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Abstract Effects of withdrawal from ethanol drinking in
chronic intermittent ethanol vapor (CIE)-exposed depen-
dent rats and air-exposed nondependent rats on prolifera-
tion and survival of progenitor cells in the hippocampus
and the medial prefrontal cortex (mPFC) were investigated.
Rats were injected with 5'-Bromo 2-deoxyuridine 72 h
post-CIE to measure proliferation (2 h-old cells) and sur-
vival (29-day-old cells) of progenitors born during a time-
point previously reported to elicit a proliferative burst in
the hippocampus. Hippocampal and mPFC brain-derived
neurotrophic factor (BDNF) and tropomyosin-related
kinase B receptor (TrkB) expression were measured 3 h or
21d post-CIE to evaluate neurotrophic signaling during a
time point preceding the proliferative burst and survival of
newly born progenitors. CIE rats demonstrated elevated
drinking compared to nondependent rats and CIE rats
maintained elevated drinking following protracted absti-
nence. Withdrawal from CIE increased BDNF levels in the
hippocampus and mPFC, and subsequently increased pro-
liferation in the hippocampus and mPFC compared to
nondependent rats and controls. Protracted abstinence from
CIE reduced BDNF expression to control levels, and sub-
sequently reduced neurogenesis compared to controls and
nondependent rats in the hippocampus. In the mPFC,
protracted abstinence reduced BDNF expression to control
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levels, whereas increased oligodendrogenesis in dependent
rats compared to nondependent rats and controls. These
results suggest a novel relationship between BDNF and
progenitors in the hippocampus and mPFC, in which
increased ethanol drinking may alter hippocampal and
cortical function in alcohol dependent subjects by altering
the cellular composition of newly born progenitors in the
hippocampus and mPFC.
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Introduction

Alcohol use disorder affects about 17 million adults in the
United States (SAMHSA 2013), and is associated with
neurological deficits including, but not limited to, loss of
brain volume and cognitive impairments, particularly, in
functions dependent on the hippocampus and frontal cortex
(Sullivan et al. 2000a, b; Bechara et al. 2001; Oscar-Ber-
man and Marinkovic 2003; Rosenbloom et al. 2003).
Several widely accepted rodent models of alcohol depen-
dence also implicate structural and functional impairments
of the hippocampus and prefrontal cortex (PFC) as neu-
rological factors that contribute to alcoholism (Stephens
and Duka 2008; Crews and Boettiger 2009; Crews and
Nixon 2009; Koob and Volkow 2010). One such model,
namely the chronic intermittent ethanol vapor exposure
(CIE) model, implements daily cycles of intoxication via
ethanol vapors and withdrawal to induce clinical signs of
alcohol dependence, such as somatic withdrawal symptoms
and escalated ethanol drinking in rats (Valdez et al. 2002;
O’Dell et al. 2004). Impairments in the hippocampus and
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medial prefrontal cortex (mPFC) function produced by CIE
were associated with a suppression of neuroplastic mech-
anisms (e.g., neuronal activation, functional and structural
neuronal plasticity, neurogenesis in the hippocampus and
gliogenesis in the mPFC) during CIE in these regions
(Richardson et al. 2009; Hansson et al. 2010; Pian et al.
2010; Badanich et al. 2011; Criado et al. 2011; George
et al. 2012; Holmes et al. 2012; Kroener et al. 2012;
Vendruscolo et al. 2012; Kim et al. 2015; Staples et al.
2015). However, few studies have investigated the alter-
ations in neurogenesis in the hippocampus and gliogenesis
in the mPFC and neurotrophic mechanisms in the hip-
pocampus and mPFC during withdrawal and protracted
abstinence from CIE (Hansson et al. 2010; Navarro and
Mandyam 2015; Staples et al. 2015). Such studies may
assist with understanding the neurobiological mechanisms
underlying relapse to alcohol seeking behaviors evident in
CIE animals during protracted abstinence (Liu and Weiss
2002; Vendruscolo et al. 2012).

In the context of the above hypothesis, human labora-
tory studies reveal that alcohol abstinence rescued, at least
partially, the loss in brain volume in several brain regions
(Demirakca et al. 2011; Durazzo et al. 2011; van Eijk et al.
2013), and that this recovery of brain volume was limited,
or even absent, in individuals who had relapsed (Demi-
rakca et al. 2011; Durazzo et al. 2011); preclinical studies
may be useful for identifying associated mechanisms
including structural and neuroplastic changes in neuronal
and glial cells. For example, rodent studies demonstrate
that the suppression of hippocampal cell proliferation fol-
lowing ethanol exposure is transient, and withdrawal from
ethanol experience produces a rebound effect observed as
increases in cell proliferation (Nixon and Crews 2004;
Hansson et al. 2010). Few studies have investigated the
capacity of the proliferating cells born during the rebound
effect to survive and express neuronal and glial markers,
therefore, the stability of the newly born cells during
excessive proliferation is questionable. The current study
tests the hypothesis that the development of hippocampal
progenitors during withdrawal and protracted abstinence
may be hindered due to a hostile microenvironment in the
neurogenic niche. Additionally, the current study also tests
the sub-hypothesis that proliferation and survival of mPFC
progenitors (gliogenesis) is affected by withdrawal and
protracted abstinence and these changes are associated with
altered gliogenic niche.

The neurogenic niche in the hippocampus and the gli-
ogenic niche in the mPFC are supported by the activity of
trophic factors (Nestler 2002; Ming and Song 2005; Raj-
kowska and Miguel-Hidalgo 2007; Hagg 2009; Minichiello
2009; Gray et al. 2013). For example, brain-derived neu-
rotrophic factor (BDNF) and its receptor tropomyosin-re-
lated kinase B (TrkB) are involved in the survival and
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differentiation of neural progenitor cells in the hippocam-
pal granule cell layer (Scharfman et al. 2005; Bergami
et al. 2008; Donovan et al. 2008). Similarly, BDNF and
TrkB may assist with survival and differentiation of glial
progenitor cells in the mPFC, particularly because TrkB
receptors are expressed on oligodendroglial cells and
modulate myelination (Wong et al. 2013). With respect to
alcohol, converging evidence from various models of
alcohol intoxication (CIE, intragastric intubation, two-
bottle choice; liquid ethanol diet) demonstrate that ethanol
exposure alters BDNF expression in the hippocampus and
cortex (MacLennan et al. 1995; Tapia-Arancibia et al.
2001; Miller 2004; Miller and Mooney 2004; Logrip et al.
2009; Alele and Devaud, 2013; Briones and Woods 2013).
Thus, dysregulated BDNF-TrkB signaling in the hip-
pocampus and PFC may contribute to the maladaptive
neuronal plasticity observed in alcohol dependent subjects
in these brain regions (McGough et al. 2004; Russo et al.
2009). Therefore, the current study tested the hypothesis
that abnormal BDNF-TrkB signaling contributes to the
hostile environment promoting the rebound effect on pro-
liferating cells in the hippocampus and mPFC.

