of reactive neurogenesis

in models of AUD is not known. Reactive neurogen-

esis may act as a compensatory mechanism in which

rebound proliferation counteracts cells not generated

during intoxication or helps to replace alcohol-killed

granule cells [4, 29, 50, 51, 64–66]. Indeed, the con-

cept of reactive adult neurogenesis is not exclusive to

alcohol-induced neurotoxicity, similar increases have

been found in other models of insult such as ischemia

[67], traumatic brain injury [68], and seizure [69].

Though the observation of reactive neurogenesis

after alcohol dependence correlates to the recovery

of hippocampal structure in models of AUD, the

relationship between the two has not been examined

mechanistically [51, 61]. If reactive neurogenesis is

responsible for recovery of hippocampal structure

and function, then inhibiting reactive neurogenesis

should block recovery in alcohol-exposed animals.

Hippocampus-dependent learning tasks have been

utilized to explore the relationship between alco-

hol and hippocampal integrity [15, 16, 70]. The

Morris water maze (MWM) is a well-established

hippocampal-dependent task, where rats exposed to

a 4-day binge alcohol paradigm are impaired in

learning the task [16, 18, 71; Chen et al., in prep].

Therefore, in order to test the hypothesis that recov-

ery of hippocampal function is related to reactive,

adult neurogenesis, two approaches were taken to

blunt NSC proliferation and reactive adult neuroge-

nesis, acute doses of alcohol or the chemotherapy

drug temozolomide (TMZ), then performance on the

hippocampal-dependent MWM was assessed.

METHODS

Subjects

142 male Sprague-Dawley rats weighing 275–

300g upon arrival were used across four experi-

ments (Charles River laboratory; PND 70). Eight

rats were excluded due to failure to incorporate

BrdU (seven rats from Experiment 1: three con-

trol+control (C + C), one EtOH+control (E + C), and

three EtOH+EtOH (E + E), and one rat was removed

from the T14 EtOH+saline group in Experiment 3).

One rat was removed due to excess weight loss from

the T35 TMZ group in Experiment 4. Animals were

housed in a temperature- and humidity-controlled

vivarium on a 12-hour light cycle with food and
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water available ad libitum unless otherwise noted.

On arrival, rats were pair housed and acclimated to

the vivarium for five days. During the acclimation

period, rats were handled for three-minutes on three

days. Experimental procedures were approved by the

Institutional Animal Care and Use Committee of the

University of Kentucky in accordance with The Guide

for the Care and Use of Laboratory Animals [72].

Rat model of an alcohol use disorder

The Majchrowicz 4-day binge model of an AUD

achieves high blood alcohol (EtOH) concentrations

(BECs) characteristic of binge pattern drinking in

addition to producing tolerance, physical depen-

dence, neurodegeneration and reactive, adult neuro-

genesis [51, 61, 73, 74]. In all experiments the binge

model was performed as previously described [51,

61, 74]: rats were gavaged initially with either a 5 g/

kg dose of EtOH in diet (25% w/v EtOH in Vanilla

Ensure Plus,® Abbott Laboratories, Columbus, OH)

or an isocaloric control diet (dextrose in Vanilla

Ensure Plus®). Subsequent doses were titrated based

on intoxication behavior which was scored accord-

ing to a 0 (normal) to 5 (highly intoxicated) scale

modified from Majchrowicz [73, 74]. Each rat then

receives the corresponding dose of EtOH via gavage

(5 g/kg – 0 g/kg respectively). Controls are admin-

istered the average volume given to EtOH animals.

Unhandled, ungavaged control rats were not included

as no differences in neurogenesis endpoints have been

observed between rats gavaged with control diet com-

pared to unhandled controls given ad libitum access

to food and water in this model [54]. After four days

of EtOH exposure, rats were observed for withdrawal

behavior for 30 minutes of each hour and withdrawal

behavior was scored for 17 hours beginning 10 hours

after the final EtOH dose as described previously [74].

For each 30-minute period, the highest scored behav-

ior observed was averaged across the 17 hours (mean

withdrawal severity) as well as the overall highest

scored behavior (peak withdrawal severity).

Blood ethanol concentration

90 minutes following the seventh EtOH dose, tail

blood was collected from each EtOH animal for BEC

determination [74]. Blood samples were centrifuged

at 1800 x g for five minutes, then stored at –20◦C

until analysis on an AM1 Alcohol Analyser (Analox

Instruments, Lunenburg MA). Samples were run in

triplicate and frequent calibration of the Analyser was

performed using a 300 mg/dl EtOH standard. BECs

are reported as mg/dl ± standard error of the mean

(SEM).

Experiment 1: Ethanol-induced inhibition of

reactive proliferation

The first experiment attempted to use EtOH to

decrease reactive, adult neurogenesis in the 4-day

binge model. Previous work has shown that a 5 g/kg

acute dose of EtOH decreases NSC proliferation and

adult neurogenesis [54, 75]. Therefore, animals were

given two 5g/kg doses of EtOH because rats were

not naı̈ve. Hence, after four days of binge exposure,

rats received either two 5 g/kg doses of EtOH or con-

trol diet, the first dose was administered on day six

of abstinence (T6) and the second eight hours later

at the beginning of T7 (Fig. 1). The three experi-

mental conditions were as follows (see also Table 1):

4-day binge with control diet plus two doses of

control diet (Control+control, C + C; n = 8), 4-day

binge with EtOH diet plus two doses of control diet

(EtOH+control, E + C; n = 6), and 4-day binge with

EtOH diet+two doses of 5 g/kg EtOH (EtOH+EtOH,

E + E; n = 8). Rats were then injected intraperi-

toneally (i.p.) with a 300 mg/kg (mean volume

5.1 ± 0.1 ml) saturating dose of bromodeoxyuridine

(BrdU; Roche, Mannheim, Germany) in 0.9% saline

(20 mg/ml) to label dividing cells [76]. Two hours

later, rats were then given a lethal dose of sodium

pentobarbital (i.p.; Fatal Plus®, Vortech Pharmaceu-

ticals, Dearborn, MI), transcardial perfusions were

performed, and tissue harvested as described below.

