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SUMMARY
Chronic alcohol abuse results in alcohol-related neurodegeneration, and critical gaps in our knowledge hinder therapeutic development.

Neural stem cells (NSCs) are a subpopulation of cells within the adult brain that contribute to brain maintenance and recovery. While

it is known that alcohol alters NSCs, little is known about how NSC response to alcohol is related to sex, brain region, and stage of dif-

ferentiation. Understanding these relationships will aid in therapeutic development. Here, we used an inducible transgenicmousemodel

to track the stages of differentiation of adult endogenousNSCs and observed distinct NSCbehaviors in three brain regions (subventricular

zone, subgranular zone, and tanycyte layer) after long-term alcohol consumption. Particularly, chronic alcohol consumption profoundly

affected the survival of NSCs in the subventricular zone and altered NSC differentiation in all three regions. Significant differences

between male and female mice were further discovered.
INTRODUCTION

Alcohol abuse is the third leading cause of preventable

death in the United States, with almost 30% of the popula-

tion meeting the criteria for alcohol use disorder at some

point in life (Grant et al., 2015). It is established that

alcohol misuse has detrimental effects on the brain and

leads to deficits in cognitive and behavioral function,

as well as a condition referred to as alcohol-related neuro-

degeneration (Zahr et al., 2011; Vetreno and Crews, 2015;

Staples and Mandyam, 2016).

Several factors affect the response of the brain to

alcohol, such as age, sex, duration, and quantity of alcohol

consumed (Oscar-Berman and Marinkovic, 2003; Squeglia

et al., 2014). There are also regional patterns of degenera-

tion and glial pathology observed in patients with a history

of chronic alcohol abuse (Pfefferbaum et al., 1992, 1993;

Cullen and Halliday, 1994; Agartz et al., 1999; Zahr et al.,

2011). As with neurodegenerative diseases, neural damage

observed in chronic alcoholism is speculated to be not only

caused by neuronal death, but also by inhibition of neuro-

genic processes (He et al., 2005; Crews et al., 2006; Morris

et al., 2010;Winner et al., 2011). Thus, the effect of alcohol

on neural stem cells (NSCs) has become a topic of interest

due to the critical role NSCs play in maintaining

neurogenesis throughout life, and possibly in mediating
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neuro-regeneration after insults (Leasure and Nixon,

2010; Maynard and Leasure, 2013).

The two most commonly studied NSC-containing re-

gions in the adult brain are the subventricular zone (SVZ)

of the lateral ventricles and the subgranular zone (SGZ) of

the dentate gyrus (Crews and Nixon, 2003; Kempermann

et al., 2015). In these regions, alcohol consumption impairs

NSC proliferation and neurogenesis (Rice et al., 2004;

Crews et al., 2006; Broadwater et al., 2014; McClain et al.,

2011; Campbell et al., 2014). Recently, the tanycyte layer

(TL) of the third ventricle was discovered to contain cells

with NSC properties; however, the impact of alcohol on

this cell population has not been investigated (Robins

et al., 2013). While studies have investigated the effect of

alcohol in the SVZ and SGZ, a comparative examination

of how NSCs in all three regions (SVZ, SGZ, and TL)

respond to alcohol at different stages of differentiation

has not been conducted. Despite the broad knowledge

that males and females respond differently to alcohol clin-

ically, the role of sex differences in NSC response to alcohol

consumption is not well explored. These two unaddressed

issues leave substantial gaps in knowledge of how the brain

recovers following chronic alcohol abuse.

To address these gaps in knowledge, we utilized recent

advances in genetic inducible fatemappingwhich provides

a tool to study longitudinal changes of endogenous NSC
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Figure 1. Experimental Model
(A) Schematic of experimental paradigm.
(B) Average age of mice at start of experiment.
(C) Average bodyweight of mice at the start of experiment.
(D) Average daily diet consumption.
(E) Average grams of ethanol consumed daily.
(F) Average grams of ethanol consumed per kilogram of mouse bodyweight.
(G) Average changes in gain of bodyweight.
(H) Chart showing the scoring system evaluation criteria.

(legend continued on next page)
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populations in the adult brain (Lagace et al., 2007; Taupin,

2007). This technology allows us to evaluate differentiation

and population changes of endogenous NSCs in response

to alcohol. Specifically, we analyzed the effect of chronic

alcohol consumption on NSC populations in adult mice

and concentrated on the three regions in the mouse brain

that are known to contain NSCs: SVZ, SGZ, and TL. In addi-

tion, we compared NSC responses in males and females to

determine the role of sex in response to alcohol.
RESULTS

Differences in Tolerance to Alcohol Consumption

Adult Nestin-CreERT2:R26R-YFP bitransgenic mice were

used to trace the fate of endogenous NSCs following

tamoxifen induction, and chronic ethanol feeding with

the Lieber-DeCarli ethanol liquid diet (Figure 1A). Both

pair-fed control and ethanol-fedmice were given ad libitum

access to their respective diets and water. To ensure that

both ethanol and control mice received diets with the

same caloric value, maltose-dextrin was used to calorie bal-

ance the diets. At the start of the study,males weighedmore

than females; however, there was no significant difference

between the body weights of control or ethanol groups

(Figures 1B and 1C). Malemice in both groups had a higher

average daily diet consumption compared with their

female counterparts. Control males consumed 5% more

diet than control females, and ethanol males consumed

7% more than ethanol females (Figure 1D). Due to the

greater consumption, male mice consumed more grams

of ethanol compared with females; however, females

consumed 13% more grams of ethanol per kilogram of

body weight (Figures 1E and 1F). There were no significant

changes in body weight gains, but mice in the ethanol

group tended to have less weight gain (Figure 1G).

Similar to humans, mice showed individual variations

in response to alcohol intake, ranging from ataxia to loss

of righting reflex. To evaluate ethanol intoxication, an

ordinal scale was created based upon home cage behaviors

ranging from asymptomatic to severe on a scale of 0–4,

respectively (Figure 1H). These behaviors have previously

been associated with intoxication in mice (Crabbe et al.,

2008). All animals in the ethanol group tolerated the

2-week ramping stage without abnormal behaviors.

Among 25 mice fed with 4% ethanol, 4 males (30.8%)

and 4 females (33.3%) were kept on a sustained 4% ethanol

diet for 28 days with mild symptoms and thus were
(I) Graph comparing the severity of alcohol-induced symptoms over ti
medians in each day evaluated by a random slope model.
Values are shown as mean ± SEM, *p < 0.05 compared with control, #p <
female mice n = 12; two-way ANOVA with Tukey’s test. See also Figur
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included in the ‘‘long-term’’ study. On the other hand,

9 males (69.2%) and 8 females (66.7%) showed severe

symptoms of intoxication reaching a score of 4 between

6 and 24 days with 4% ethanol. Five males and 4 females

died between 6 and 24 days of 4% ethanol, and were not

included in this study. Other mice with severe symptoms

were euthanized between 6 and 11 days and not included

for further histopathological analyses in this study. Ethanol

females displayed more severe symptoms of intoxication

and escalated in severity at a higher rate than males

(p = 0.009) (Figure 1I). Blood alcohol analysis showed a

wide range of blood alcohol concentrations (BACs) and

blood acetaldehyde concentrations, which did not corre-

late with behavioral severity for either sex (Figure S1).

One source of variability may be due to blood samples

collected in the morning, while mice typically feed in the

first few hours of the dark cycle. In addition, since mice

have unrestricted access to the diet it is possible that mice

with higher BACs consumed the diet more recently than

mice with lower BACs.