Experimental procedures
Animals

Eighty-six adult male Wistar rats (Charles River, Hollister,
CA USA) completed the study. The rats were housed two/
cage in a temperature-controlled (22 °C) vivarium on a
12 h/12 h light/dark cycle (lights on 8:00 p.m. to 8:00
a.m.). All procedures were performed during the dark
phase of the light/dark cycle. Food and water access was
available ad libitum. All rats weighed approximately
220-250 g and were 8 weeks old at the beginning of the
study. All experimental procedures were carried out in
strict adherence to the National Institutes of Health Guide
for the Care and Use of Laboratory Animals (NIH publi-
cation number 85-23, revised 1996) and approved by the
Institutional Animal Care and Use Committee of The
Scripps Research Institute.

Ethanol self-administration

Thirty-three experimentally-naive rats were given two 14-h
lever-responding training sessions in the operant condi-
tioning boxes (Med Associates Inc, VT). During these
sessions, rats were trained on fixed-ratio 1 schedule (FR1),
where rats had access to one lever, and responding on the
lever delivered 0.1 ml water into a single cup liquid
receptacle placed between levers. Following the
overnight water sessions, rats were trained for 4 days on
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2-h FR1 schedule, where responding on the active lever
delivered 0.1 ml ethanol (10 % v/v) and was followed by a
4-s time-out during which further responding on the active
lever was recorded but did not result in the delivery of
ethanol, and responding on the inactive lever was recorded
but had no programmed consequences. Subsequently, the
rats were trained on 30-min ethanol sessions on an FR1
schedule and maintained for the rest of the study.

During maintenance, after the rats reached stable re-
sponding (stable responding was defined as less than 10 %
variation in active lever responding for 3 consecutive 30-min
FR1 sessions), they were divided into two groups such that
lever responses did not differ significantly between groups.
One group received CIE (see procedure below; n = 15);
henceforth, these rats are referred to as ‘dependent rats’. The
second group (n = 18) were exposed to air in their normal
housing condition (did not experience ethanol vapors),
hence these rats are termed ‘nondependent rats’. During the
last 5 weeks of the 7 week CIE exposure, the dependent and
nondependent rats completed ethanol self-administration
sessions twice a week (Tuesdays and Thursdays).
Responding was analyzed to determine escalation of self-
administration compared to pre-vapor stable responding.
After 7 weeks of CIE, dependent rats were withdrawn from
ethanol vapors and all rats were withdrawn from ethanol
self-administration for 4 weeks. On the 28th and 29th day of
abstinence, nondependent and dependent rats underwent
30-min ethanol self-administration session and were tested
for relapse to drinking. The experimental design is presented
as a detailed schematic in Fig. 1.

Chronic intermittent ethanol vapor exposure (CIE)

During CIE, rat cages were housed in specialized chambers
and exposed to a 14-h on/10-h off schedule for the ethanol
vapors. Using a peristaltic pump (model QG-6, FMI Lab-
oratory, Fluid Metering), 95 % ethanol from a large
reservoir was delivered to a heated flask at a regulated flow
rate. The drops of ethanol in the flask were immediately
vaporized and carried to the vapor chambers containing the
rat cages by controlled air flow (regulated by a pressure
gauge). The air and ethanol flow rates were optimized to
result in blood alcohol levels (BALs) between 125 and
250 mg/dl of or 27.2 and 54.4 mM (Gilpin et al. 2008a);
these BALs are 2-3 times the BAL observed in binge
drinking, but not high enough to abolish righting reflex
(Ernst et al. 1976; Courtney and Polich 2009).

Tail bleeding for BAL measures

For measuring BALs, tail bleeding was performed on the
dependent rats, once a week on the same day every week,
during hours 13-14 of CIE (total 14 h exposure/day)
according to (Gilpin et al. 2008b). Rats were gently
restrained while the tip of the tail (2 mm) was cut off with a
clean razor blade. Tail blood (0.2 ml) was collected and
centrifuged. Plasma (5 pL) was used for measurement of
blood alcohol levels (BALs) using an Analox AM1 analyzer
(Analox Instruments USA Inc., MA, USA). Single-point
calibrations were performed for each set of samples with
reagents provided by Analox Instruments (25-400 mg/dl or
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Fig. 1 Schematic of experimental design demonstrating the animal
groups used and the time points for behavioral and histological
analysis. Adult male Wistar rats were trained to self-administer
ethanol (10 % v/v) for 2 weeks in a 30-min operant conditioning
paradigm. The rats were then divided into two groups; one group was
exposed to the chronic intermittent ethanol vapor (CIE) paradigm and
are referred to as dependent rats (n = 15 rats). The second group was
not exposed to CIE, and are termed nondependent rats (n = 18 rats).
Both groups were maintained on ethanol self-administration sessions
twice a week; this continued for 7 weeks. At the end of the 7th week,
somatic withdrawal behaviors were scored. Three days after the

cessation of CIE exposure, rats were injected with BrdU (150 mg/kg;
i.p.) to label newly born cells. Two hours after BrdU injections, nine
dependent and nine nondependent rats were euthanized, and their
brains were processed for immunohistochemical analysis of BrdU
cells. The remaining rats were maintained in their home cages for 4
weeks with no exposure to ethanol vapor or ethanol self-administra-
tion (abstinence). On days 28 and 29 during abstinence, these rats
underwent 30-min ethanol self-administration session. Immediately
after the last session, rats were euthanized and their brains were
processed for BrdU immunohistochemistry
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Table 1 Blood alcohol levels Week 1 Week 2 Week 3 Week 4 Week 5 Week 6 Week 7
(BAL) in the dependent rats

during the CIE exposure 944 + 293" 143 4+358 214 +429 137 4+280 145+ 153 236 £3.60 175+ 242

Vapor exposure was closely monitored and adjusted to maintain a BAL range between 150 and 200 mg %
during weeks 3-7 of the vapor period. BALs in the range 0-250 mg % indicate intoxication and BALs in
the range 250-400 mg % indicate excessive intoxication in the rats according to Gilpin et al. 2008a, b

? Values are mean = SEM in mg % (w/v)

5.4-87.0 mM). When blood samples were outside the target
range (125-250 mg/dl), vapor levels were adjusted
accordingly. Mean BALs during the 7 week CIE exposure
is reported in Table 1.