Experiment 2: Determine a dose of TMZ to

inhibit reactive adult neurogenesis

TMZ (Cayman Chemicals, Ann Arbor, MI), a

DNA alkylating agent typically utilized as an oral

chemotherapy for glioblastoma, has been shown to

decrease proliferation in adult neurogenesis studies

[42, 45, 77]. Therefore, in experiment two we deter-

mined an effective dose of TMZ to inhibit reactive

adult neurogenesis after alcohol dependence. Previ-

ous studies have used a 3 days on 4 days off cycle

with doses ranging from 25–50 mg/kg [42, 45, 47].

As our lab has shown that following a 4-day binge,

reactive cell proliferation occurs starting 5 days post

binge and peaks at day 7 [61], we used a single 3-day

cycle of TMZ starting day 3 through day 6. TMZ was

made fresh per injection by dissolving 5 mg/ml TMZ

in 0.9% normal saline, sonicating for 30 minutes in
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Fig. 1. (A) The experimental timeline for Experiment 1: additional doses of 5g/kg EtOH or isocaloric control diet were given at T6- and

T7-days post 4-day binge exposure, near the peak of reactive cell proliferation (grey arrows). On T7, BrdU was administered and rats were

sacrificed 2 hours later (black arrow). (B-D) Representative images of BrdU immunoreactivity at T7 are shown for (B) E + C (n = 6), (C)

C + C (n = 8), and (D) E + E (n = 8) groups. (E) Data are the mean number of BrdU+ cells per section in the subgranular zone with error bars

reflecting SEM. ∗p < 0.05 versus control. GCL = granule cell layer. Scale bar = 100 �m; 20�m in inset.

Table 1

Subject data for Experiment 1

Binge Tx Add’l Tx Volume (ml/day) Intox Score (1 – 5) Dose (g/kg/day) BEC (mg/dl) Mean WD Peak WD

E + E (n = 8) EtOH EtOH 11.8 ± 0.7 1.8 ± 0.1 9.8 ± 0.4 374.9 ± 31.42 0.8 ± 0.2 3.4 ± 0.2

E + C (n = 6) EtOH Control 12.5 ± 0.9 1.6 ± 0.2 10.3 ± 0.6 353.8 ± 23.55 0.6 ± 0.2 2.8 ± 0.6

C + C (n = 8) Control Control 11.6 ± 0.0 n/a n/a n/a n/a n/a
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a 35◦C water bath, then filter sterilizing. Control ani-

mals received an injection of a 0.9% saline vehicle

solution. All animals received the same number of

i.p. injections at approximately the same time. Vol-

umes of TMZ administered averaged 1.6 ± 0.02 ml

and saline averaged 1.6 ± 0.02 ml.

To establish an effective dose to decrease reactive

proliferation, 43 rats (Table 2) received an injection

of TMZ every 12 hours for 3.5 days starting 3.5 days

after the last dose of EtOH as outlined in Fig. 2. Rats

received either 50 mg/kg/day TMZ (25 mg/kg TMZ

injection every 12 hours), 25 mg/kg/day TMZ (an

alternating dose of 25 mg/kg TMZ then saline every

12 hours), or saline injection every 12 hours. Then, 12

hours after the last TMZ injection (T7), when reac-

tive cell proliferation peaks [61], rats were injected

with BrdU (300 mg/kg, i.p.) as above. Two hours

after BrdU exposure, rats received a lethal dose of

pentobarbital (Fatal Plus®) then were transcardially

perfused and brains harvested as described below.

Experiment 3: Verify that TMZ does not delay

reactive neurogenesis

Based on the result of Experiment 2, 32 rats were

given 50 mg/kg/day TMZ (i.e. 25 mg/kg of TMZ

every 12 hours) for 3.5 days starting at 3.5 days post

binge. Thus, for Experiment 3 (see timeline in Fig. 2),

rats were injected with BrdU (300 mg/kg, i.p.) in

0.9% saline at T14, then two hours later sacrificed by

pentobarbital overdose (Fatal Plus®), transcardially

perfused, and brains extracted as described below.

T14 was chosen because it has previously been shown

that peak reactive proliferation occurs at T7 followed

by a reactive increase in neurogenesis, as seen by

early markers of neuronal fate (e.g. doublecortin;

NeuroD), a week later at T14 [51, 61]. Furthermore,

we wanted to rule out that TMZ administration did not

merely delay reactive proliferation. Hence, we mea-

sured proliferation (BrdU) as well as neurogenesis

markers (NeuroD) at T14.

