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Abstract

Alcohol exposure can reduce adult proliferation and/or neurogenesis, but its impact on the
ultimate neurogenic precursors, neural stem cells (NSCs), has been poorly addressed.
Accordingly, the impact of voluntary consumption of alcohol on NSCs in the subventricular zone
(SVZ) of the lateral ventricle was examined in this study. The NSC population in adult male
C57BL/6J mice was measured after voluntary alcohol exposure in a two-bottle choice task using
the neurosphere assay, while the number of NSCs that had proliferated two weeks prior to tissue
collection was indexed using bromodeoxyuridine (BrdU) retention. There was a significant
decrease in the number of BrdU-retaining cells in alcohol consuming mice compared to controls,
but no difference in the number of neurosphere-forming cells that could be derived from the SVZ
of alcohol consuming mice compared to controls. Additionally, PCNA-labeled cells in the SVZ
tended to be lower but there was no difference in BrdU labeling in the dentate gyrus following
alcohol exposure. To determine alcohol’s direct impact on NSCs and their progeny, neurospheres
derived from naive mice were treated with alcohol in vitro. Neurosphere formation was reduced
by 100 mM alcohol without reducing cell viability. These findings are the first to assess the impact
of moderate voluntary alcohol consumption on selective measures of adult NSCs and indicate that
such exposure alters NSC proliferation dynamics in vivo and alcohol has direct but dissociable
effects on the expansion and viability on NSCs and their progeny in vitro.
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Introduction

Methods

Alcohol is widely consumed by humans, with high rates of dependence and abuse (Grant et
al., 2004). Excessive alcohol exposure causes widespread brain damage, particularly in
limbic system structures, as observed in alcoholics (for reviews, Harper and Matsumoto,
2005; Mann et al., 2001; Mukamal, 2004) and animal models (e.g. Collins et al., 1996;
Obernier et al., 2002). Alcohol also impacts the production of new cells in the adult brain, an
event which has been assessed using a combination of thymidine analog (i.e. bromodeoxy
uridine; BrdU) incorporation into new DNA during S-phase and labeling with immature cell
markers (e.g. Crews et al., 2004; Hansson et al, 2010; Herrera et al., 2003; Nixon and
Crews, 2002; Pawlak et al., 2002). However, limited attention has been directed at assessing
the impact of alcohol exposure on the earliest precursors in the neurogenic process, the adult
neural stem cells (NSCs). In particular, it is not known whether moderate levels of alcohol
consumption can adversely impact the NSC population or some aspect of NSC function.
This question is particularly significant as long-term moderate alcohol consumption is far
more common in the human population than the extremely high consumption levels that
produce the severe effects seen in the alcoholic brain (WHO, 2004), and it is only high
alcohol exposure levels that are modeled in nearly all animal studies examining adult NSCs
and/or their progeny. To understand the risk to NSCs in the vast majority of drinkers, it is
necessary to model the alcohol consumption level of the majority of drinkers.

NSCs are the ultimate precursors for neurogenesis in the adult olfactory bulbs (OB) and
dentate gyrus (DG) of the hippocampus (Gage, 2000; van der Kooy and Weiss, 2000). NSCs
in the subventricular zone (SVZ) of the anterior lateral ventricles proliferate slowly (cell
cycle of 15 days), last throughout life (Chiasson et al., 1999; Morshead et al., 1994) and give
rise to constitutively proliferating progenitors (cell cycle of 12 h) that transiently reside
within the SVZ before dying (Morshead et al., 1998) or migrating out of the SVZ to the OB
where they become interneurons (e.g. Lois and Alvarez-Buylla, 1994; Luskin, 1994; Lledo
and Saghatelyan, 2005; van Praag et al., 2002). Alcohol exposure might alter this adult
neurogenic system in several ways including through effects on NSC pool numbers, NSC
proliferation rate, or the proliferation and/or fate of NSC progeny.