Effect of Alcohol Consumption on SVZ NSCs in the

Lateral Ventricle

We focused on the rostral lateral ventricle, which harbors

endogenous NSCs and is an area of active neurogenesis in

adult mammalian brains (Lim and Alvarez-Buylla, 2014).

The Nestin-CreERT2;R26R-YFP transgenic mice allowed us

to trace theNSCs thatwere present at the time of tamoxifen

injection by their expression of yellow fluorescent protein

(YFP) (Lagace et al., 2007). Tamoxifen, administered at

2 months of age, enabled expression of the YFP reporter

gene in Nestin-expressing NSCs in adult mice. The YFP

signal was further enhanced by immunohistochemistry

using a GFP antibody. Since the YFP reporter gene was acti-

vated by tamoxifen, only cells expressingNestin at the time

of tamoxifen injection would be labeled with YFP. Since

YFP is constitutively active, all progeny cells from that

induced population will also express YFP, regardless of dif-

ferentiation or division. This provides the capacity to study

a population of NSCs and their progeny in response to

alcohol consumption. This genetic tracing technique al-

lowed us to examine three phases of NSCs: NSCs (GFP+),

newly differentiated NSCs (DCX+GFP+ or GFAP+GFP+),

and neurons or astrocytes that were present before tamox-

ifen induction (DCX+ or GFAP+). Cells that were double-

labeled with GFP and a marker of differentiation (DCX or

GFAP) represent newly differentiated cells after tamoxifen

induction of the YFP expression in Nestin+ cells. Cells that
me. Red line, female; blue line, male; shadow, error bars. Values are

0.05 compared with other sex in the same group, male mice n = 13,
e S1.
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differentiated prior to tamoxifen induction and no longer

expressedNestinwould not be co-labeled with GFP. In stan-

dard chow controls, there were more DCX+ and

DCX+GFP+, and fewer GFAP+GFP+ cells, indicating that

the liquid diet itself may influence cell proliferation (Patten

et al., 2013) and probably neurogenesis (Figures 2 and 3),

likely due to the high fat in the liquid diet (Park et al.,

2010). Thus, ethanol treatment was compared with liquid

diet controls. Male and female mice on control diets had

comparable numbers of GFP+ NSCs in the SVZ region (Fig-

ures 2A and 2B). Mice receiving the ethanol diet exhibited

significant alterations of SVZ NSCs in a temporal- and sex-

dependent manner. In the SVZ region (indicated by orange

lines), long-term treatment decreased GFP+ cells by 98% in

females and 89% in males (Figures 2A–2D). The total num-

ber of GFP+ cells was reduced by 94% in females and 74% in

males in the origin of the rostral migratory stream (oRMS)

(indicated by the red box) (Figures 2A–2C and 2E).

Next we examined the neurogenic capacity of SVZ NSCs

after ethanol consumption by using the doublecortin

(DCX) antibody, a marker of newly differentiated neuro-

blasts and immature neurons (Klempin et al., 2011). Males

and females receiving the liquid diet had fewer DCX+ and

DCX+GFP+ cells in the oRMS compared with standard

chow controls (Figures 2A–2C, 2F, and 2G). In the liquid

diet controls, DCX+GFP+ accounted for 35% and 22% of

the total GFP cells in controlmales and females, respectively

(Figures2Band2G). Long-termethanol consumptionsignif-

icantly decreased DCX+ expression by 54% in males and

66% in females (Figures 2C and 2F). In addition, DCX+GFP+

cells were reduced by 82% inmales and 87% in females (Fig-

ures 2C and 2G). Males but not females demonstrated a

reduction in the percent of GFP+ cells becoming DCX+

following long-term ethanol consumption (Figure 2H).

The greater loss of DCX+GFP+ cells (Figure 2G) than that of

the total DCX+ cells indicates that recently differentiated

NSCs are more susceptible to ethanol-mediated toxicity

than older differentiated cells. To further confirm the effect

of chronic ethanol consumption on neurogenesis of NSCs,

dual immunolabeling with GFP and NeuN (a mature

neuronal marker) was conducted in the olfactory bulb. As

shown in Figure 3, chronic ethanol treatment significantly
Figure 2. Neurogenesis in the SVZ following Ethanol Consumptio
(A–C) Representative images of standard chow (Ctrl SC), liquid diet c
mouse brains stained with stem cell marker (GFP green), neuronal m
regions in the red boxes are shown enlarged at the bottom.
(D–H) Quantification of average total GFP+ cells in SVZ and origin of th
DCX+GFP+ (G), and the percentage of DCX+GFP+ over total GFP+ cells (
(I) Schematic image of representative region quantified (bregma from
Values are shown as mean ± SEM, n = 3 mice per sex per group. *p < 0.
ANOVA with Tukey’s test. #p < 0.05 compared with male counterpart,
enlarged images. See also Figure S2.
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reduced the numbers of newly generated mature neurons

(NeuN+GFP+) andGFP+cells in theolfactorybulb, exhibiting

a trend similar to DCX+GFP+ in the oRMS (Figure 3).

We further assessed the effect of ethanol consumption on

NSC astroglial differentiation by using glial fibrillary acidic

protein (GFAP)asaglialmarker. In theSVZregionof thecon-

trol mice, the majority of GFP+ cells were co-labeled with

GFAP (Figures 4A–4C). To determine astrogliogenesis from

the SVZ NSCs expressing GFAP, we quantified those GFP

and GFAP co-labeled cells in the oRMS (indicated by the

red box) (Liu et al., 2010). No significant differences were

found in the number of GFAP+ cells between the standard

chow and control liquid diets; however, females in the

liquid diet control group had significantly less GFAP+ cells

compared with their male counterparts (Figures 4A–4D).

In ethanol-treated mice, males showed a trend of reduction

in GFAP+ cells, albeit statistically insignificant, compared

with both standard chow and control liquid diets (Figures

4C and 4D). GFAP+GFP+ cells decreased by 90% and 97%

in males and females, respectively (Figures 4C and 4E).

Furthermore, the percent of GFP+ cells expressing GFAP+

was significantly reduced in females (92%) and had a

trend of reduction in males (Figure 4F). Ethanol-treated

femaleshada significantly lowerpercentageofGFP+ cells ex-

pressing GFAP+ compared with their male counterparts. In-

dividual immunohistochemical stain images can be found

in the Supplemental Experimental Procedures (Figure S2).

In summary, these data show the NSCs in the SVZ are

sensitive to long-term ethanol consumption, more so

in females. Chronic ethanol consumption altered neuro-

genesis by inducing a drastic loss of DCX+GFP+ neuro-

blasts/immature neurons in the oRMS, and a subsequent

loss of NeuN+GFP+ in the olfactory bulb. Also, alcohol

consumption decreased the survival of newly differenti-

ated astrocytes (GFAP+GFP+).

Effect of Alcohol Consumption on SGZ NSCs in the

Hippocampus

Next, we examined the SGZ in the dorsal hippocampus,

given its role in cognitive function and active adult neuro-

genesis (Kempermann et al., 2015). The standard chow

controls had similar numbers of GFP+ cells; however, the
n
ontrol (Ctrl LD), and long-term ethanol (LT EtOH) male and female
arker (DCX red), and merged with nuclear maker DAPI (blue). The

e rostral migratory stream (D), GFP+ within the SVZ (E), DCX+ (F), and
H).
0.5 to 1.08) and outlined in the red box.