Exp 4: Determine the effect of TMZ-inhibited

reactive neurogenesis on Morris water maze

behavior

In experiment 4, we examined whether inhibiting

reactive, adult neurogenesis with TMZ prevented the

recovery of 4-day binge alcohol impaired learning

and memory behavior on the MWM. Following

the experiment 3 above, we exposed 40 animals to

50 mg/kg/day TMZ (25 mg/kg i.p., every 12 hours)

for 3.5 days starting 3.5 days post binge. As outlined

in Fig. 2, starting at T35 hippocampus-dependent

spatial learning and memory was assessed using the

MWM as described previously [78]. Twenty-eight

days between TMZ and testing were allotted because

of numerous prior studies detailing that newborn

granule cells require approximately 28 days to mature

[79]. Furthermore, newborn neurons at around 28

days are recruited into activation during the MWM

[80]. Briefly, rats were trained in the MWM for four

days. Each day, a block of four 60 second trials were

carried out in which rats searched for a 13 cm diame-

ter platform that was submerged in a 180 cm diameter

pool made opaque with black non-toxic paint. If the

animal located the platform, he was allowed to rest on

the platform for 15 seconds before being placed back

in the home cage for four minutes between trials. The

sequence of starting points for an individual day was

consistent across animals, but the inter-day sequence

was different and counterbalanced in a Latin square

design. Animals were organized into blocks so that

each trial contained a different treatment group to

ensure that no group was run consecutively. On the

final day, approximately one hour after the last train-

ing session, a probe trial was carried out in which

the platform was removed, and rats were placed in

the pool at a novel entry point. The probe trial was

60 seconds in length, unless the rat spent 5 seconds

in the target zone (12.7 cm zone around the testing

platform location) in which case the trial would end.

A video camera, motion analyzer (EthoVision XT

10, version 10.1, Noldus, Wegeningen, The Nether-

lands), and computer (Dell Precision T3610) were

used to measured swim path length (cm), latency

to platform (seconds), and speed (cm/second). Daily

measures were averaged for individual animal’s four

trial blocks then averaged across treatment groups.

Daily means are reported as length, latency, and

speed ± SEM.

Histological methods

Tissue procurement

Rats were anesthetized by sodium pentobar-

bital overdose and transcardially perfused using

0.1M phosphate buffered saline followed by 4%

paraformaldehyde pH 7.4 exactly as reported pre-

viously [81]. Brains were removed, post-fixed for

24 hours in 4% paraformaldehyde, stored in 0.1M

phosphate buffered saline, and cut coronally into

40�m sections using a vibrating microtome (Leica

VT1000S, Wetzlar, Germany). Sections were col-
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Table 2

Subject data for Experiments 2–4 (all TMZ studies)

Group Binge TMZ Volume Intox Dose BEC Mean Peak

Tx (mg/kg) (ml/day) Score (g/kg/day) (mg/dl) WD WD

Exp. 2: T7

Proliferation

E+0 TMZ (n = 8) EtOH 0 11.5 ± 0.4 1.9 ± 0.1 9.4 ± 0.3 353.2 ± 16.0 2.1 ± 0.3 3.5 ± 0.1

E+25 TMZ (n = 9) EtOH 25 11.8 ± 0.7 1.7 ± 0.1 9.8 ± 0.4 341.7 ± 15.3 1.6 ± 0.3 3.5 ± 0.1

E+50 TMZ (n = 8) EtOH 50 11.9 ± 0.3 1.7 ± 0.1 9.9 ± 0.2 368.1 ± 11.0 1.4 ± 0.2 3.3 ± 0.2

C+0 TMZ (n = 6) Control 0 11.7 ± 0.0 – – – – –

C+25 TMZ (n = 6) Control 25 11.7 ± 0.0 – – – – –

C+50 TMZ (n = 6) Control 50 11.7 ± 0.0 – – – – –

Exp 3: T14

Neurogen.

E+0 TMZ (n = 7) EtOH 0 11.5 ± 0.5 1.6 ± 0.2 9.4 ± 0.3 380.4 ± 17.8 1.5 ± 0.2 3.5 ± 0.2

E+50 TMZ (n = 8) EtOH 50 12.5 ± 0.6 1.9 ± 0.1 10.3 ± 0.5 372.5 ± 30.9 1.5 ± 0.3 3.5 ± 0.2

C+0 TMZ (n = 8) Control 0 11.8 ± 0.0 – – – – –

C+50 TMZ (n = 8) Control 50 11.8 ± 0.0 – – – – –

Exp 4: T35

MWM

E+0 TMZ (n = 9) EtOH 0 12.3 ± 0.5 1.9 ± 0.1 9.1 ± 0.4 426.1 ± 14.4 1.5 ± 0.3 3.8 ± 0.0

E+50 TMZ (n = 10) EtOH 50 11.5 ± 0.5 1.8 ± 0.1 9.7 ± 0.3 432.1 ± 18.5 1.2 ± 0.3 3.2 ± 0.2

C+0 TMZ (n = 10) Control 0 11.5 ± 0.0 – – – – –

C+50 TMZ (n = 10) Control 50 11.5 ± 0.0 – – – – –

All binge parameters and subject data were statistically similar except peak withdrawal score. Peak withdrawal scores differed only between

EtOH+saline and TMZ rats in the T35 group. As all groups learned at a similar rate regardless of treatment conditions, it is unlikely that

peak withdrawal score had an effect.

Fig. 2. Experimental timeline for Experiments 2, 3, and 4. Following the 4-day binge, rats underwent TMZ or saline injections every 12

hours for 3.5 days between T3 and T6 days post-binge. Separate cohorts of rats were then injected with BrdU and sacrificed 2 hours later at

either seven- or 14-days post-binge. A third cohort underwent MWM training 35–38 days post-binge.

lected into cryoprotectant in an 1:12 series in

24-well plates which were stored at –20◦C until

processing.