The present study provides the first assessment of the impact of alcohol exposure on
selective measures of NSC function in vivo. Adult male C57BL/6J mice were allowed
moderate voluntary alcohol consumption (under two-bottle access to alcohol or water) and
then NSC proliferation and number was determined. The number of SVZ NSCs that
proliferated during alcohol consumption was indexed using long-term (14 day) BrdU
retention, and the number of NSCs residing in this region was measured using a primary
neurosphere assay. In addition, the direct effect of alcohol on the proliferation and viability
of NSCs and their progeny in vitro was determined using established neurosphere cultures.

Subjects and General Design

Adult male C57BL/6J mice (Jackson Laboratory, Bar Harbor, ME) were used as this strain
exhibits voluntary moderate alcohol intake (Crabbe et al., 1994; Dudek and Underwood,
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1993; McBride, 2002) and their intoxication is sufficient to reduce the proliferation of
unspecified precursors in the SVZ and DG (Crews et al., 2004). The design of the voluntary
alcohol consumption experiments are illustrated in Fig 1a; the BrdU-retention experiment
comprised of 6 weeks of two-bottle choice (h=13 alcohol, n=10 controls) and the
neurosphere assay experiment comprised of 4 weeks of two-bottle choice (n=15 alcohol,
n=15 controls). Mice were 8 weeks of age at the start of the study. The alcohol exposed mice
were single housed and given one bottle containing water and another containing 15%
alcohol (vol./vol.; from dilution of 95% ethanol stock) in water. No sucrose fading or
gradual alcohol increases were employed, yet mice reached the desired moderate
consumption levels for the alcohol solution. For controls, both bottles were filled with water.
For all mice, bottle locations were alternated and bottles refreshed each time the bottle
weights were recorded (at least 3 times weekly). The average start weight for mice was 22.3
g with an average end weight of 27.8 g. While bottles did not leak when stationary, mouse
activity was at times sufficient to cause blockage and/or leakage, so bottles were monitored
for tampering and no data from the day of tampering was included in later analyses.

A separate group of 16 male mice were allowed alcohol access under the same two-bottle
choice conditions and blood alcohol levels were determined repeatedly at 2 hours following
lights out, a time of high fluid consumption (Dole & Gentry, 1984; Rhodes et al., 2005). For
blood alcohol concentration (BAC) determination, blood samples were collected from the
submandibular vein, centrifuged, the plasma supernatant was extracted and stored in 0.5 ml
microcentrifuge tubes at -80°C until determination of BAC in mg/dl using an Analox
Alcohol Analyzer (Analox Instruments, Lunenburg, MA). During the first day of alcohol
exposure (i.e. after having 24 hours access to alcohol), mice exhibited alcohol intake of
10.64 g/kg and bBACs of 18.8 + 2.6 mg/dl. After 2 weeks of access mice exhibited an
average daily alcohol intake of 11.40 + 1.89 g/kg and BACs of 21.0 + 3.5 mg/dl on the first
day of that week, and after 4 weeks of access mice exhibited an average daily alcohol intake
of 14.53 + 1.25 g/kg and BACs of 20.0 £+ 2.4 mg/dl on the first day of that week. Thus in
mice under the same conditions as those used to determine the effects of alcohol on NSCs,
we saw a rapid initiation of alcohol intake with detectable and relatively stable BACs
persisting during the period of voluntary consumption. To prevent unnecessary stress, blood
samples were not taken from the mice used to assess the NSC population because stress
itself negatively impacts some facets of the adult neurogenic system (e.g. Schoenfeld and
Gould, 2012). Finally, since tissue collection for examination of NSCs was performed
during the light phase of their cycle when mice consume less fluid (Dole & Gentry, 1984),
BAC measured from trunk blood samples were not analyzed as they would not be expected
to correlate with the full extent of alcohol intake through the experiment. A subset of the in
vivo results derived from these mice was briefly discussed in Campbell and Kippin (2011).
All procedures were approved by the University of California at Santa Barbara Institutional
Animal Care and Use Committee and conducted in accordance with the National Institute of
Health (NIH) Guide for Care and Use of Laboratory Animals (NIH Publication No. 80-23,
8th edition 2011).
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Bromodeoxyuridine Labeling and Detection