Scoring of physical withdrawal

At the end of vapor exposure during the 7th week, physical
withdrawal was evaluated in dependent as well as nonde-
pendent rats. Nondependent rats did not reveal any physical
withdrawal symptoms, hence were scored 0 on a scale of
0-3 for all behaviors. Data from nondependent rats is not
presented. Data from dependent rats evaluated at two time
points is presented. Two optimal time points were chosen
for measuring physical withdrawal based on previous
publications that have reported withdrawal behaviors hours
to days after cessation of CIE (O’Dell et al. 2007; Gilpin
et al. 2008a; Richardson et al. 2008). An early 2.5 h post-
CIE time-point corresponded with the early onset of
withdrawal, while the late 7 h post-CIE time-point corre-
sponded with the peak of withdrawal following the termi-
nation of vapor exposure (O’Dell et al. 2007; Gilpin et al.
2008a; Richardson et al. 2008). Withdrawal signs in rats
were scored by an observer blind to the dependence status
of the rats using previously published rubric (Majchrowicz
1975; Macey et al. 1996). Individual withdrawal signs of
abnormal body posture (“ridged posture of the entire body
including limbs, associated with little flexibility and resi-
lience to handling”; scored as: broad-based gait = 3,
immobility = 2, and unsteady = 1 or slow = 0 forward
locomotion), tail stiffness (“ridgedly extended in a hori-
zontal plane” and “similar to an inflexible rod in contrast
to a pliable and elastic tail found in untreated animals”;
scored as: rigid tail that extends up toward the ceiling = 3;
thirty to sixty degree angle = 2; parallel to the back of the
rat = 1 or flexible tail = 0), hyperlocomotion (“frantic or
frenzied exploration of the cage, excessive sniffing and
locomotor activity, enhanced startle reflex, agitation and
restlessness”; scored as: excessive running in circles = 3,
moderate running in circles = 2, low running in cir-
cles = 1, spontaneous activity = 0), and stereotypic head
movements (“repetitive shifting of the upper thorax and
both forelimbs from side to ride or restless turning of the
head from side to side” scored as: vigorous move-
ment = 3, moderate movement = 2, low movement = 1,
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no repetitive movement = () were scored separately on a
scale of 0-3 (Majchrowicz, 1975; Macey et al. 1996).
Although the behaviors scored could reflect seizure-like
activity, seizures were not measured and were not scored.

5'-Bromo 2-deoxyuridine (BrdU) Labeling

Three days following removal from ethanol vapor,
dependent, nondependent, and control (both ethanol- and
behaviorally-naive; n = 12) rats received an injection of
BrdU (150 mg/kg, i.p.). The 3 day time-point was selected
based on a previous publication that reported a burst in
proliferation in the hippocampal subgranular zone (SGZ)
using a comparable CIE model (Hansson et al. 2010). The
single BrdU dose (150 mg/kg) was chosen to maximize
labeling of proliferating cells by using a near-saturating
concentration of BrdU (saturating concentration in rodents
is ~200 mg/kg). Of note, while BrdU is used for experi-
mentally labeling proliferating cells (Dayer et al. 2003;
Mandyam et al. 2007a; Taupin 2007), injections of BrdU
are also indicated to have cytotoxic and teratologic effects
(Kolb et al. 1999; Sekerkova et al. 2004; Ogawa et al.
2005; Kuwagata et al. 2007; Duque and Rakic 2011;
Rowell and Ragsdale 2012), primarily because BrdU is a
marker of DNA synthesis and not of cell division per se
(Breunig et al. 2007). However, in adult rodent models,
BrdU cytotoxicity is typically evident at greater than 2
times the currently used dose [(Cameron and McKay 2001;
Eadie et al. 2005); for review, (Taupin, 2007)], suggesting
that the BrdU dose used in the current study could be
suitable to evaluate proliferation and survival of progeni-
tors in adult rats.

To measure cellular proliferation of newly born cells,
2 h after the BrdU injection, a subset of dependent (n = 9),
nondependent (n = 9), and control (n = 6) rats were
euthanized, and their mPFC and hippocampal sections
were processed for BrdU immunohistochemistry (Fig. 3b,
e; detailed below). The remaining dependent rats (n = 6),
nondependent rats (n = 9) and control rats (n = 6) were
euthanized 29 days after BrdU injection to measure the
survival of newly born cells in the hippocampus and mPFC
(Fig. 4d, e). In the dentate gyrus, newborn cells that sur-
vive ~28 days are predominantly neuronal [~70 %
become mature neurons, (Palmer et al. 2000)] and are
stably incorporated into the granule cell layer
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(Kempermann et al. 2003). To that end, rats were main-
tained in their home cages for an additional 29 days
without exposure to CIE or ethanol self-administration. On
days 28-29, nondependent and dependent rats experienced
30-min self-administration session to evaluate relapse to
drinking behavior. The rats were sacrificed 1-2 h after the
drinking session and brain tissue was processed for BrdU
immunohistochemistry to measure cell survival.

Immunohistochemistry and quantitative analysis
of BrdU labelled cells

Rats were fully anesthetized using chloral hydrate
(240 mg/kg, i.p.) and then transcardially perfused with
phosphate-buffered saline (2 min at 15 ml/min) and 4 %
paraformaldehyde (20 min at 15 ml/min). The brains were
dissected out and postfixed in 4 % paraformaldehyde at
4 °C for 16-20 h, cryoprotected in 30 % sucrose, and cut
into 40 pm sections along the coronal plane on a freezing
microtome. Every ninth section through the PFC (anterio-
posterior +3.7 to +2.5; 4 bilateral sections per rat and the
hippocampus (anterio-posterior —2.1 to —4.2; 8§ bilateral
sections per rat) was mounted on Superfrost® Plus slides
and dried overnight. Immunohistochemistry was performed
using a previously published method (Mandyam et al.
2007b; Richardson et al. 2009) using rat monoclonal anti-
BrdU (1:400; catalog # MCA2060, Serotec); the sections
were counter-stained with Vector Fast Red (a nuclear
stain).

BrdU labelled cells were quantified in the mPFC and the
hippocampus with a Zeiss Axiolmager Microscope equipped
with Stereo Investigator 11.06 (MicroBrightField Bio-
science, Williston, VT USA), a three-axis Mac 5000
motorized stage, a Zeiss digital MRc video camera, PCI
color frame grabber, and computer work station. Hip-
pocampal and mPFC regions were contoured using a 2.5 x
objective with a 10x eye piece and the above software. The
mPFC was contoured by referencing histological landmarks
including corpus callosum, anterior commissure and rhinal
fissure while referring to the rat brain atlas and according to
our previous publication (Paxinos and Watson 1997; Man-
dyam et al. 2007b). The hippocampal granule cell layer was
contoured around the cellular portion of dentate gyrus
(counterstained pink) that was morphologically distinct from
the hippocampal hilus (colorless to pale-brown, for example
refer micrographs in Figs. 3, 4). Cells were visually quanti-
fied and quantification of cells was restricted to within the
contour using a 40 x objective and a 10 x eyepiece, following
strictly outlined criteria (cells stained as dark brown to black,
with the ability to focus the boundary of the cell within the
mounted section thickness), and was performed by an
observer blind to the study. A software generated
180 x 120 um counting frame (optimized based on the

complete visibility of the frame on the computer screen) was
systematically moved through the entire contoured area of
the tissue to manually assess and count the BrdU-positive
(BrdU+) cells. Mounted section thickness after immuno-
histochemistry was determined to be ~28 um and focus
along the z-axis was adjusted continuously to define cell
boundaries for visualizing BrdU+ cells. The 2-h-old BrdU+
cells in the SGZ [defined as a zone 50 um into the hilus with
the edge starting from the hilar/granule cell layer border
(granule cell layer (GCL) stained as packed nuclei and hilus,
a layer without packed cells; Fig. 3a)] always appeared in
clusters of irregularly shaped dark stained cells. The over-
lapping-pair arrangement and the number of cells in each
cluster were confirmed by focusing on different layers of
cells along the z-axis. Twenty-nine-day old BrdU+ cells in
the granule cell layer were predominantly distributed as
single cells or pairs of oval to round, spotty or dark stained
cells, rarely seen in clusters, and exhibited cell morphology
different from the proliferating time point (Fig. 4b). Two-
hour-old BrdU+- cells in the mPFC also occurred in clusters
or pairs of cells (Fig. 3d) and 29-day old BrdU+- cells in the
mPFC were rarely seen in clusters (Fig. 4c). Absolute cell
counting (complete counting of all immunoreactive cells in
the contoured area) was performed in the mPFC and SGZ or
granule cell layer and BrdU+4- cells in the two hemispheres
were summed for the both mPFC and hippocampus. BrdU+
cells in the hippocampus are presented as total number of
cells per animal, and cells in the mPFC are presented as total
number of cells per unit area (cells/mm? based on mounted
section thickness) per animal.