05, ***p < 0.001, ****p < 0.0001 compared with controls, two-way
two-way ANOVA with Sidak’s test. Scale bars, 45 mm, and 15 mm in



Figure 3. Neurogenesis in the Olfactory
Bulb following Ethanol Consumption
(A and B) Representative images of control
and long-term ethanol male and female
mouse brains stained with stem cell marker
(GFP green), mature neuronal marker (NeuN
red), and merged with nuclear maker DAPI
(blue). Scale bars, 32 mm. n = 3 mice per sex
per group.
(C–E) Quantification of GFP+, NeuN+, and
GFP+NeuN+ cells in the olfactory bulb.
Values are shown as mean ± SEM, *p < 0.05
compared with control, #p < 0.05 compared
with male counterpart, two-way ANOVA with
Tukey’s test, n = 3 mice per sex per group.
liquid diet controls displayed sex differences, with female

mice in the control group having approximately twice

the number of GFP+ cells as their male counterparts (Fig-

ures 5A–5D). The SGZ GFP+ cells also showed a sex-depen-

dent response to ethanol consumption. Alcohol treatment

significantly reduced the numbers of GFP+ cells in both

males and females (Figures 5C and 5D).

When evaluating SGZ neurogenesis, liquid diet control

males and females had similar levels of DCX+ and

DCX+GFP+ cells. Standard chow controls had significantly

more DCX+ cells compared with liquid diet controls (Fig-

ures 5A, 5B, and 5E). In the long-term ethanol cohort,

DCX+ cells were significantly decreased in males and fe-

males when compared with liquid diet controls (Figures

5A–5C, and5E). Therewas a49%and65%decrease inmales

and females, respectively (Figure 5E). There was also a trend

of reduction in both males and females in the DCX+GFP+
cell population, albeit statistically insignificant (Figures

5C and 5F). Males exhibited a significant reduction (63%)

in the percentage of GFP+ cells labeled with DCX when

compared with both standard chow and liquid diet

controls, whereas females only had a trending decrease

compared with standard chow controls (Figure 5G).

When assessing SGZ astrogliogenesis, we found no sig-

nificant differences in GFAP+, GFAP+GFP+, or percentage

of GFP+ cells expressing GFAP between males and females

within the control diets (Figures 6A, 6B, 6D, and 6E). In

addition, all comparisons between standard chow and con-

trol liquid diets were similar (Figures 6A, 6B, and 6D–6F).

Female mice in the ethanol group had a significant reduc-

tion in GFAP+ cells compared with both standard chow

and liquid diet controls; however, males only had a sig-

nificant reduction relative to the standard chow group

(Figures 6C and 6D). Long-term ethanol consumption did
Stem Cell Reports j Vol. 9 j 1916–1930 j December 12, 2017 1921



Figure 4. Astrogliogenesis in the SVZ
following Ethanol Consumption
(A–C) Representative images of standard
chow, liquid diet control, and long-term
ethanol male and female mouse brains
stained with stem cell marker (GFP green),
astrocyte marker (GFAP red), and merged
with nuclear maker DAPI (blue). The region
in the red box is shown enlarged at the
bottom.
(D–F) Quantification of average GFAP+ (D)
and GFAP+GFP+ (E), and the percentage of
GFAP+GFP+ over total GFP+ cells (F).
Scale bars, 45 mm, and 15 mm in enlarged
images. Values are shown as mean ± SEM,
n = 3 mice per sex per group. *p < 0.05,
**p < 0.01, ****p < 0.0001 compared
with controls, two-way ANOVA with Tukey’s
test. #p < 0.05, ###p < 0.001, ####p < 0.0001
compared with other sex counterparts,
two-way ANOVA with Sidak’s test. See also
Figure S2.
not have an impact on GFAP+GFP+ populations, or the per-

centage of GFP+ cells expressing GFAP in males or females

(Figures 6C, 6E, and 6F). These data suggest that GFAP+

populations in the female SGZ are more sensitive to

changes following ethanol consumption compared with

males, and that GFAP+ populations respond differently

to alcohol in the SGZ compared with the SVZ. Individual

immunohistochemical stain images can be found in

Figure S3.

In summary, long-term alcohol consumption reduced

neurogenesis in both males and females. In addition,

females, but not males, had a significant reduction in

GFAP+ cells.
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Effect of Chronic Alcohol Consumption on TLNSCs in

the Third Ventricle

The third region we evaluated was the TL of the third

ventricle. This region was selected because it has recently

been shown to contain cells with NSC potential (Robins

et al., 2013; Haan et al., 2013). However, in our study we

found little evidence of newly differentiating neurons

(Figure S4), therefore our primary focus was on GFP+ and

GFAP+ cell populations. In this region GFAP+ cells can label

astrocytes as well as tanycytes, which are specialized epen-

dymal cells with elongated morphology that share charac-

teristics of astrocytes and radial glia (Rodriguez et al., 2005;

Robins et al., 2013). The primary role of tanycytes is to



Figure 5. Neurogenesis in the SGZ
following Ethanol Consumption
(A–C) Representative images of standard
chow, liquid diet control, and long-term
ethanol male and female mouse brains
stained with stem cell marker (GFP green),
neuronal marker (DCX red), and merged with
nuclear maker DAPI (blue). The regions in
the red boxes are shown enlarged on the
right.
(D–G) Quantification in SGZ of average
GFP+ (D), DCX+ (E), and DCX+GFP+ (F), and
the percentage of DCX+GFP+ over total GFP+

cells (G).
(H) Schematic image of representative
region that was quantified (bregma from
�1.58 to�2.16) and outlined in the red box.
Scale bars, 45 mm, and 15 mm in enlarged
images. Values are shown as mean ± SEM,
n = 3 mice per sex per group. *p < 0.05,
**p < 0.01, ****p < 0.0001 compared with
controls, two-way ANOVA with Tukey’s test.
#p < 0.05, ###p < 0.001, compared with
other sex counterparts, two-way ANOVA with
Sidak’s test. See also Figure S3.
communicate chemical signals from the ventricles to the

hypothalamus (Rodriguez et al., 2005). Control mice in

both standard chow and liquid diet groups had similar

numbers of GFP+, GFAP+, and GFAP+GFP+ cells between

both sexes (Figures 7A, 7B, and 7D–7F).

Following long-term ethanol consumption, both males

and females exhibited significant decreases of GFP+ in the
TL region by 56% and 40%, respectively (Figures 7C

and 7D). Interestingly, females had an increase in GFAP+

cells (75%), whereas males experienced a 67% decrease in

GFAP+ cells (Figure 7E). Females did not have a significant

reduction in the number of GFAP+GFP+ cells; however,

males experienced a 67% decrease in GFAP+GFP+ cells

when compared with liquid diet (Figure 7F). Neither males
Stem Cell Reports j Vol. 9 j 1916–1930 j December 12, 2017 1923



Figure 6. Astrogliogenesis in the SGZ
following Ethanol Consumption
(A–C) Representative images of standard
chow, liquid diet control, and long-term
ethanol male and female mouse brains
stained with stem cell marker (GFP green),
astrocyte marker (GFAP red), and merged
with nuclear maker DAPI (blue). The region
in the red box is shown enlarged on the
right.
(D–F) Quantification in SGZ of average
GFAP+ (D) GFAP+GFP+ (E), and percentage of
GFAP+GFP+ over total GFP+ cells (F).
Scale bars, 45 mm, and 15 mm in enlarged
images. Values are shown as mean ± SEM,
n = 3 mice per sex per group. **p < 0.01,
***p < 0.001, ****p < 0.0001, two-way
ANOVA with Tukey’s test compared with
controls. See also Figure S3.
nor females had a change in the percentage of GFP+ cells

differentiating into GFAP+ following long-term alcohol

consumption (Figure 7G). Individual immunohistochem-

ical stain images can be found in the Supplemental Exper-

imental Procedures (Figure S5).