BrdU incorporation labels mitotic cells in the S phase and the number of SVZ NSCs labeled
with BrdU was assessed 14 days after administration. The employment of the retention
period prior to tissue collection is crucial to capturing NSCs exclusively: In contrast to the
NSCs (which permanently reside in the SVZ), constitutively proliferating progenitor cells of
the SVZ migrate out of the area via the rostral migratory stream or die during the retention
period, resulting in clearance of BrdU-labeled non-NSCs from the SVZ (Luskin, 1993;
Morshead and van der Kooy, 1992). Mice received BrdU (60 mg/kg, i.p. 5 injections, once
every 3 h). This BrdU regimen labels the proliferating cells in the SVZ (Morshead & van der
Kooy, 1992; Burns & Kuan, 2005) while also minimizing the labeling of non-proliferative
cells and BrdU toxicity (Taupin, 2007). The series of injections were initiated just before the
start of the lights-on portion of a 12:12 cycle, capturing a time after the nightly peak in
alcohol consumption (Dole & Gentry, 1984). Fourteen days later, mice were euthanized
(100 mg/kg sodium pentobarbital, IP) followed by transcardial perfusion with cold 0.9%
saline and 4% paraformaldehyde. Brains were extracted and postfixed in 4%
paraformaldehyde for 4 hours followed by cryoprotection in 30% sucrose in phosphate-
buffered saline (PBS). Brains were sectioned on a cryostat at 20 um and sections from the
anterior lateral ventricle and hippocampus regions at 100 um intervals were mounted onto
Superfrost Plus (Fisher) slides.

Immunohistochemistry was performed as previously described (e.g. Kippin et al., 2005b)
using the following antibody combinations. BrdU detection was performed by antigen
retrieval with 2 M HCI at 60° C for 30 min followed with rat monoclonal anti-BrdU (1:200
in 20% NGS in PBS overnight at 4°C; AbD Serotec) visualized by Alexa Fluor 488 goat
anti-rat (1:400 in 0.3% Triton-X in PBS for 2 hours at RT; Invitrogen). For labeling of all
cycling cells, mouse monoclonal anti-proliferating cell nuclear antigen (PCNA; 1:200 in
20% NGS in PBS overnight at 4°C; Zymed) visualized by Alexa Fluor 555 goat anti-mouse
(1:400 in 0.3% Triton-X in PBS for 2 hours at RT; Invitrogen) was used. For labeling
neuronal nuclei, mouse monoclonal anti-neuronal nuclei (NeuN; 1:200 in 20% NGS in PBS
overnight at 4°C; Millipore) visualized by Alexa-Fluor 555 goat anti-mouse (as above) was
used in order to facilitate determination of the borders of the DG. PBS washes were
performed between each step. Slides were coverslipped with Fluorogel (Electron
Microscopy Sciences).

Labeled cells were counted under epi-fluorescence on a Nikon E800 microscope with BrdU-
retaining cells/SVZ section (6 sections/subject minimum) representing the average number
of NSCs undergoing the S-phase at the time of BrdU administration, and the PCNA-
expressing cells representing the number of all cells proliferating at or near sacrifice. The
average number of BrdU-positive cells in the DG through the extent of the hippocampus (10
sections/subject minimum) represented the average number of surviving progeny in this
region.

Neurosphere Assay

The number of NSCs in the SVZ were measured using a primary neurosphere assay as
described previously (Hitoshi et al., 2011; Kippin et al., 2004; 2005a,b; Morshead et al.,
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2003). Briefly, mice were sacrificed by decapitation, brains removed, placed in oxygenated
artificial cerebrospinal fluid, and the anterior portion of the lateral ventricle SVZ was
isolated and dissociated enzymatically (in 1.33 mg/ml trypsin, 0.66 mg/ml hyaluronidase,
0.13 mg/ml kynurenic acid; all from Sigma) and mechanically (using fire-polishing Pasteur
pipettes) into single cells. The viable cells were counted using trypan blue exclusion and
cells were plated at 10 cells/pl density in uncoated 24-well plates (Sarstedt) in 0.5 ml of
serum-free media (SFM) supplemented with murine growth supplement (Stem Cell
Technologies) and containing 20 ng/ml of epidermal growth factor (EGF; mouse
submaxillary: Sigma), 10 ng/ml of fibroblast growth factor-2 (FGF; human recombinant:
Sigma), and 2 pg/ml of heparin (Sigma). The number of neurospheres >100um in diameter
was determined after 7 days. Under these conditions, primary neurosphere colonies are
derived from single cells and serve as an index of the number of in vivo NSCs (Coles-
Takabe et al., 2008; Morshead et al., 2003). To assess initial NSC self-renewal capability,
primary neurospheres were dissociated into single cells and cultured as above and the
number of secondary neurospheres was determined after 7 days.