Phenotypic analysis of BrdU labelled cells

To determine the phenotype of 29-day-old BrdU+ cells,
PFC and hippocampal sections were mounted on Super-
frost slides as described above. Hippocampal sections were
immunoprobed for BrdU (sheep primary: 1:500; Abcam,
Cambridge, MA, horse anti-sheep secondary: 1:200), neu-
ronal marker NeuN (mouse primary: 1:50; EMD Millipore,
Billerica, MA, horse anti-mouse secondary: 1:200) and
astroglial marker glial fibrillary acidic protein (GFAP;
chicken primary: 1:500; Abcam, Cambridge, MA, donkey
anti-chicken secondary: 1:200). PFC sections were
immunoprobed for BrdU, GFAP and oligodendroglial
marker Olig2 (rabbit primary: 1:100, goat anti-rabbit sec-
ondary: 1:200) (Kim et al. 2015). Confocal analysis of
triple labeled cells in the granule cell layer and mPFC was
performed with a Zeiss Axiovert 100 M and LSM510 using
a previously published method (Kim and Mandyam 2014;
Kim et al. 2015). Briefly, using a 60 x oil immersion
objective (equipped with a 10 x eyepiece), immunoreac-
tive cells were optically sectioned in the z-plane using
multitrack scanning (section thickness of 0.45 pm).
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Colocalization of antibodies was assessed with the confo-
cal system by analysis of adjacent z-sections (using gallery
function and orthogonal function for equal penetration of
the antibodies). The phenotypic distribution of the 29-day-
old BrdU+ cells, was calculated as the percent of hip-
pocampal BrdU+- cells colabeled with NeuN or GFAP, and
as the percent of mPFC BrdU+- cells colabeled with Olig2
and GFAP in each rat. A minimum of 15 BrdU+- cells were
analyzed per animal from each of the rats in the control
(n = 6), dependent (n = 6) and non-dependent (n = 9)
groups.

BDNF and TrkB Western blotting

A separate cohort of thirty-nine rats were used to determine
whether changes in BDNF and TrkB protein expression
were associated with altered cell proliferation and survival
in the hippocampus and mPFC. Upon arrival to the animal
facility, dependent rats (n = 21 rats) were exposed to the
comparable CIE procedure as detailed above, where the
rats were housed in ethanol vapor chambers for 7 weeks.
The control rats (ethanol naive, n = 18) were housed as
described previously. To evaluate the effect of CIE expo-
sure on BDNF signaling and the persistence of the CIE-
induced changes during protracted abstinence, rats were
decapitated under isoflurane anesthesia 3 h (acute with-
drawal; n = 12) and 21 days (21d; protracted abstinence,
n = 9), respectively, following cessation of ethanol vapor
exposure. Brains were rapidly extracted and promptly snap
frozen in dry ice-cooled isopentane and stored at —80 °C
until further processing.

Western blot procedures optimized for measuring levels
of both phosphoproteins and total proteins were employed
(Graham et al. 2007; Kim et al. 2015; Galinato et al. 2015).
Tissue punches from 500-um thick sections of mPFC and
hippocampus were homogenized by sonication in ice-cold
buffer (320 mM sucrose, 5 mM HEPES, 1 mM EGTA,
1 mM EDTA, 1 % SDS, with Protease Inhibitor Cocktail
and Phosphatase Inhibitor Cocktails II and III diluted
1:100; Sigma, St. Louis, MO), and protein concentration
was determined using a detergent-compatible Lowry
method (Bio-Rad, Hercules, CA). Mature BDNF protein
levels and TrkB and Tyr-706 phosphorylated TrkB (pTrkB)
protein levels were determined from 30 pg protein samples
subjected to gel electrophoresis, and transferred to PVDF
membranes. Membranes were incubated with the appro-
priate primary antibody for 16-20 h at 4 °C: BDNF (1:200,
SCBT sc-546), Tyr-706 pTrkB receptor (1:200, SCBT sc-
135645), or total TrkB receptor (tTrkB, 1:200, SCBT sc-
8316), and then with the appropriate horseradish peroxide—
conjugated secondary antibody (goat anti-rabbit IgG,
1:200-500, or goat anti-mouse IgG1, 1:5000, BioRad) for
1 h at room temperature (24 °C). Immunoreactivity was
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detected using SuperSignal West Dura chemiluminescence
detection reagent (Thermo Scientific) and collected using
HyBlot CL Autoradiography film (Denville Scientific) and
a Kodak film processor. Net intensity values were deter-
mined using the ImageStudio software (Li-Cor Bio-
sciences). Blots were reprobed for [-Tubulin (1:8000,
SCBT sc-53140) or stained with Coomassie Blue dye
(Welinder and Ekblad, 2011) for normalization purposes.
Protein expression is presented as percent of control sam-
ples on the same blot to normalize for blot-to-blot
variability.

Statistical analysis

Ethanol self-administration during the 7-week CIE exposure
was evaluated using repeated measures two-way ANOVA
with weekly-session (or time) as a within-subject factor and
CIE status as a between-subject factor. Significant interac-
tions were investigated using Sidak’s post hoc tests. Ethanol
self-administration during the 11th week was compared
between the dependent and nondependent rats using
unpaired t-tests. Both 2 h old and 29 day old BrdU+- cells in
the mPFC and SGZ were compared between control,
dependent and nondependent rats using one-way ANOVAs,
followed by Tukey’s post hoc tests. Proliferation of BrdU
cells in the mPFC and SGZ were correlated with ethanol self-
administration levels using Pearson’s product-moment cor-
relation coefficient. Triple-labeling analyses was conducted
to compare hippocampal BrdU-only, BrdU and NeuN cola-
beled, and BrdU and GFAP colabeled cells between control,
dependent and nondependent rats using two-way ANOVA.
Similarly, PFC BrdU-only, BrdU and Olig2 colabeled, and
BrdU and GFAP colabeled cells were compared between
control, dependent and nondependent rats using two-way
ANOVA. Main effects of cell-type in both hippocampus and
PFC were probed using Tukey’s post hoc tests. Withdrawal
scores at 2.5 hand 7 h post-CIE were compared using a non-
parametric Wilcoxon matched-pairs signed rank test. Scores
for the withdrawal signs were correlated with peak BALs and
with BrdU-labeled cells in the mPFC and SGZ using
Spearman’s rank correlation coefficient. For the Western
blotting analyses, one-way ANOVAs followed by Tukey’s
post hoc tests were used to compare values between acute
withdrawal, protracted abstinence, and control groups. Sta-
tistical significance was accepted at p < 0.05.