In summary, thesedata showdifferentbehaviorofNSCs in

theTL comparedwithbothSVZand SGZ. Long-termalcohol

decreased NSCs in males and females, and increased total

GFAP+ cells without changes of astrogliogenesis in females.
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DISCUSSION

Our study is to employ a genetic inducible fate mapping

model to study the effects of chronic alcohol intake on

adult brain NSCs and their progeny, comparatively, in

three main brain regions in both male and female mice.

A particular interesting finding is the observation of

changes in the hypothalamic NSCs in response to alcohol

consumption. One limitation in this study was the high



Figure 7. Astrogliogenesis in the TL
following Ethanol Consumption
(A–C) Representative images of standard
chow, liquid diet control, and long-term
ethanol male and female mouse brains
stained with stem cell marker (GFP green),
astrocyte marker (GFAP red), and merged
with nuclear maker DAPI (blue). The region
in the red box is shown enlarged on the
right.
(D–G) Quantification in the TL of average
GFP+ (D), GFAP+ (E), and GFAP+GFP+ (F),
and the percentage of GFAP+GFP+ over total
GFP+ (G) cells.
(H) Schematic representative image of
region quantified (bregma from �1.58 to
�2.16) and outlined in the red box.
Scale bars, 45 mm, and 15 mm in enlarged
images. Values are shown as mean ±
SEM, n = 3 mice per sex per group.
*p < 0.05, **p < 0.01, ***p < 0.001,
****p < 0.0001 compared with con-
trols, two-way ANOVA with Tukey’s test.
####p < 0.0001 compared with female
counterpart, two-way ANOVA with Sidak’s
test. See also Figures S4 and S5.
mortality of mice, likely due to the administration of

ethanol since mice in the ethanol group were not given a

choice of control diet. However, this model eliminates

the variables in other models, such as ethanol dose and

caloric intake that also impact NSCs (Geil et al., 2014;

Stangl and Thuret, 2009).

In terms of astrocytes, we observed regional and sex dif-

ferences in astrocytic responses following alcohol con-

sumption. The net changes of GFAP+ cells resulted from a

combination of NSC astrogliogenesis and astrocyte reacti-

vation, and varied among brain regions. Previous studies

evaluated regional and durational differences in GFAP
expression (Franke, 1995; Franke et al., 1997; Dalcik et al.,

2009); however, our study further examined both variables

together with sex differences in adult astrocyte response

to alcohol consumption. In addition, using the genetic

induced fate mapping technology, we were able to distin-

guish the newly NSC-differentiated astrocytes from the

reactivated astrocytes. Some studies reported increases in

GFAP immuno-labeled cells in the hippocampus following

alcohol consumption (Dalcik et al., 2009; Kane et al.,

2014). In contrast, we found no alteration of GFAP expres-

sion in males, but decreased GFAP in female hippocampal

dentate gyrus. Using a similar dosing paradigm, and in
Stem Cell Reports j Vol. 9 j 1916–1930 j December 12, 2017 1925



agreement with us, Franke and colleagues also observed

similar GFAP responses (Franke, 1995; Franke et al.,

1997). These suggest that both ethanol dosing regimen

and sex play key roles in astrocytic responses.

Use of the transgenic fate tracing mice also enables more

accurate study of NSC population and differentiation.

In previous studies, bromodeoxyuridine (BrdU) has been

used as a surrogate marker for proliferative NSCs. However,

because BrdU labels all proliferative cells, it is challenging

to distinguish proliferating NSCs fromnewly differentiated

DCX+ cells that are actively dividing (Klempin et al., 2011;

Kempermann et al., 2004; Taupin, 2007). Nevertheless, we

did observe decreased neurogenesis in response to chronic

alcohol consumption in SGZ and SVZ that is similar to

previous reports (Nixon and Crews, 2002; Herrera et al.,

2003; He et al., 2005; Crews et al., 2006; Hansson et al.,

2010; Golub et al., 2015).

One distinguishing aspect of our study is that using a

genetic inducible fate tracing mouse model enabled us to

identify three distinct phases contributing to neurogenesis

and evaluate the unique susceptibility of each phase to

ethanol. The three phases are NSCs (GFP+), newly differen-

tiated immature (GFP+DCX+) and mature (GFP+NeuN+)

neurons, and immature neurons (GFP�NeuN+) that were

present before tamoxifen induction. In the SVZ, we discov-

ered that NSCs lining the ventricle are most susceptible

to ethanol, followed by newly differentiated NSCs, and,

finally, cells that had differentiated before the onset of

the study. This subtle, yet important, distinction between

the stages of NSC differentiation is crucial in developing

an understanding of how ethanol progressively impacts

the adult brain. Furthermore, our data also suggested

the potential mechanisms underlying alcohol-induced

neurogenesis deficits in SVZ, including a reduced NSC

pool, inhibition of neuronal differentiation, and/or

reduced migration of newly differentiated neurons. The

latter has also been well documented in rodents treated

with alcohol during neural development (Miller, 1993).

We found that NSCs lining the SVZ of the rostral lateral

ventricles were most susceptible to the effects of ethanol.

The significant reduction in the number of GFP+ NSCs,

and particularly the absence of GFP labeling in regions

lining the lateral ventricle, suggested cytotoxicity as a

mechanism. However, it is possible that inhibition of

proliferation also contributed to the reduction of GFP+

NSCs, which has been reported in previous studies (Golub

et al., 2015; Hansson et al., 2010; Nixon and Crews, 2002).

One explanation for this heightened effect is the proximity

of SVZ NSCs to the cerebrospinal fluid. It has previously

been shown that cerebrospinal fluid can directly influence

cell behavior and neurogenesis (Zappaterra and Lehtinen,

2012). Direct exposure to ethanol and other toxic metabo-

lites of ethanol, such as acetaldehyde, may contribute to
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amplified sensitivity of this population. There was a robust

increase in GFAP+ cells in the region surrounding the SVZ

during a short-term ethanol treatment (our unpublished

data). One reasonmay be that the insult of ethanol andme-

tabolites on the SVZ initiates an injury response leading to

local astrocyte reactivation (Anderson et al., 2014; Brahma-

chari et al., 2006). The mechanism and extent to which

astrocyte reactivation contributes to changes in SVZ neuro-

genesis presents a unique opportunity for future studies.

On the other hand, a previous study did not detect signifi-

cant reduction of SVZ cell proliferation in the postmortem

brains of a small cohort of chronic alcoholic patients (Su-

therland et al., 2013). Although this needs to be further

confirmed with more human brains, it calls for animal

models of chronic alcohol abuse that more closely mimic

what occurs in humans.

The toxic effect of chronic ethanol intake on the SGZ

NSCs and neurogenesis appears to be less severe when

compared with the SVZ cells, in agreement with a vapor

ethanol administration model (Hansson et al., 2010).

Furthermore, we found a significant increase of NSCs in

the male SGZ after short-term ethanol treatment (our un-

published data). While this finding seems contradictory

to some previously published literature (Nixon and Crews,

2002; Crews et al., 2006;Morris et al., 2010; Campbell et al.,

2014), we believe that the discrepancies may be due to

different alcohol administration paradigms. On the other

hand, our finding is in agreement with those reported by

Pawlak et al. (2002), who also observed an increase in

NSC proliferation in the dentate gyrus following 14 days

of ethanol liquid diet consumption. In addition, moderate

ethanol consumption has also been shown to increase

adult NSC proliferation in the dentate gyrus (Aberg et al.,

2005). Further investigation into mechanisms for this

transient increase of NSCs in vivo is still needed; but

injury-induced NSC proliferation may be a likely mecha-

nism (Deierborg et al., 2010; Petrenko et al., 2015). The

less severe effect of long-term ethanol intake on the SGZ

NSCs indicates the potential of these cells to regain their

neurogenic function. Indeed, several studies demonstrated

a compensatory increase of SGZ NSC proliferation after

abstinence from binge drinking or chronic ethanol vapor

exposure (Nixon and Crews, 2004; Somkuwar et al.,

2016). Along this line, it remains to be determined what

amount of ethanol intake at what time period of exposure

would lead to irreversible damage to NSCs, whichwill most

likely depend on species, brain region, and sex.