Bromodeoxyuridine immunohistochemistry

Every 6th section was utilized for BrdU free-

floating immunohistochemistry as described previ-

ously [54, 81]. Briefly, endogenous peroxidases were

quenched by incubating in 0.6% hydrogen peroxide

for 30 minutes. Antigen retrieval was then carried

out with standard sodium citrate and 50% formamide

for 2 hours at 65◦ C, followed by 2N HCl for 1

hour at 37◦ C. After neutralization and rinses in

Tris-buffered saline (TBS), nonspecific binding was

blocked (3% normal horse serum/0.1% Triton X-

100/TBS; Vector Laboratories, Burlingame, CA) for

30 minutes. Sections were rinsed in a MgCl reac-

tion buffer then DNase for 1 hour. Sections were

incubated overnight at 4◦C in primary antibody

(1:5000 mouse anti-BrdU, MAB 3424 Millipore, Bil-

lerica, MA). The next day, sections were rinsed in

blocking buffer 3x10 minutes, incubated in biotiny-

lated horse anti-mouse secondary antibody for 1

hour (Vector Laboratories, Burlington, CA), then an

avidin-biotin-complex (ABC Elite Kit, Vector Lab-

oratories, Burlingame, CA) incubation for 1 hour

at room temperature. Finally, tissue was processed

with nickel-enhanced 3,3’-Diaminobenzidine (DAB,

Polysciences, Warrington, PA) for visualization. Sec-

tions were mounted onto glass slides, allowed to dry

overnight, counterstained lightly with cresyl violet

(Acros Organics, Morris Plains, New Jersey) and

sealed with glass coverslips and Cytoseal® (Stephens

Scientific, Wayne, NJ).

Neurogenic differentiation factor 1 (NeuroD)

immunohistochemistry

NeuroD1 reflects differentiation to neuronal fate

[82]. Previous studies have shown increased NeuroD-

positive (+) cells at T14 days post binge EtOH expo-
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sure [61]. Immunohistochemistry was performed on

every 12th free floating section as described [61].

Briefly, tissue was incubated in 0.6% hydrogen perox-

ide for 30 minutes, Antigen Retrieval Citra Solution

(BioGenex, Fremont, CA) for 1 hour at 65◦C, block-

ing buffer (3% normal rabbit serum/0.1% triton-

X/TBS; Vector Laboratories, Burlingame, CA) for 30

minutes, and finally primary antibody (1:1000 goat

anti-NeuroD SC-1084, Santa Cruz Biotechnologies,

Dallas, TX) in blocking buffer for two nights at 4◦C.

Following the ∼42 hour incubation, tissue was rinsed

in blocking buffer, incubated in biotinylated rabbit

anti-goat IgG secondary antibody (1:200) for 1 hour,

avidin-biotin-complex (ABC Elite Kit) for 1 hour,

and processed for nickel-enhanced DAB for visual-

ization at room temperature. Sections were mounted

onto glass slides, dried overnight and then sealed

using glass coverslips and Cytoseal®.

Quantification

Slides were coded to blind experimenters of ex-

perimental conditions. BrdU+ and NeuroD+ cells

(240 �m and 480 �m between sections, respec-

tively) were quantified on one hemisphere between

–2.28 mm and –5.52 mm Bregma [83] along the sub-

granular zone, a band of cells around three cell bodies

wide that runs between the granule cell layer and hilus

of the dentate gyrus. For the dorsal hippocampus, this

span results in 14–16 brain tissue sections for the 1:6

series (BrdU) or 6–8 sections in the 1:12 series (Neu-

roD). Due to issues in tissue integrity, sections were

dropped rarely from quantification. Thus, on average

13.7 ± 0.3 sections (Control) and 14.0 ± 0.2 sections

(EtOH) were profile counted across all BrdU+ exper-

iments and 6.8 ± 0.1 (Con) and 7 ± 0.2 (EtOH) were

counted for NeuroD. The number of sections did not

differ between groups. Profile counts (immunoposi-

tive cells/section ± SEM) were obtained using a 100x

objective lens on an Olympus BX41 microscope

(Olympus, Center Valley, PA). Because the ante-

rior portion of the dentate gyrus is a single blade

compared to dual blades of the posterior portion,

blades were quantified separately and then aver-

aged across sections. A profile counting approach

was chosen as it is more appropriate versus stereol-

ogy due to immunopositive profiles being relatively

few in number and non-homogenously distributed

across the dentate gyrus [84, 85]. Our previous work

has shown an identical percent change in profile

counts compared to stereology for neurogenesis-

related immunopositive profiles [84].

Statistics

Data were analyzed using GraphPad Prism® (ver-

sion 7.0, GraphPad software, La Jolla, CA) or SPSS

Statistics (version 22, IBM, Armonk, NY). Subject

binge data were analyzed using the student’s t-test

or one-way ANOVA for EtOH dose and BEC while

the nonparametric Mann-Whitney test or Kruskal-

Wallis test was used for intoxication and withdrawal

scores as appropriate. Depending on the experiment

and complexity of the design, histological data were

analyzed by either ANOVA followed by Tukey’s

multiple comparison tests or two-way ANOVA fol-

lowed by planned comparisons (t-tests). In TMZ

studies, planned comparisons via t-tests were cho-

sen to test specific experimental questions important

for the study because there was not an expectation of

a significant interaction between diet and drug (TMZ

would likely decrease proliferation in all conditions).

Behavior outcomes on the MWM were analyzed by

three-way repeated measures ANOVA and posthoc

Bonferroni’s multiple comparisons test, where appro-

priate. The MWM probe trail was analyzed using a

two-way ANOVA. A p-value of p < 0.05 was accepted

as significant in all analyses. All data are reported as

mean ± SEM.