Results
Escalation of ethanol self-administration

Responding for ethanol (10 % v/v) was not different
between the groups of rats dedicated to the dependent and
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Fig. 2 Escalation of ethanol self-administration during CIE and
withdrawal scores following withdrawal from CIE. a Ethanol self-
administration (active lever presses) increased over the 7 weeks of
CIE exposure in the dependent rats but not in the nondependent rats.
n =15 and 18 for dependent and nondependent rats, respectively;
*p < 0.05 compared to pre-vapor responding, within group;
#p <0.05 compared to non-dependent rats, between group.

nondependent groups prior to the onset of vapor exposure
[ta1y = 1.36; p = 0.09; Fig. 2a]. The amount of ethanol
vapor experienced by each dependent rat reached the
desired range by the second week of CIE exposure as
indicated by the increases in BALs (Table 1). A significant
time x CIE interaction was obtained (F[5,155] = 10.7,
p < 0.001) for ethanol self-administration over the 7 weeks
of CIE exposure. Further investigation of the interaction
revealed that in the dependent rats, responding for ethanol
increased from week 4—7 compared to pre-vapor respond-
ing (week-1; p’s <0.01; Fig. 2a). No difference in
responding was observed across weeks in the nondepen-
dent rats (p = 0.09). Also, from week 3 onwards, the
dependent rats exhibited greater responding for ethanol
compared to the nondependent rats (p’s < 0.001). During
Week 7, BALs did not correlate with ethanol self-admin-
istration (r = —0.18, n.s.).

Responding for ethanol during week 11 remained sig-
nificantly greater in the dependent rats compared to that
observed in the nondependent rats (p < 0.05; Fig. 4a),
suggesting that excessive responding for ethanol persisted
following prolonged abstinence (i.e., after 4 weeks of
abstinence).

Ethanol withdrawal

In dependent rats, withdrawal scores of body posture, tail
stiffness, and stereotypic behavior increased between 2.5 h
post-CIE to 7 h post-CIE (p’s < 0.05; Fig. 2b). Stereotypy
in dependent rats at 7 h post-CIE correlated positively with
peak BALs at week 7 (Table 2). Withdrawal scores did not

b Withdrawal Behaviors in Dependent Rats
2.5 hpost CIE

4 Il 7 h post CIE
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b Withdrawal behaviors increase from 2.5 to 7 h following removal
of CIE exposure. Signs of ethanol withdrawal, i.e. aberrant body
posture, tail stiffness and stereotypy as well as overall withdrawal
signs increased in the dependent rats from early onset of withdrawal,
at 2.5 h post-CIE, to peak onset withdrawal, at 7 h post-CIE.
N = 15/group. *p < 0.05 compared to early withdrawal, within-
subject

correlate with ethanol self-administration or with cell
proliferation in the SGZ or mPFC (Table 2).

Cell proliferation in the hippocampus and the mPFC

The number of 2 h-old BrdU+ cells was greater in the
hippocampal SGZ of the dependent rats compared to
both nondependent and control rats (F[2,21] = 4.11,
p < 0.05; Fig. 3b). The number of BrdU+ cells in the
SGZ of dependent rats positively correlated with
ethanol self-administration during Week 7 of CIE
(r=0.74, p < 0.05, Fig. 3c). No such relationship was
observed in the nondependent rats (r = —0.07, p = 0.9;
Fig. 3c).

In the mPFC, the number of 2 h-old BrdU+ cells were
greater in the dependent rats compared to both nondepen-
dent and control rats (F[2,18] = 7.70, p < 0.01; Fig. 3e).
However, cell proliferation in dependent and nondependent
rat mPFC did not correlate with their ethanol self-admin-
istration during week 7 (r = 0.46, p = 0.2 and 0.68,
p = 0.07, respectively Fig. 3f).

Cell survival in the hippocampus and the mPFC

In the hippocampal granule cell layer, the number of
29-day-old BrdU+ cells were fewer in the dependent rats
compared to the nondependent rats (F[2,19] = 6.43,
p < 0.01; Fig. 4d) but not compared to the control rats. In
contrast, 29-day-old BrdU+- cells in the mPFC were greater
in dependent rats compared to nondependent as well as the
control rats (F[2,17] = 5.85, p < 0.05; Fig. 4e).
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Table 2 Withdrawal scores in dependent rats are predicted by peak blood alcohol level (BALs) at week 7, while proliferation and survival of
new cells (BrdU+) in the hippocampal subgranular zone (SGZ) are not predicted by withdrawal scores

Withdrawal response Time after Measure Spearman’s correlation p value
withdrawal (h) coefficient
Stereotypy 7 BAL at week 7 +0.54 0.04
Stereotypy 7 Self-administration at week 7 —0.10 n.s.
Stereotypy 7 Cell proliferation in SGZ +0.29 n.s.
Stereotypy 7 Cell proliferation in mPFC —0.17 n.s.
a Hippocampus
B @ Dependent, r=0.74, p = 0.02
Hilus b E ﬁgnntdr:pl)endent Cc 4000 @ Nondependent, r=-0.07, n.s.
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Fig. 3 Withdrawal from CIE and ethanol drinking increases the
number of proliferating cells in the SGZ and mPFC. a Photomicro-
graph of 2 h-old BrdU+ cells in the SGZ of the dentate gyrus. BrdU+
cells appeared in clusters; the cluster represented has 7 immunore-
active cells, each pointed with an arrowhead. In the hippocampus, the
number of 2 h-old BrdU-labelled cells were greater in the dependent
rats compared to both nondependent and control rats (b). The number
of hippocampal BrdU cells positively correlated with ethanol self-
administration during the 7th week of CIE, suggesting that greater
ethanol drinking is predictive of reactive cell proliferation in the

Phenotypic analysis of 29-day-old BrdU labelled
cells

In the hippocampal granule cell layer, the percent of

29-day-old BrdU4-/NeuN+ were greater than BrdU-/
GFAP+ colabeled cells, which was greater than BrdU+/

@ Springer

hippocampal SGZ (c¢). d Photomicrograph of 2 h-old BrdU+ cells in
the mPFC. BrdU+ cells appeared in pairs; each immunoreactive cell
is pointed with an arrowhead. In the mPFC, the number of 2 h-old
BrdU-labelled cells were greater in the dependent rats compared to
both nondependent and control rats (e). The number of mPFC BrdU
cells did not correlate with ethanol self-administration during the 7th
week of CIE (f). n =6, 9, and 9 for control, nondependent, and
dependent rats, respectively. *p < 0.05 compared to control rats;
#p < 0.05 compared to nondependent rats. Scale bar in (d) is 10 pm,
applies to (a, d)