The TL is an intriguing region, given its novelty in the

NSC field as well as its relationship with the surrounding

brain regions such as the dorsomedial hypothalamus,

paraventricular nucleus, and arcuate nucleus (Robins

et al., 2013; Haan et al., 2013; Rodriguez et al., 2005). Tany-

cytes are the primary cells found lining the TL of the third



ventricle, and their main function is to relay signals from

theCSF to the surrounding regions that are critical for regu-

lating functions such as feeding, sleep, and water balance

(Robins et al., 2013; Rodriguez et al., 2005). Robins et al.

(2013) showed that dorsal a-2 tanycytes present along

the third ventricle in the region of the arcuate nucleus

were unique in their possession of NSC-like potential.

However, in our study, we observed GFP+ cells in the a-1

tanycyte region as well. This suggests that a-1 tanycytes

may also have someNSC properties. Further studies should

be conducted to verify this finding.

While recent evidence has indicated that there may be

active adult neurogenesis in the TL (McNay et al., 2012;

Haan et al., 2013), we saw very little DCX+ staining and

no changes in response to ethanol consumption. In the

previous studies evaluating neurogenesis in this region,

neuronal marker NeuN was used, which may be one expla-

nation for the discrepant findings in our study (McNay

et al., 2012; Haan et al., 2013). NeuN labels more mature

neurons,whereasDCX labels immaturemigratoryneurons.

Alternatively, the discrepancy infinding of TLneurogenesis

in hypothalamusmay be attributed to different animal age,

i.e., 18-week-old mice in our study versus 8- to 12-week-old

mice in others (Rojczyk-Golebiewska et al., 2014). Further

investigation with multiple neuronal markers in animals

with a larger age range would be beneficial to elucidate

the presence and degree of neurogenesis in this region.

While we did not observe substantial neurogenesis,

the changes in NSCs and GFAP+ cells in the TL were quite

interesting. Long-term alcohol consumption resulted in a

decrease in NSCs, but not as dramatic of a decrease as was

observed in the SVZ. Since NSCs in the TL line the third

ventricle, we expected that their behavior would be similar

to NSCs in the SVZ of the lateral ventricle; however,

this was not observed in the present study. Increases of

GFAP+ cells were in females following alcohol consump-

tion. Given the role that tanycytes play in communication

with the hypothalamus and paraventricular nucleus in

regulation of feeding behavior and other endocrine-related

functions, further studies are necessary to better under-

stand the effect of alcohol on this cell population (Rodri-

guez et al., 2005). Since the morphology of the cells

in our study look similar to tanycytes, and that GFAP and

Nestin are expressed in tanycytes, further studies are needed

to fully validate the identity of this cell population.

Probably the most interesting finding from this work is

that regional location and sex played pivotal roles in deter-

mination of NSC response to ethanol consumption. Behav-

iorally, females showedmore severe symptoms of intoxica-

tion over a shorter period of time compared with males.

Females also consumedmore gramsof ethanol per kilogram

of bodyweight. In the SVZ, females had a higher suscepti-

bility to the detrimental effects of ethanol consumption.
Their NSCs, DCX+ cell, and co-labeled newly differentiated

neurons were reduced significantly compared with males.

However, similar responses to ethanol were seen in the

SGZ in both males and females. In the TL, long-term con-

sumption initiated a greater increase in GFAP+ cells in

females compared with males. It is known, clinically, that

males and females have differing capacities to metabolize

ethanol (Oscar-Berman and Marinkovic, 2003). This may

beonepossible explanation for the sex differences observed

in NSC response. If males and females produce varying

levels of ethanol metabolites, these metabolites could be

affecting the CNS more than males. In addition, it would

be of great value to further interrogate the role of the

endocrine system in NSC response to ethanol; especially

given the implication of the TL inNSC response to ethanol.

Altogether, our findings suggest that NSCs exhibit unique

behavior and susceptibility in response to ethanol, depend-

ing on the stage of differentiation, regional niche, duration

of ethanol consumption, and sex.
EXPERIMENTAL PROCEDURES

Animals
Nestin-CreERT2:R26R-YFP bitransgenic male and female mice were

generated by crossing the C57BL/6-Tg(Nes-cre/ERT2)KEisc/J strain

with the B6.129X1-Gt(ROSA)26Sortm1(EYFP)Cos/J strain (both

obtained from The Jackson Laboratory), and have been described

elsewhere (Lagace et al., 2007). Mice were genotyped by PCR using

genomic DNA from tail snip to confirm the presence of Cre and

YFP trans-genes (see Supplemental Experimental Procedures). All

animal experiments were approved by the Institutional Animal

Care and Use Committee of the University of Texas Medical

Branch, and conducted in accordance with the Guide for the Care

and Use of Laboratory Animals, and maintained on a 12-hr light/

dark cycle.

Tamoxifen-Induced Recombination
Stock solutions of tamoxifen (Sigma-Aldrich, St. Louis, MO) were

prepared at 20 mg/mL in corn oil (Sigma). Mice, 8- to 10-weeks-

old, received intraperitoneal injections of 2 mg of tamoxifen

once a day for 5 consecutive days. A 3-week interval was left before

ethanol treatment to enable maximum recombination and

washout of immediate effects of tamoxifen. It has previously

been shown that tamoxifen treatment of these mice does not elicit

any sex-dependent effect onmales or females (Lagace et al., 2007).

Ethanol Treatment
Mice, 12- to 14-weeks-old, were randomly assigned to either the

control (male n = 8, female n = 9) or experimental group (male

n = 13, female n = 12) using the ‘‘randomize’’ (RAND) function

in Microsoft Excel. Mice in each group were age and sex matched

to control for variability. Following randomization, mice were

given ad libitum access to water and a Lieber-DeCarli liquid diet

containing complete nutrients for rodents (Dyets, Bethlehem,

PA, catalog no. 710260), as described previously (Brandon-Warner
Stem Cell Reports j Vol. 9 j 1916–1930 j December 12, 2017 1927



et al., 2012). Pair feeding was done, in which ethanol calories were

replaced by equivalent calories of maltose-dextrin in the diet for

control mice. The amount of ethanol in the liquid diet was slowly

increased from 1% to 4% over the course of 2 weeks. Mice in the

ethanol group were maintained on a 4% ethanol in the liquid

diet for up to 4 weeks. Both the control and ethanol-containing

liquid diets were made fresh daily. Each day, between 9:00 and

11:00 a.m., the feeding bottles were removed from the cage, the re-

maining liquid diet wasmeasured and subtracted from the original

diet administered. All mice were euthanized between 8:00 and

11:00 a.m. See Supplemental Experimental Procedures for blood

alcohol and acetaldehyde analysis.

Home Cage Behavior Scoring
Mice were observed daily in home cages during exchange of liquid

diet tube. Behavior was recorded and scored on a 0- to 4-point scale

based on an ordinal scale (Figure 2A). 0 = control (asymptomatic)

behavior and 4 = severely impaired behavior. Mice that reached

level 4 or bodyweight reduction over 20% were terminated and

not used for the chronic group. Behavioral data were analyzed

using a random slope model.