RESULTS

Experiment 1: Effect of additional doses of

ethanol on reactive cell proliferation

Binge parameter data were collected during intox-

ication and withdrawal and compared between treat-

ment groups as summarized in Table 1. Overall, 4-

day binge EtOH-exposed rats had a mean intoxication

score of 1.7 ± 0.1 which corresponds to ataxia with

an elevated abdomen. Rats therefore received an aver-

age of 10 ± 0.3 g/kg/day EtOH which resulted in an

average BEC of 365.9 ± 20.0 mg/dl, values which are

similar to those reported previously [74]. As shown

in Table 1, no significant differences were found

between E + E or E + C groups for 4-day binge subject

parameters of average daily dose received or BECs

(Student’s t-test) nor for intoxication scores (Mann-

Whitney). Withdrawal behavior was scored across 17

hours. EtOH rats had a mean withdrawal severity

score of 0.8 ± 0.1 which corresponds with hyper-

activity, while the mean peak withdrawal severity

score achieved was 3.1 ± 0.3 which corresponds with

head tremor. No significant differences were found
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for mean or peak withdrawal scores between groups

(Mann-Whitney test). Thus, on average, EtOH treated

rats experienced a similar 4-day binge intoxication

and withdrawal and were similar to our past reports.

BrdU immunohistochemistry was utilized to label

and quantify proliferating cells in the subgranular

zone of the hippocampal dentate gyrus. As shown in

Fig. 1, BrdU+ cells can be found in clusters lining the

subgranular zone in all groups as expected. One-way

ANOVA on BrdU+ cells revealed a significant effect

of 4-day binge treatment [F(2,19)=23.67; p < 0.0001].

Tukey’s multiple comparisons test showed that both

E + C and E + E treatment conditions had increased

BrdU+ cells (p < 0.05) compared to the C + C group.

There was no significant difference found between

E + C or E + E groups, however. These results indi-

cate that two acute doses of 5 g/kg EtOH does not

reduce alcohol-elevated BrdU+ cells seven days after

4-day binge EtOH exposure.

Experiment 2: TMZ normalizes alcohol-induced

cell proliferation at T7

To determine an effective dose to blunt NSC

proliferation after the 4-day binge, rats received 0,

25, or 50 mg/kg/day TMZ following either 4-day

binge EtOH or isocaloric control diet (Table 2).

Binge parameters were compared between treatment

groups and no differences were found between EtOH

groups for average daily dose or BEC (ANOVA), nor

intoxication or withdrawal scores (Kruskal-Wallis).

Overall, EtOH rats had an average intoxication

score of 1.8 ± 0.1, which corresponds to ataxia with

an elevated abdomen. Rats received an average of

9.7 ± 0.2 g/kg/day EtOH which resulted in an average

BEC of 353.8 ± 8.6 mg/d. These subject data val-

ues are similar to those reported previously for this

model [74].

To measure the effect of TMZ on reactive cell pro-

liferation in the subgranular zone at T7, 12 hours

after the final dose of TMZ, BrdU was injected

and rats were transcardially perfused 2 hours later.

As expected, BrdU+ cells were clustered along the

subgranular zone of all groups and quantified via

profile counts (Fig. 3). Two-way ANOVA showed a

main effect of both diet [F(1,37)=30.86; p < 0.0001]

and drug [F(2,37)=6.098; p = 0.0051], but no sig-

nificant interaction. Post-hoc planned comparisons

via t-test, showed no significant differences between

25 mg/kg/day TMZ and saline for either EtOH or

control groups. Importantly, in the EtOH group,

there were significantly fewer BrdU+ cells/section

found after 50 mg/kg/day TMZ compared to saline

group [t(14)=4.708; p = 0.0003], but this was also

true for diet controls [t(10)=5.316; p = 0.0003]. The

50 mg/kg/day cycle of TMZ decreased prolifer-

ation rates to that of control as planned t-test

showed no significant difference between BrdU+

cell counts between 50 mg/kg/day EtOH+TMZ rats

and control+saline rats (Fig. 3). Thus, four days of

50 mg/kg/day TMZ is an effective dose/pattern to

reduce reactive proliferation to control levels in EtOH

animals.

Experiment 3: TMZ normalizes alcohol-induced

reactive neurogenesis at T14

After the four-day binge, rats were again given

either saline or 50 mg/kg/day TMZ to decrease prolif-

eration and neurogenesis. Intoxication behavior was

scored and compared to ensure binge treatment was

similar between groups (Table 2). No significant dif-

ference was found for average daily dose and BEC

between EtOH groups using the Student’s t-test. In

addition, no difference was found for intoxication or

withdrawal scores using the non-parametric Mann-

Whitney test. Mean intoxication score of all EtOH

rats was found to be 1.7 ± 0.1 which corresponds to

ataxia and an elevated abdomen. Rats received an

average daily dose of 9.8 ± 0.3 g/kg/day EtOH which

lead to a mean BEC of 376.4 ± 17.2 mg/dl. Values are

similar to those previously reported [74].