NeuN-/GFAP-cells (main effect of cell-phenotype;
F[2,34] = 111, p < 0.0001; Fig. 5f). No differences were
revealed in phenotype of hippocampal BrdU+ cells
between control, dependent and nondependent rats (inter-
action; F[4,34] = 1.48, p = 0.8; main effect of group F[2,
171 = 1.22, p = 0.2; Fig. 5f). In the mPFC, 29-day-old
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Fig. 4 Cell survival is decreased in the hippocampus but increased in
the medial prefrontal cortex of dependent rats during protracted
abstinence. a Ethanol self-administration (active lever presses)
following a protracted abstinence remained significantly greater in
the dependent animals compared to nondependent rats. Photomicro-
graphs of 29-day-old BrdU+ cells in the dentate gyrus granule cell
layer (b) and mPFC (c¢). BrdU+ cells appeared as single cells or in
pairs; each immunoreactive cell is pointed with an arrowhead. Scale

BrdU+/Olig2+ was greater than both BrdU+/GFAP+ and
BrdU+/Olig2-/GFAP-cells (main effect of cell-phenotype;
F[2,36] = 667, p < 0.0001; Fig. 51), however, the latter
two were not different from each other. No differences
were revealed in the phenotype of mPFC BrdU+ cells
between control, dependent and nondependent rats (inter-
action; F[4,36] = 0.713, p = 0.8; main effect of group
F[2, 18] = 0.702, p = 0.3; Fig. 51).

BDNF, TrkB and phospho-TrkB expression in CIE
animals

In the hippocampus, phosphorylation of TrkB receptors
(pTrkB) and BDNF expression was increased during acute
withdrawal (3 h post CIE) in relation to ethanol naive
control as well as protracted abstinence conditions (21d
post CIE); [TrkB: F[2,30] = 13.5; p < 0.001; BDNF (the
standard deviation for the protracted abstinence group was
3.6 and 2.8 fold greater than control and acute withdrawal
groups (respectively) and therefore, Students f test was
used to analyze hippocampal BDNF expression):
(t = 3.172, p < 0.01; Fig. 6b, d]. Western blotting for the
total TrkB in hippocampal tissue samples yielded two
bands (Fig. 6b); the top dark band was used for

Hilus ., ~ mPFC

mPFC

50
*#

40
30
20

101

Number of 29 day old BrdU ¢
cells/mm? in the mPFC

Treatment Group

bar in (b) is 10 pum, applies to (b, ¢). In the hippocampus, the number
of 29-day-old BrdU+ cells was fewer in dependent rats compared to
nondependent rats, but was not different from control (d). In the
mPFC, 29-day-old BrdU+ cells were greater in dependent rats
compared to nondependent as well as control rats (E). n = 6, 9, and 6
for control, nondependent, and dependent rats, respectively.
#p < 0.05 compared to control rats; *p < 0.05 compared to nonde-
pendent rats

quantification of hippocampal total TrkB expression. No
differences were revealed between control, acute with-
drawal, and protracted abstinence groups in total TrkB
receptor expression (tTrkB; F[2,29] = 0.880, p = 0.4
Fig. 6b, d). The ratio of pTrkB to tTrkB in the hip-
pocampus was increased during acute withdrawal com-
pared to control (F[2,30] = 3.72; p < 0.05; Fig. 6d), but
not in relation to protracted abstinence.

In the mPFC, expression of both BDNF and tTrkB were
increased during acute withdrawal compared to control and
protracted abstinence (F[2,32] = 7.48 and F[2,35] = 6.17,
respectively; p’s < 0.01; Fig. 6c, e). In contrast, pTrkB as
well as the ratio pTrk/tTrkB did not differ between control,
acute withdrawal, and protracted abstinence groups
(F[2,32] = 1.63, p = 0.2, and F[2,32] = 2.70, p = 0.08,
respectively; Fig. 6c, e).

Discussion
Goals of this study were to examine withdrawal-induced
effects on proliferation and survival of progenitors in the

SGZ and mPFC and on the signaling of neurotrophic factor
BDNF in rats that demonstrate both physical and
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Fig. 5 Alcohol dependence and nondependent drinking does not alter
the phenotypic distribution of 29-day-old BrdU cells in the hip-
pocampus and medial prefrontal cortex. (a—e, Hippocampus) Repre-
sentative confocal z-stack images of 29-day-old BrdU+- cells (a, Cy3,
red) colabeled with NeuN (b, FITC, green) and GFAP (¢, CYS5, blue).
Arrowheads in a—d point to the BrdU+ cell; scale bar is 10 pm in
panel (a), applies a—d. e Orthogonal view of the BrdU cell indicated
in (a), shows that the cell is BrdU+/NeuN+ cell with both antibodies
demonstrating equal penetration in xz and yz planes. f Quantitative
analysis of BrdU-labeled cells in the hippocampus expressing NeuN
or GFAP or neither in control, dependent (DEP) and nondependent
(NON-DEP) rats [BrdU+/NeuN-/GFAP- (BrdU+ Only, solid bars),
BrdU+/GFAP+/NeuN— (textured bars) and BrdU+/NeuN+/
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100+

BrdU+/ Olig2+ BrdU+/ GFAP+ [] BrdU+

80+

CONTROL DEP
GFAP— (hashed bars)]. (g-k, mPFC) Representative confocal z-stack
images of 29-day-old BrdU+ cells (g, Cy3, red) colabeled with Olig2
(h, FITC, green) and GFAP (i, CY5, blue). Arrowheads in g—j point to
BrdU+-/Olig2+ cell; arrow in H points to a Olig2+ cell that is not
BrdU+ . Scale bar in G is 10 pm, applies g—j. k Orthogonal view of
the BrdU cell indicated in (g), shows that the cell is BrdU+/Olig2+
cell with both antibodies demonstrating equal penetration in xz an-
d yz planes. 1 Quantitative analysis of BrdU-labeled cells in the mPFC
expressing Olig2 or GFAP or neither in control, dependent (DEP) and
nondependent (NON-DEP) rats [BrdU+/Olig2-/GFAP- (BrdU+
Only, solid bars), BrdU+/GFAP+/Olig2- (textured bars) and
BrdU+-/Olig2+/GFAP— (hashed bars)]
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Fig. 6 BDNF and phospho-TrkB expression is increased in the
hippocampus, whereas BDNF and total-TrkB expression is increased
in the mPFC during acute withdrawal. a Schematic of the experi-
mental timeline for the Western blotting analyses. Schematic for
tissue punches and sample western blots from hippocampus (b) and
mPFC (c¢). Con control, AW acute withdrawal, PA protracted
abstinence. Densitometric analysis of tissue for levels of BDNF,

motivational symptoms of alcohol dependence and com-
pare them to nondependent animals. According to the
current hypothesis, withdrawal from CIE and ethanol
drinking produced a rebound effect in the number of pro-
liferating cells which was visualized as a proliferative burst
in the mPFC of dependent rats, an effect that was also
observed in the hippocampal SGZ. These withdrawal
induced proliferative profiles were not observed in ethanol
drinking nondependent rats. Further, survival of mPFC
progenitors was increased, which was contrary to the
decreased survival observed in the SGZ, suggesting dif-
ferential regulation of the development of progenitors with