Immunohistochemistry
At the termination of the experiments, mice were anesthetized

with ketamine/xylazine (90 and 10 mg/kg), and perfused with

cold 5mL PBS and 30mL of 4% paraformaldehyde via an intra-car-

dial injection. Mouse brains were collected, post-fixed in 4% para-

formaldehyde for 2 days at 4�C, and then infiltrated with 30%

sucrose for 5 days at 4�Cbefore embedding inOCTmedium. Tissue

was serially sectioned at a thickness of 30 mmusing a Leica cryostat

machine. Detection of induced YPF was enhanced by immunohis-

tochemical staining with chicken anti-GFP antibodies (Aves Labs,

Tigard, OR, catalog no. GFP-1020). In addition, sections were

incubated with antibodies against GFAP (Thermo Fisher Scientific,

Waltham, MA, catalog no. PA110019), DCX (Abcam, San Fran-

cisco, CA, catalog no. ab18723), orNeuN (Thermo Fisher Scientific,

catalog no. MAB377). Following primary antibody incubation at

4�Covernight, sectionswere incubatedwithAlexa Fluor secondary

antibodies (goat-anti-chicken 488, catalog no. A11039; and goat-

anti-rabbit 568, catalog no. A11011).

Imaging and Cell Counting
All images were acquired on a Nikon D-ECLIPSE C1 confocal

microscope, using the Nikon EZ-C1 3.91 software. Blinded cell

counting was performed using NIS Elements software. Positive

identification of cells was based on both immunostaining and

morphological characteristics. The SVZ of the lateral ventricle

was counted from bregma 0.50 to 1.08, and both the SGZ of the

hippocampus and the TL of the third ventricle were counted

from bregma �1.58 to �2.16. Four sections (both hemispheres)

from each region, spanning a total of 580 mm longitudinally,

were counted for each antibody. Average total positive cells were

performed using triplicate mice for each region and antibody.

Statistics
The number of mice required for analysis was calculated based on

our previous results and power analyses using G*Power 3.1.7.
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A number of 3 was needed to provide statistical significance at

p < 0.05 with a power of 0.80 for the histological data and an

n = 11 for behavioral analysis. A two-way ANOVA with various

post-hoc tests was used to analyze the alcohol intake-related data

and the immunohistochemical data, and multiple comparisons

were done with Tukey’s test, Holm-Sidak’s test, or Sidak’s test. All

statistical analyses were conducted using GraphPad Prism v.6 soft-

ware. Each group contained three mice per sex, and a p value less

than 0.05 was considered statistically significant, and a p value

greater than 0.05 but less than 0.1 was considered a trend. Behav-

ioral data were analyzed using a random interceptmodel by SAS9.4

(Snijders, 2011). Two-sided tests were conducted and a p value less

than 0.05 was considered statistically significant.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental

Procedures and five figures and can be found with this article

online at https://doi.org/10.1016/j.stemcr.2017.10.007.

AUTHOR CONTRIBUTIONS

E.L.M., B.K., K.A.C., K.T.D., and P.W. contributed intellectual

knowledge and expertise in experimental design and data anal-

ysis. E.L.M. performed the majority of the experiments. E.L.M.

and P.W. wrote the manuscript. J.G., Y.F.K., and M.J.R. assisted

with data analysis. T.J.D. provided technical assistance in

conducting some key experiments. All authors reviewed and

approved manuscript.

ACKNOWLEDGMENTS

Thanks to Auston C. Grant and Javier Allende-labastida for input

regarding this project. This work was supported by the NIDA T32

Fellowship (grant nos. 5T32DA007287-17 and 3T32DA007287-

18S1 to E.L.M.), the Center for Addiction Research (to K.A.C.),

the NIAAA R21 (AA024699 to B.S.K.), and the John S. Dunn

Research Foundation (to P.W.).

Received: August 7, 2016

Revised: October 9, 2017

Accepted: October 10, 2017

Published: November 9, 2017
REFERENCES

Aberg, E., Hofstetter, C.P., Olson, L., and Brene, S. (2005).Moderate

ethanol consumption increases hippocampal cell proliferation

and neurogenesis in the adult mouse. Int. J. Neuropsychopharma-

col. 8, 557–567.

Agartz, I., Momenan, R., Rawlings, R.R., Kerich,M.J., andHommer,

D.W. (1999). Hippocampal volume in patients with alcohol depen-

dence. Arch. Gen. Psychiatry 56, 356–363.

Anderson, M.A., Ao, Y., and Sofroniew, M.V. (2014). Heterogeneity

of reactive astrocytes. Neurosci. Lett. 565, 23–29.

Brahmachari, S., Fung, Y.K., and Pahan, K. (2006). Induction

of glial fibrillary acidic protein expression in astrocytes by nitric

oxide. J. Neurosci. 26, 4930–4939.

https://doi.org/10.1016/j.stemcr.2017.10.007
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref1
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref1
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref1
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref1
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref2
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref2
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref2
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref3
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref3
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref4
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref4
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref4


Brandon-Warner, E., Schrum, L.W., Schmidt, C.M., and McKillop,

I.H. (2012). Rodent models of alcoholic liver disease: of mice and

men. Alcohol 46, 715–725.

Broadwater,M.A., Liu,W., Crews, F.T., and Spear, L.P. (2014). Persis-

tent loss of hippocampal neurogenesis and increased cell death

following adolescent, but not adult, chronic ethanol exposure.

Dev. Neurosci. 36, 297–305.

Campbell, J.C., Stipcevic, T., Flores, R.E., Perry, C., and Kippin, T.E.

(2014). Alcohol exposure inhibits adult neural stem cell prolifera-

tion. Exp. Brain Res. 232, 2775–2784.

Crabbe, J.C., Cameron, A.J.,Munn, E., Bunning,M., andWahlsten,

D. (2008). Overview of mouse assays of ethanol intoxication. Cur.

Prot. Neurosci. Chapter 9, Unit 9.26.

Crews, F.T., and Nixon, K. (2003). Alcohol, neural stem cells, and

adult neurogenesis. Alcohol Res. Health 27, 197–204.

Crews, F.T., Mdzinarishvili, A., Kim, D., He, J., and Nixon, K.

(2006). Neuroogenesis in adolescent brain is potently inhibited

by ethanol. Neuroscience 139, 437–445.

Cullen, K.M., and Halliday, G.M. (1994). Chronic alcoholics have

substantial glial pathology in the forebrain and diencephalon.

Alcohol Alcohol. Suppl. 2, 253–257.

Dalcik, H., Yardimoglu, M., Fiiz, S., and Gonca, S. (2009). Chronic

ethanol-induced glial fibrillary acidic protein (GFAP) immunoreac-

tivity: an immunocytochemical observation in various regions of

adult rat brain. Int. J. Neurosci. 119, 1303–1318.

Deierborg, T., Roybon, L., Inacio, A.R., and Brundin, P. (2010).

Brain injury activates microglia that induce neural stem cell prolif-

eration ex vivo and promote differentiation of neurosphere-

derived cells into neurons and oligodendrocytes. Neuroscience

171, 1386–1396.

Franke, H. (1995). Influence of chronic alcohol treatment on the

GFAP-immunoreactivity in astrocytes of the hippocampus in

rats. Acta Histochem. 97, 263–271.

Franke, H., Kittner, H., Berger, P., Wirkner, K., and Schramek, J.

(1997). The reaction of astrocytes and neurons in the hippocam-

pus of adult rats during chronic ethanol treatment and correlations

to behavioral impairment. Alcohol 14, 445–454.