NeuroD is an early marker of progenitors com-

mitted to a neuronal fate [82, 86], and immunohis-

tochemistry was used to quantify NeuroD+ cells at

T14 after EtOH exposure. NeuroD+ cells were seen

in the subgranular zone and inner granule cell layer,

consistent with markers of neuroblasts or imma-

ture neurons. Nuclear staining revealed decreases

in 50 mg/kg/day TMZ compared to saline treated

rats (Fig. 4). Two-way ANOVA revealed a main

effect of both diet [F(1,28)=12.70; p = 0.0013] and

drug [F(1,28)=20.41; p = 0.0001], but no significant

interaction. Planned t-test comparisons showed that

NeuroD+ cells were increased significantly at T14

in the EtOH+saline rats as opposed to control+saline

[t(14)=2.694; p = 0.0175] consistent with our previous

reports of reactive neurogenesis [51]. EtOH+TMZ

rats had no significant difference in the number Neu-

roD+ cells compared to control+saline [t(14)=1.19;

p = 0.25], indicating that TMZ blunts neurogenesis to

levels similar to controls. Planned t-tests also showed

TMZ administration decreased NeuroD+ cell counts

of both control [t(14)=2.79; p = 0.014] and EtOH
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Fig. 3. TMZ reduces reactive cell proliferation indicated by BrdU+ cells. (A-E) Representative images of BrdU immunoreactivity at T7 (2

hours after BrdU injection) are shown for (A-C) control and (D-E) EtOH groups for 0 mg/kg (saline), 25 mg/kg, and 50 mg/kg TMZ. (G)

Data are the mean number of BrdU+ cells in the subgranular zone with error bars reflecting SEM. ∗p < 0.05; n = 8-9 for EtOH groups and

n = 6 for control groups. GCL = granule cell layer. Scale bar = 100 �m; inset 40 �m.

[t(14)=3.64; p = 0.0027] animals. Thus, regardless of

diet, TMZ reduced neurogenesis compared to saline

administered animals.

BrdU+ cells were also quantified at T14 post-binge

exposure along the subgranular zone (Fig. 5). Two-

way ANOVA showed a main effect for both diet



92 C.G. Nickell et al. / Recovery Despite Blunting of Reactive Neurogenesis

Fig. 4. TMZ reduces reactive neurogenesis indicated by NeuroD+ cells. (A-D) Representative images of NeuroD immunoreactivity at T14

are shown for (A, B) control and (C, D) EtOH following saline or TMZ (50 mg/kg). (E) Data are the number of NeuroD+ cells in the

subgranular zone with error bars reflecting SEM. ∗p < 0.05; †p < 0.05 control-saline vs. ethanol-saline; n = 8/group. GCL = granule cell layer.

Scale bar = 100 �m; inset = 40 �m.

[F(1,27) = 4.28; p = 0.048] and drug [F(1,27) = 17.69;

p = 0.0003], but no significant interaction which

reflects a significant difference between EtOH+TMZ

and EtOH+saline rats according to planned posthoc

t-tests [t(13) = 4.642; p = 0.0005] and control+

saline versus EtOH+saline [t(13) = 3.919; p = 0.0018;

Fig. 5]. Importantly, no significant difference was

found between EtOH+TMZ and control+saline
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Fig. 5. TMZ does not merely delay reactive NSC proliferation. (A-D) Representative images of BrdU immunoreactivity at T14 (2 hours after

BrdU injection) are shown for (A, B) control and (C, D) EtOH following saline or TMZ (50 mg/kg). (E) Data are the number of BrdU+ cells

in the subgranular zone with error bars reflecting SEM. ∗p < 0.05; †p < 0.05 saline control vs. saline ethanol. n = 7-8/group. GCL = granule

cell layer. Scale bar = 100 �m; inset = 40 �m.

animals by planned t-test [t(14) = 1.759; p = 0.1],

indicating TMZ blunts proliferation to that seen

in controls. A dashed line is included in Fig. 5 to

represent the extent of reactive proliferation seen in

EtOH-exposed rats at T7. If TMZ delayed reactive

proliferation by one week, the line indicates the

number of BrdU+ cells that would be expected at T14.

Experiment 4: TMZ blunting of reactive

neurogenesis does not affect

hippocampal-dependent learning

A hippocampus-dependent version of the MWM

was utilized to determine how inhibiting neuroge-

nesis would impact functional recovery of learning
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and memory task. As shown in Fig. 2, rats were

exposed to 4-day binge alcohol or control diet

and scored for withdrawal behavior. After the

TMZ injection cycle, rats remained in their home

cages for four weeks to allow newborn neurons

to mature. Overall, the mean intoxication score

was 1.9 ± 0.1 which corresponds to ataxia with

an elevated abdomen and did not differ between

EtOH groups (Mann-Whitney test). This behavior

resulted in rats receiving an average daily dose of

9.4 ± 0.3 g/kg/day EtOH which produced a mean

BEC of 429.0 ± 11.3 mg/dl, a value that was slightly

higher than previous studies [74]. No significant

differences were found for average daily dose of

EtOH or BEC between EtOH groups (Student’s t-

test; Table 2). The grand mean withdrawal score

was 1.3 ± 0.2 and did not differ between EtOH

groups (Mann-Whitney). However, peak withdrawal

scores differed (U = 19.5; p = 0.028): EtOH+TMZ

was 3.2 ± 0.2 versus 3.8 ± 0.03 in the EtOH+saline

group. With the exception of a slightly higher BEC,

all other subject binge data were similar to what has

been found previously [74]. As TMZ was admin-

istered after alcohol exposure and withdrawal, the

slight differences in the exposure model were not due

to TMZ but merely chance in the random assignment

of animals to groups.

TMZ was used to blunt reactive neurogenesis fol-

lowing 4-day binge alcohol exposure. At T35 post

binge, rats began MWM training (see Fig. 2 for time-

line). This time point was used because it has been

shown that newborn neurons mature at 28 days [79],

and that 4-week-old neurons are activated during

MWM [80]. As shown in Fig. 6, three-way repeated

measures ANOVA (day x diet x drug) showed a main

effect for day with distance to goal [F(3,108)=81.3;

p < 0.001], time to goal [F(3,108)=93.8; p < 0.001]

and speed [F(3,108)=48.7; p < 0.001]. No effect was

found for diet or drug for any measure examined. To

summarize, at T35 animals improved performance

across training days, but no difference was found

due to binge or TMZ exposure. A probe trial was

also run even though we had not previous observed

an effect of prior binge EtOH exposure on probe

trial performance. As shown in Fig. 7, two-way

ANOVA (diet x drug) showed no differences for

the probe trial for time spent in the 12.7 cm goal

zone, latency to approach the goal zone, or speed.