distinct mature phenotypes; i.e. neurogenesis in the

phosphorylated-TrkB; pTrkB, total TrkB; tTrkB, and the ratio of
pTrkB to tTrkB from the hippocampual (d) and mPFC (e) tissue
homogenate from dependent rats following acute withdrawal (AW)
and protracted abstinence (PA). Values are mean £+ SEM expressed
as % control, where control is represented by the dotted line in each
graph. *p < 0.05, **p < 0.01, ***p < 0.001 compared to controls,
#p < 0.05, #p < 0.01 compared to AW

hippocampus and oligodendrogenesis in the mPFC (Palmer
et al. 2000; Mandyam et al. 2007b; Kim et al. 2015). Thus,
protracted abstinence was associated with reduced neuro-
genesis of hippocampal progenitors, and with increased
oligodendrogenesis of the mPFC progenitors. The current
study also found that the drinking in dependent rats during
the 7th week of CIE positively correlated with the prolif-
erative burst in the SGZ observed 72 h post-CIE, but not
with BAL. In contrast, the magnitude of physical with-
drawal positively correlated with BALs, but not with
drinking or proliferation, suggesting that the motivational
effects of dependence are not mechanistically linked to
level of intoxication or to physical withdrawal. Acute
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withdrawal from CIE enhanced BDNF expression and
TrkB receptor activation in the hippocampus, and increased
BDNF and TrkB expression in the mPFC, which may
contribute to a conducive environment for the proliferative
burst (Lee et al. 2000; Sairanen et al. 2005; Donovan et al.
2008; Cowansage et al. 2010). Finally, pro-neurotrophic
microenvironment was absent during protracted absti-
nence, and the maladaptive progenitor survival profile in
hippocampus (reduced neurons) and mPFC (increased
oligodrendrocytes) was associated with the enhanced
ethanol drinking even after prolonged abstinence. These
results provide new insights into brain state and potential
mechanisms related to alcohol relapse.

Effects in the hippocampus

The current study amalgamated previous findings that CIE
induces motivational (escalated ethanol intake) and
somatic (physical) signs of alcohol dependence, and
withdrawal of CIE induces a reactive proliferative burst in
the hippocampus (Valdez et al. 2002; O’Dell et al. 2004;
Richardson et al. 2008; Hansson et al. 2010; Vendruscolo
et al. 2012). These results should be interpreted with cau-
tion as BrdU may be incorporated into cells undergoing
DNA repair, and because BrdU itself was found to be
mitogenic in vitro [for review (Taupin 2007)], both of
which may confound the magnitude of the proliferative
effects reported herein. However, it is important to note
that the proliferative effects of alcohol withdrawal have
been confirmed with endogenous markers of cell cycle
(Nixon and Crews 2004; Hansson et al. 2010). The current
results of the absence of a relation between hippocampal
proliferative burst and physical withdrawal were observed
in the gavage model of dependence (Nixon and Crews
2004). Furthermore, the surviving cells in the hippocampal
granule cell layer were primarily neuronal, consistent with
the phenotype of newly born cells in the hippocampus, and
suggesting that the currently used dose of BrdU did not
artificially inflate cell division and survival via its mito-
genic properties. A novel contribution of the current study
is that ethanol drinking in dependent rats predicted the
increases in cell proliferation in the hippocampus which
was associated with enhanced expression of BDNF and
activation of TrkB. Mechanistically, enduring changes in
trophic factors may regulate cellular proliferation in the
SGZ (Pencea et al. 2001; Scharfman et al. 2005; Pilar-
Cuellar et al. 2013). For example, BDNF infusion into the
hippocampus was shown to produce ectopic proliferation in
the SGZ, hilus, and molecular layer (Scharfman et al.
2005). BDNF binds to its receptor TrkB, localized at both
pre- and postsynaptic sites of glutamatergic synapses in the
hippocampus; receptor binding induces receptor dimeriza-
tion and phosphorylation at the autophosphorylation site
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Tyr-706 (Drake et al. 1999; Huang and Reichardt 2001;
Chao 2003). During acute withdrawal, the enhanced BDNF
levels in the hippocampus were associated with enhanced
phosphorylation of TrkB at Tyr-706 without significant
alterations in tTrkB expression. The lack of effect of CIE
on hippocampal tTrkB is consistent with other models of
alcohol administration, such as two-bottle choice exposure
(Briones and Woods 2013) and liquid diet (Zhang et al.
2000). Importantly, the increased pTrkB-706 could indi-
cate a BDNF-mediated enhanced TrkB activation, which is
linked to hyperglutamatergic activity in the hippocampus
(Marini et al. 1998; Perez-Gomez and Tasker 2013). Since,
hippocampal neuronal activity positively and bi-direction-
ally interacts with hippocampal neurogenesis (van Praag
et al. 1999; Derrick et al. 2000; Snyder et al. 2001; Farmer
et al. 2004; Chun et al. 2006, 2009), this hypergluta-
matergic activity may also contribute to the early prolif-
erative effects of CIE withdrawal (Mandyam 2013).
Additionally, these proliferative effects of early withdrawal
were not observed in nondependent animals, and therefore,
together with the previously discussed correlational results,
may suggest that the motivational aspects in alcohol
dependence are predictive of reactive hippocampal
proliferation.

Current results support that the hippocampal cells born
during proliferative burst are not stable (Hansson et al.
2010), as evidenced by decreased survival of 29-day-old
BrdU+ cells. Importantly, although cell survival was
decreased in the dependent rats, alcohol self-administration
with and without CIE did not alter the phenotype of these
newly born progenitors compared to controls; the majority
of the newly born cells continued to exhibit neuronal
phenotype. Thus, suppression of survival of progenitors
indicates decreased hippocampal neurogenesis. The atten-
uated neurogenesis in the current model contrasts the
enhanced hippocampal neurogenesis observed following
alcohol withdrawal using the intragastric intubation model
(Nixon and Crews 2004; Nixon et al. 2008). One expla-
nation for these conflicting results could be methodological
differences, that is, differences in daily BAL levels, the
duration of ethanol exposure, and the behavioral correlates
associated with each paradigm (Mandyam 2013); however,
an alternative explanation is also possible. Although vol-
untary alcohol drinking was not evaluated in the gavage
model, the increase in neurogenesis was posited to con-
tribute to the clinical observation of recovery of brain
volume and function following abstinence (Nixon and
Crews 2004; van Eijk et al. 2013). With CIE, the decreased
progenitor survival was associated with persistence of
enhanced alcohol drinking following alcohol abstinence,
suggesting that the attenuated hippocampal neurogenesis
may contribute to increased relapse propensity, where
relapse is inferred from drinking following prolonged
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abstinence (Gilpin et al. 2008b; Vengeliene et al. 2014).
Although these neurogenic mechanisms have not been
evaluated in the clinical subjects with alcohol use disorder,
absence of recovery of brain volume has been reported
primarily in individuals who relapsed after a long period of
abstinence (Demirakca et al. 2011; Durazzo et al. 2011),
thus suggesting different translational value for both CIE
and the gavage models.