Geil, C.R., Hayes, D.M., McClain, J.A., Liput, D.J., Marshall, S.A.,

Chen, K.Y., and Nixon, K. (2014). Alcohol and adult hippocampal

neurogenesis: promiscuous drug, wanton effects. Prog. Neurosy-

chopharmacol. Biol. Psychiatry 5, 103–113.

Golub, H.M., Zhou, Q.G., Zucker, H., McMullen, M.R., Kokiko-

Cochran, O.N., Ro, E.J., Nagy, L.E., and Suh, H. (2015). Chronic

alcohol exposure is associated with decreased neurogenesis, aber-

rant integration of newborn neurons, and cognitive dysfunction

in female mice. Alcohol Clin. Exp. Res. 39, 1967–1977.

Grant, B.F., Goldstein, R.B., Saha, T.D., Chou, S.P., Jung, J., Zhang,

H., Pickering, P.R., Ruan,W.J., Smith, S.M., Huang, B., et al. (2015).

Epidemiology of DSM-5 alcohol use disorder: results from the

national epidemiological survey on alcohol and related conditions

III. JAMA Psychiatry 72, 757–766.

Haan, N., Goodman, T., Najdi-Samiei, A., Stratford, C.M., Rice, R.,

El, A.E., Bellusci, S., and Hajihosseini, M.K. (2013). Fgf10-express-

ing tanycytes add new neurons to the appetite/energy-balance
regulating centers of the postnatal and adult hypothalamus.

J. Neurosci. 33, 6170–6180.

Hansson, A.C., Nixon, K., Rimondini, R., Damadzic, R., Sommer,

W.H., Eskay, R., Crews, F.T., and Heilig, M. (2010). Long-term sup-

pression of forebrain neurogenesis and loss of neuronal progenitor

cells following prolonged alcohol dependence in rats. Int. J. Neuro-

psychopharmacol. 13, 583–593.

He, J., Nixon, K., Shetty, A.K., and Crews, F.T. (2005). Chronic

alcohol exposure reduces hippocampal neurogenesis and dendritic

growth of newborn neurons. Eur. J. Neurosci. 21, 2711–2720.

Herrera, D.G., Yague, A.G., Johnsen-Soriano, S., Bosch-Morell, F.,

Collado-Morente, L., Muriach, M., Romero, F.J., and Garcia-Ver-

dugo, J.M. (2003). Selective impairment of hippocampal neuro-

genesis by chronic alcoholism: protective effects of an antioxidant.

Proc. Natl. Acad. Sci. USA 100, 7919–7924.

Kane, C.J., Phelan, K.D., Douglas, J.C.,Wagoner, G., Johnson, J.W.,

Xu, J., Phelan, P.S., and Drew, P.D. (2014). Effects of ethanol on im-

mune response in the brain: region-specific changes in adolescent

versus adult mice. Alcohol Clin. Exp. Res. 38, 384–391.

Kempermann, G., Jessberger, S., Steiner, B., and Kronenberg, G.

(2004). Milestones of neuronal development in the adult hippo-

campus. Trends Neurosci. 27, 447–452.

Kempermann, G., Song, H., and Gage, F.H. (2015). Neurogenesis

in the adult hippocampus. Cold Spring Harb. Perspect. Med. 5,

a018812.

Klempin, F., Kronenberg, G., Cheung, G., Kettenmann, H., and

Kempermann, G. (2011). Properties of doublecortin-(DCX)-

expressing cells in the piriform cortex compared to the neurogenic

dentate gyrus of adult mice. PLoS One 6, e25760.

Lagace, D.C., Whitman, M.C., Noonan, M.A., Ables, J.L.,

DeCarolis, N.A., Arguello, A.A., Donovan, M.H., Fischer, S.J.,

Farnbauch, L.A., Beech, R.D., et al. (2007). Dynamic contribution

of nestin-expressing stem cells to adult neurogenesis. J. Neurosci.

27, 12623–12629.

Leasure, J.L., and Nixon, K. (2010). Exercise neuroprotection in

a rat model of binge alcohol consumption. Alcohol Clin. Exp.

Res. 34, 404–414.

Lim, D.A., and Alvarez-Buylla, A. (2014). Adult neural stem cells

stake their ground. Trends Neurosci. 37, 563–571.

Liu, Y., Namba, T., Liu, J., Suzuki, R., Shioda, S., and Seki, T. (2010).

Glial fibrillary acidic protein-expressing neural progenitors give

rise to immature neurons via early intermediate progenitors ex-

pressing both glial fibrillary acidic protein and neuronal markers

in the adult hippocampus. Neuroscience 166, 241–251.

Maynard, M.E., and Leasure, J.L. (2013). Exercise enhances

hippocampal recovery following binge ethanol exposure. PLoS

One 9, e76644.

McClain, J.A., Hayes, D.M., Morris, S.A., and Nixon, K. (2011).

Adolescent binge alcohol exposure alters hippocampal progenitor

cell proliferation in rats: effects on cell cycle kinetics. J. Comp.

Neurol. 519, 2697–2710.

McNay, D.E., Briancon, N., Kokoeva, M.V., Maratos-Flier, E., and

Flier, J.S. (2012). Remodeling of the arcuate nucleus energy-balance

circuit is inhibited in obese mice. J. Clin. Invest. 122, 142–152.
Stem Cell Reports j Vol. 9 j 1916–1930 j December 12, 2017 1929

http://refhub.elsevier.com/S2213-6711(17)30462-9/sref5
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref5
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref5
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref6
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref6
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref6
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref6
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref7
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref7
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref7
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref8
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref8
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref8
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref9
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref9
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref10
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref10
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref10
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref11
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref11
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref11
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref12
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref12
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref12
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref12
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref13
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref13
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref13
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref13
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref13
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref14
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref14
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref14
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref15
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref15
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref15
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref15
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref16
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref16
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref16
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref16
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref17
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref17
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref17
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref17
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref17
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref18
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref18
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref18
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref18
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref18
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref19
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref19
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref19
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref19
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref19
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref20
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref20
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref20
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref20
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref20
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref21
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref21
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref21
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref22
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref22
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref22
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref22
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref22
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref23
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref23
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref23
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref23
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref24
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref24
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref24
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref25
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref25
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref25
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref26
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref26
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref26
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref26
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref27
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref27
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref27
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref27
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref27
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref28
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref28
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref28
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref29
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref29
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref30
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref30
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref30
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref30
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref30
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref31
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref31
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref31
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref32
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref32
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref32
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref32
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref33
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref33
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref33


Miller, M.W. (1993). Migration of cortical neurons is altered

by gestational exposure to ethanol. Alcohol Clin. Exp. Res. 17,

304–314.

Morris, S.A., Eaves, D.W., Smith, A.R., and Nixon, K. (2010).

Alcohol inhibition of neurogenesis: a mechanism of hippocampal

neurodegeneration in an adolescent alcohol abuse model. Hippo-

campus 20, 596–607.

Nixon, K., and Crews, F.T. (2002). Binge ethanol exposure

decreases neurogenesis in adult rat hippocampus. J. Neurochem.

83, 1087–1093.

Nixon, K., and Crews, F.T. (2004). Temporally specific burst in cell

proliferation increases hippocampal neurogenesis in protracted

abstinence from alcohol. J. Neurosci. 24, 9714–9722.

Oscar-Berman, M., andMarinkovic, K. (2003). Alcoholism and the

brain: an overview. Alcohol Res. Health 27, 125–133.