Hence, treatment groups did not differ from one

another and though TMZ normalized levels of neu-

rogenesis, recovery of MWM performance was not

blunted.

Fig. 6. TMZ did not affect MWM performance 5-week post-binge.

Three aspects of MWM performance are shown: (A) distance to

goal, (B) time to goal, and (C) speed. n = 9–11/group.

DISCUSSION

Excessive alcohol consumption, one of the defin-

ing characteristics of an AUD, damages the brain and

results in impairments across a variety of cognitive

dimensions, though some deficits may recover with

abstinence from alcohol drinking. The hippocampus

is one such target of alcohol neurotoxicity [6, 8–13]

that recovers with abstinence [24–26]. A variety

of structural plasticity mechanisms have long been
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Fig. 7. TMZ did not affect MWM performance on the probe trail.

Three measures of MWM probe trial performance are shown: (A)

time spent in goal zone, (B) latency to goal zone, and (C) speed.

n = 9–11/group.

hypothesized to contribute to recovery in abstinence

[20], but only within the last 20 years have hippocam-

pal NSCs or adult neurogenesis been considered [50,

51]. The discovery of hippocampal NSCs and their

role in hippocampal structure and function has made

it enticing to speculate that adult neurogenesis could

contribute to repair or repopulation of the dentate

gyrus after damage by alcohol [4, 27, 29, 50, 66].

Our past reports that NSC activation drives a dramatic

increase in adult neurogenesis after alcohol depen-

dence further supports this speculation [51, 61, 62].

As such, we attempted to examine the role of these

reactive, adult-born neurons in the recovery of hip-

pocampal learning and memory in abstinence after

alcohol dependence in a rat model. Two methods

were examined for blunting reactive NSC prolifer-

ation and neurogenesis, (1) acute doses of alcohol

and (2) TMZ, a brain penetrant DNA alkylating agent

used in glioma [42]. TMZ administration, but not

alcohol, successfully inhibited reactive neurogene-

sis to control levels. However, blunting of reactive

neurogenesis to normal levels did not impact the

recovery of hippocampal-dependent learning. Thus,

despite reducing this potential mechanism of hip-

pocampal recovery, learning and memory behavior

still recovered and was identical to controls.

In experiment one, it was hypothesized that two

acute doses of EtOH at six and seven days after 4-

day binge exposure – across the peak of reactive

NSC activation - would blunt reactive neurogenesis,

as alcohol dose-dependently decreases NSC prolifer-

ation [54, 56, 87]. Surprisingly, reactive proliferation

was not suppressed by acute doses of EtOH. BrdU+

cell counts were reduced by only 18% (p = n.s.; Fig. 1)

at T7 post-binge EtOH exposure. While one might

consider that a lengthier EtOH exposure is required,

reactive neurogenesis in binge exposed rats was not

inhibited by a second 4-day binge, at least in female

rats [63]. Alcohol may not directly target cell prolif-

eration mechanisms, as with even the highest relevant

doses, cell proliferation is typically only reduced

∼50–60% [50, 54, 56].

TMZ, however, decreased alcohol-induced reac-

tive proliferation and neurogenesis. TMZ normalized

proliferation as indicated by a reduction of BrdU+

cells in the TMZ group to levels similar to con-

trol+saline at T7 (Fig. 3). Importantly, we confirmed

that TMZ inhibited reactive proliferation with-

out merely delaying the timeline of proliferation

(Fig. 5; [61]). In this model, reactive proliferation

is detectable 5 days after 4-day binge exposure (e.g.

T5), peaks around T7 and returns to normal by T10
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[51, 61, 88, 89]. Although the number of BrdU+

cells at T14 in TMZ treated animals was increased

compared to EtOH+saline, the effect size may be

due more to the atypically lower BrdU+ cells in the

EtOH+saline group. Indeed, EtOH+saline have fewer

BrdU+ cells than control+saline rats, an effect not

previously observed at this time point. Importantly, it

is a much smaller increase than found at T7 (dashed

line, Fig. 5) and the TMZ group does not differ

from the control+saline group. In addition, previous

reports have not shown a difference between EtOH

and control animals at T14 in this model [51, 61,

88, 89] while others have seen persistent decreases in

other alcohol models [90].

Reactive neurogenesis was observed but also

reduced to control levels by TMZ, according to the

number of NeuroD+ cells, an endogenous imma-

ture neuron marker. First, the reactive increase in

neurogenesis was confirmed as shown in Fig. 4

where the number of NeuroD+ cells is increased in

EtOH+saline as opposed to control+saline. TMZ-

reduction of reactive neurogenesis to control levels

is demonstrated by similar NeuroD+ profiles in both

EtOH+TMZ and control+saline groups (Fig. 4) at

T14. These data are consistent with literature show-

ing that TMZ can be utilized to reduce neurogenesis

[42, 45, 47, 91] as well as reactive neurogenesis

[92]. As such, TMZ also decreased neurogenesis in

control+TMZ rats at T14, though this was expected

[42, 45, 47, 91]. While any reduction in neuroge-

nesis may result in learning and memory deficits,

no differences were observed in MWM performance

among any group (Fig. 6). Another important caveat

is that TMZ may have reduced basal neurogenesis in

addition to reactive neurogenesis in the EtOH rats.