Changes in hippocampal BDNF have been reported to
depend upon the alcohol availability, for example continued
vs intermittent access, as well as acute vs protracted with-
drawal. For instance, hippocampal BDNF protein was
decreased following continuously administered liquid
ethanol diet (Miller and Mooney 2004), but was increased
following repeated episodic administration of the same diet
(Miller 2004). In CIE animals, BDNF mRNA was enhanced
during acute withdrawal (12 h post-vapor cessation), an
effect that was not evident during ethanol exposure (Tapia-
Arancibia et al. 2001). The current report extends our
understanding by showing an increase in both BDNF
expression and in BDNF signaling via TrkB receptor during
acute withdrawal (3 h post CIE); however, this effect was
transient and did not persist into protracted abstinence (21d
post CIE). Although, similar increases in BDNF during acute
withdrawal and normalization during protracted abstinence
have been reported in other model of alcohol exposure (Alele
and Devaud 2013; Briones and Woods 2013; McClain et al.
2014), the functional implication of this transience is
unclear. A recent study reported that the transient decreased
BDNF/TrkB signaling corresponded with decreased hip-
pocampal proliferation and immature neurons in the hip-
pocampus 7 days after the cessation of chronic two-bottle
choice drinking (Briones and Woods 2013). Therefore, the
decreased TrkB mediated BDNF signaling following pro-
tracted abstinence could result in depletion of the hip-
pocampal neurogenic niche (Li et al. 2008), and may reduce
the survival of hippocampal progenitors born during the
proliferative burst (Sairanen et al. 2005), and thereby con-
tribute to the persistence of elevated alcohol drinking
observed following CIE withdrawal (Gilpin et al. 2008b).

Effects in the medial prefrontal cortex

There is a deficit in our understanding of whether forced
withdrawal from drug exposure alters proliferation, differ-
entiation, and survival of glial progenitors in the mPFC
(Cohen et al. 2014; Kim and Mandyam 2014). With respect
to alcohol, continued CIE paradigm decreased proliferation
and survival of progenitors in the mPFC (Richardson et al.
2009; Kim et al. 2015). In accordance with the hypothesis of
the current study, this suppression of proliferation was found
to be transient, and a proliferative burst was observed 72 h
post CIE. Contrary to the observations in the hippocampus,

the mPFC progenitors survived into protracted abstinence
(29d post CIE). This is important because most of the newly
born progenitors in the mPFC exhibit an oligodendroglial
phenotype (Mandyam et al. 2007b; Mandyam and Koob
2012; Kim et al. 2015; Somkuwar et al. 2014), and mature
into myelinating oligodendrocytes that maintain myelin
plasticity (Rivers et al. 2008). One hypothesis may be that
the enhanced proliferation and survival in mPFC is a com-
pensatory (neuroprotective) mechanism that contributes to
the recovery of the cortical tissue lost due to dependence
(van Eijk et al. 2013; Navarro and Mandyam 2015). How-
ever, elevated drinking observed in the dependent rats fol-
lowing protracted abstinence does not align with this
hypothesis, as recovery of brain volume was linked to
reduced relapse (Demirakca et al. 2011; Durazzo et al.
2011). Notably, recent clinical evidence supports a critical
role of myelination in the neuropathology of alcoholism;
myelin in the PFC was decreased during protracted absti-
nence, which was linked to functional hyperactivity of the
PFC and to stress-induced relapse (Seo et al. 2013).
Although, enhanced proliferation in the mPFC did not cor-
relate with motivational aspects of dependence in the current
study, the imbalance in oligodendroglial homeostasis (pro-
liferation and survival burst) may contribute to the persis-
tence of alcohol seeking following protracted abstinence.
Thus, whether newly generated oligodendrocyte progenitors
in the mPFC of alcohol dependent rats eventually mature to
attain a myelinating oligodendroglial phenotype warrants
detailed investigation. Finally, withdrawal and protracted
abstinence from alcohol dependence may result in mal-
adaptive myelination in the mPFC by modulating the various
signaling pathways that regulate oligodendrocyte matura-
tion (Navarro and Mandyam 2015).

Cortical BDNF expression is differentially regulated
following acute [no change (Logrip et al. 2009)], chronic
episodic [no change (Miller 2004)], chronic continuous
intake [increase (Miller and Mooney 2004)], and chronic
escalating intake [decrease (Logrip et al. 2009)] of alcohol.
Our findings add to these studies by demonstrating that
acute withdrawal from CIE enhances BDNF and tTrkB
expression in the mPFC, an effect that did not persist at 21d
post cessation of CIE. Interestingly, the increased expres-
sion of receptor and its substrate were not associated with
hyperphosphorylation of TrkB at Tyr-706, indicating that
enhanced BDNF in the mPFC did not necessarily enhance
TrkB signaling. One explanation for these observations
may be that elevated BDNF in the mPFC alters TrkB
activation in other brain regions that receive projections
from mPFC; for example, PFC is a well-known source of
striatal BDNF (Kokaia et al. 1993; Baquet et al. 2004).
However, the lack of effect on TrkB receptor signaling in
the mPFC was surprising, especially, given the role of
BDNF and TrkB signaling in proliferation and survival of
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oligodendrocyte progenitors, and in modulation of myeli-
nation by mature oligodendroglia in several regions of the
cortex [(Nakajima et al. 2010; Wong et al. 2013; Ramos-
Cejudo et al. 2015; Tsiperson et al. 2015); for review,
(Bankston et al. 2013)]. Therefore, the up-regulation of
tTrkB receptors during acute withdrawal could be associ-
ated with a compromised physiological function of BDNF
in mPFC. This may further lend credence to the hypothesis
that the enhanced mPFC proliferation may be maladaptive
in nature (for example, non-myelin forming) and contribute
to the perpetuation of the addictive phenotype.

In conclusion, the current study reveals that withdrawal
from CIE results in enhanced cell proliferation in the hip-
pocampus and the mPFC; enhanced BDNF expression and
signaling may partially underlie these changes. The
enhanced cell proliferation, particularly in the hippocampal
SGZ, was related to the motivational but not to the physical
effects of alcohol dependence. The upregulation of BDNF
signaling in the hippocampus was transient as these chan-
ges did not persist into protracted abstinence (21d post
CIE), thus altering the neurogenic niche needed for the
survival of the hippocampal progenitors. In contrast to the
hippocampus, BDNF increase in the mPFC was not asso-
ciated with TrkB activation in CIE rats, and progenitor
survival was not decreased, suggesting that alternate BDNF
pathways mediate survival in mPFC. These neurobiologi-
cal mechanisms in the hippocampus and mPFC may con-
tribute to the enhanced ethanol consumption that persists
following prolonged abstinence from ethanol drinking .
Although a minor limitation of the current study is the
correlative findings, exploring potential causal link
between enhanced BDNF and enhanced proliferation in the
hippocampus and the mPFC in CIE animals is an inter-
esting and important future pursuit.
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