Park, H.R., Park, M., Choi, J., Park, K.Y., Chung, H.Y., and Lee, J.

(2010). A high-fat diet impairs neurogenesis: involvement of lipid

peroxidation and brain-derived neurotrophic factor. Neurosci.

Lett. 4, 235–239.

Patten, A.R., Moller, D.J., Graham, J., Gil-Mohapel, J., and Christie,

B.R. (2013). Liquid diets reduce cell proliferationbut not neurogen-

esis in the adult rat hippocampus. Neuroscience 254, 173–184.

Pawlak, R., Skrzypiec, A., Sulkowski, S., and Buczko, W. (2002).

Ethanol-induced neurotoxicity is counterbalanced by increased

cell proliferation in mouse dentate gyrus. Neuro. Lett. 327, 83–86.

Petrenko, V., Mihhailova, J., Salmon, P., and Kiss, J.Z. (2015).

Apoptotic neurons induce proliferative responses of progenitor

cells in the postnatal cortex. Exp. Neurol. 273, 126–137.

Pfefferbaum, A., Lim, K.O., Zipursky, R.B., Mathalon, D.H., Rose-

nbloom, M.J., Lane, B., Ha, C.N., and Sullivan, E.V. (1992). Brain

gray and white matter volume loss accelerates with aging in

chronic alcoholics: a quantitative MRI study. Alcohol Clin. Exp.

Res. 16, 1078–1089.

Pfefferbaum, A., Sullivan, E.V., Rosenbloom, M.J., Shear, P.K.,

Mathalon, D.H., and Lim, K.O. (1993). Increase in brain cerebro-

spinal fluid volume is greater in older than in younger alcoholic

patients: a replication study and CT/MRI comparison. Psychiatry

Res. 50, 257–274.

Rice, R.C., Bullock, M.R., and Shelton, K.L. (2004). Chronic

ethanol consumption transiently reduces adult neural progenitor

cell proliferation. Brain Res. 1011, 94–98.

Robins, S.C., Stewart, I., McNay, D.E., Taylor, V., Giachino, C.,

Goetz, M., Ninkovic, J., Briancon, N., Maratos-Flier, E., Flier, J.S.,

et al. (2013). alpha-Tanycytes of the adult hypothalamic third

ventricle include distinct populations of FGF-responsive neural

progenitors. Nat. Commun. 4, 2049.
1930 Stem Cell Reports j Vol. 9 j 1916–1930 j December 12, 2017
Rodriguez, E.M., Blazquez, J.L., Pastor, F.E., Pelaez, B., Pena, P.,

Peruzzo, B., and Amat, P. (2005). Hypothalamic tanycytes: a key

component of brain-endocrine interaction. Int. Rev. Cytol. 247,

89–164.

Rojczyk-Golebiewska, E., Palasz, A., and Wiaderkiewicz, R. (2014).

Hypothalamic subependymal niche: a novel site of the adult neu-

rogenesis. Cell. Mol. Neurobiol. 34, 631–642.

Snijders, T.A.B. (2011). Multilevel analysis. In International

Encyclopedia of Statistical Science, M. Lorvic, ed. (Springer),

pp. 879–882.

Somkuwar, S.S., Fannon, M.J., Staples, M.C., Zamora-Martinez,

E.R., Navarro, A.I., Kim, A., Quigley, J.A., Edwards, S., and Man-

dyam, C.D. (2016). Alcohol dependence-induced regulation of

the proliferation and survival of adult brain progenitors is associ-

ated with altered BDNF-TrkB signaling. Brain Struct. Funct. 221,

4319–4335.

Squeglia, L.M., Boissoneault, J., Van Skike, C.E., Nixon, S.J., and

Matthews, D.B. (2014). Age-related effects of alcohol from adoles-

cent, adult, and aged populations using human and animal

models. Alcohol Clin. Exp. Res. 38, 2509–2516.

Stangl, D., and Thuret, S. (2009). Impact of diet on adult hippo-

campal neurogenesis. Genes Nutr. 4, 271–282.

Staples, M.C., and Mandyam, C.D. (2016). Thinking after

drinking: impaired hippocampal-dependent cognition in human

alcoholics and animal models of alcohol dependence. Front. Psy-

chiatry 7, 162.

Sutherland, G.T., Sheahan, P.J., Matthews, J., Dennis, C.V., Sheedy,

D.S., McCrossin, T., Curtis, M.A., and Kril, J.J. (2013). The effects of

chronic alcoholism on cell proliferation in the human brain. Exp.

Neurol. 247, 9–18.

Taupin, P. (2007). BrdU immunohistochemistry for studying

adult neurogenesis: paradigms, pitfalls, limitations, and valida-

tion. Brain Res. Rev. 53, 198–214.

Vetreno, R.P., and Crews, F.T. (2015). Binge ethanol exposure dur-

ing adolescence leads to a persistent loss of neurogenesis in the

dorsal and ventral hippocampus that is associated with impaired

adult cognitive functioning. Front. Neurosci. 9, 35.

Winner, B., Kohl, Z., andGage, F.H. (2011). Neurodegenerative dis-

ease and adult neurogenesis. Eur. J. Neurosci. 33, 1139–1151.

Zahr, N.M., Kaufman, K.L., and Harper, C.G. (2011). Clinical and

pathological features of alcohol-related brain damage. Nat. Rev.

Neuro. 7, 284–294.

Zappaterra, M.W., and Lehtinen, M.K. (2012). The cerebrospinal

fluid: regulator of neurogenesis, behavior, and beyond. Cell. Mol.

Life Sci. 69, 2863–2878.

http://refhub.elsevier.com/S2213-6711(17)30462-9/sref34
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref34
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref34
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref35
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref35
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref35
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref35
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref36
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref36
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref36
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref37
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref37
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref37
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref38
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref38
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref39
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref39
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref39
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref39
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref40
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref40
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref40
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref41
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref41
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref41
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref42
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref42
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref42
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref43
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref43
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref43
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref43
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref43
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref44
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref44
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref44
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref44
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref44
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref45
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref45
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref45
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref46
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref46
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref46
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref46
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref46
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref47
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref47
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref47
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref47
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref48
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref48
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref48
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref49
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref49
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref49
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref50
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref50
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref50
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref50
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref50
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref50
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref51
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref51
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref51
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref51
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref52
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref52
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref53
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref53
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref53
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref53
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref54
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref54
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref54
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref54
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref55
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref55
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref55
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref56
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref56
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref56
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref56
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref57
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref57
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref58
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref58
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref58
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref59
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref59
http://refhub.elsevier.com/S2213-6711(17)30462-9/sref59

	Spatial and Sex-Dependent Responses of Adult Endogenous Neural Stem Cells to Alcohol Consumption
	Introduction
	Results
	Differences in Tolerance to Alcohol Consumption
	Effect of Alcohol Consumption on SVZ NSCs in the Lateral Ventricle
	Effect of Alcohol Consumption on SGZ NSCs in the Hippocampus
	Effect of Chronic Alcohol Consumption on TL NSCs in the Third Ventricle

	Discussion
	Experimental Procedures
	Animals
	Tamoxifen-Induced Recombination
	Ethanol Treatment
	Home Cage Behavior Scoring
	Immunohistochemistry
	Imaging and Cell Counting
	Statistics

	Supplemental Information
	Author Contributions
	Acknowledgments
	References