Currently, there is no way to identify and selectively

inhibit populations of cells which reactively prolif-

erate, especially in a rat model. Another caveat is

that we only examined the short term impact of TMZ

on cell proliferation and neurogenesis. Although we

ensured that reactive proliferation did not merely shift

forward a week (Fig. 5), we did not examine the state

of proliferation and neurogenesis at the time of behav-

ior. Based on the similar performance on the MWM,

NSC proliferation and neurogenesis were likely sim-

ilar between groups, but this could be examined in

future studies.

The MWM results were especially surprising

for TMZ animals whose neurogenesis levels were

blunted to that of saline controls yet performed iden-

tical to all other groups (Fig. 6). While some studies

show that a single cycle of TMZ administration does

not affect learning or memory in a hippocampus-

dependent MWM task, such as trace and long-delay

eyeblink classical conditioning [42], the goal was not

to impair learning and memory per se, but to pre-

vent the reactive neurogenesis response beyond basal

levels in order to explore its role in recovery. Unfor-

tunately, the acute nature and timing of the NSC

activation/reactive neurogenesis phenomena is not

conducive to multiple cycles of TMZ. Plus, the effect

of TMZ on proliferation/neurogenesis is transient. A

more specific and longer-acting knock out approach

such as the TK-GFAP “neurogenesis knock down”

rats may be appropriate [93] and help to elucidate

the role of these newborn cells in recovery. Alter-

natively, these data may suggest that basal levels of

adult neurogenesis are sufficient to support the recov-

ery of hippocampal function [91]. TMZ rats were

similar to all other groups in acquisition of MWM

performance at T35-38 as opposed to impairments in

acquisition observed at T8-11 (Chen et al., in prep).

Thus, either the basal level of neurogenesis was suf-

ficient to support recovery of hippocampal function

or existing neurons were able to compensate [91].

Newborn neurons born post insult may play a

vastly different role in other pathological states. Reac-

tive increases in adult neurogenesis have been shown

to occur after insult in many conditions [67–69, 94]

besides AUD [51, 52, 61, 95, 96]. In some traumatic

brain injury and stroke models, reactive neurogenesis

appears to contribute to recovery of hippocampus-

dependent learning [97–99], but after seizure in mod-

els of epileptogenesis, increased neurogenesis may be

detrimental [69]. Perhaps in more severe conditions

where neurons appear aberrant, specifically located

ectopically or with altered morphology, that these

new cells contribute to deficits in hippocampal func-

tions [69, 89, 92, 100, 101]. Further, adding a sub-

stantial number of immature neurons to hippocampal

circuitry may be as detrimental as the loss of newborn

cells due, in part, to the distinct role these new cells

play in learning and memory [102, 103]. This aber-

rant neurogenesis is most evident in cases of seizure

e.g. [69, 101], which is of particular note because in

the AUD model utilized, withdrawal sequelae may

include seizures, the severity of which correlates to

the extent of reactive neurogenesis [51, 74].

These opposing effects of reactive neurogenesis

associated with recovery versus aberrant neuroge-

nesis in models of epilepsy support that different

mechanisms of NSC activation, neurogenesis and/or

neuron integration are likely involved. However, lit-

tle is known about stem cell activation in either
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condition. Plus, increased neurogenesis in seizure

models is accompanied by other pathologies not

observed in AUD models such as mossy fiber sprout-

ing/reorganization, ectopic granule cells and aberrant

morphology of newborn cells [101, 104, 105], though

see [89]. Additionally, following induction of seizure,

long lasting decreases in neurogenesis have been

shown after initial increase of neurogenesis [106]

and those cells that do persist demonstrate both

morphological and functional abnormalities [107].

Abnormal dendritic arborization, in particular, may

be a hallmark of these aberrant neurons, hypothe-

sized to prevent newborn neurons from responding to

the excess electrical activity of a seizure [108]. Alco-

hol withdrawal seizures differ from those that occur

in epilepsy, though some responses to overexcita-

tion are common to both conditions [109]. However,

essentially nothing is known about the morphology

or function of cells born during reactive neurogenesis

in alcohol models. Only effects of alcohol intoxi-

cation prior to withdrawal have been reported for

newborn cell dendritic morphology: blunted dendritic

trees of doublecortin-labeled immature neurons in a

chronic drinking model of an AUD [110] and reduced

spine density [59]. Blunted dendritic arborizations

of granule cell neurons have long been known to

occur in models of AUD [111, 112]. Thus, examin-

ing cell morphology and function of those cells born

during reactive neurogenesis remains an important

future direction to understand the role of these cells

in recovery of hippocampal integrity after alcohol

dependence.

In conclusion, a single cycle of TMZ inhibited

reactive proliferation and neurogenesis following

four-day binge EtOH exposure. TMZ treatment and

reduction of reactive neurogenesis to control levels

did not impair the recovery of performance in the

MWM one month after TMZ treatment and 35 days

after EtOH exposure as originally predicted. Rats

still recovered learning and memory performance

despite only baseline neurogenesis occurring. While

initially unexpected there are other neuropathological

events that occur with excess alcohol exposure that

may recover and help explain these results. Gliosis,

for example, is especially severe in the hippocam-

pus initially in the model utilized [113]. Altogether,

the effect of alcohol on adult neurogenesis in ani-

mal models explains a novel aspect of hippocampal

pathology and recovery that corresponds to an emerg-

ing similar story in the human condition [6, 50, 51, 53,

54, 58, 60]. Hence, further work is needed to better

characterize and differentiate how adult born neu-

rons contribute to both hippocampal impairments in

alcohol use and abuse but also recovery in abstinence.
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