In vitro alcohol exposure of neurospheres

Statistics

Neurosphere-forming cells were isolated as above from alcohol-naive mice but expanded in
uncoated 75 cm? flasks (BD Bioscience) in SFM with growth factors (EGF, FGF, heparin)
and passaged every 7 days (via mechanical dissociation and resuspension in fresh media)
until initiation of experiments. All in vitro experiments were conducted on cells generated
following 3-5 passages.

To determine the effects of administration of alcohol over the duration of colony growth,
cells were passaged at 5 cells/ul into uncoated 24-well plates (Sarstedt) in 0.45 ml of SFM
with growth factors with 50 pl of a water+alcohol added to achieve final in-media
concentrations of 1 uM - 1 M or no alcohol (control). The 1 M dose was included to
complete the dose-response curve, although it is well beyond potential consumption levels.
After 7 days the number of neurosphere colonies of >100pum in diameter in each well were
counted.

To determine the effects of alcohol on cell viability, dissociated cells were seeded into black
96-well plates (Greiner Bio One) at 500 cells/ul in SFM with growth factors or
supplemented with 1% fetal bovine serum (FBS) containing 1 pM — 1 M or 0 M alcohol
concentration. Cells were grown for 24, 48, or 72 hours and 4 hours prior to assessment Cell
Titer-Blue (Promega) was added to each well. The resazurin component of the Cell Titer-
Blue is metabolized by living cells into the red, highly fluorescent product resorufin which
can be detected by fluorometer providing a measure of living cells.

A repeated measures ANOVA was used to assess measures of mouse alcohol intake. T-tests
and factorial ANOVAs were employed as appropriate for all other measures, with a = 0.05
for all comparisons. All data are represented as mean and standard error of the mean (SEM).
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Results

C57BL/6J mice voluntarily consume moderate amounts of alcohol

Overall, the average daily g/kg alcohol consumption for all mice was 14.73 + 0.54. Thus, the
mice consumed a quantity typical of this strain under continuous access and no sweetening
of the alcohol solution, and this fits well within the more general range of alcohol intake of
the adult C57BL/6J mice (e.g. Crabbe et al., 1994; Dudek and Underwood, 1993; McBride,
2002; Wahlsten et al., 2006). In addition, to ensure experimental consistency, a repeated
measures ANOVA was preformed, and it failed to detect any significant differences between
weeks or groups of mice used for the the BrdU-retention and neurosphere assays on the four
comparable weeks (Fig 1b; all ps > 0.05).

Voluntary chronic alcohol consumption reduces BrdU retention in the SVZ

Alcohol and control mice were injected with BrdU two weeks prior to sacrifice to produce
BrdU retention which highlighted BrdU incorporation into NSCs specifically. Voluntary
chronic alcohol exposure resulted in significantly fewer BrdU-retaining cells in the SVZ (ty1
= 3.41, p < 0.05; Fig 2a). There was also a trend toward a reduction in the total number of
PNCA expressing cells in the SVZ at sacrifice (ty; = 1.82, p = 0.083; Fig 2d).
Representative images of BrdU- and PCNA-labeled cells in the SVZ are presented in Fig
2b-c and 2e-f, respectively, for both control and alcohol-exposed mice.

Examining the DG, there were no significant differences between the number of BrdU-
retaining cells within the DG of alcohol exposed and control mice (ps > 0.05; Fig 29).

Voluntary chronic alcohol consumption does not reduce the number of neurospheres-
forming cells from the SVZ

SVZ tissue from alcohol and control mice was dissociated into a single cell suspension,
plated at 10 cells/ul in SFM with growth factors and the number of neurospheres per well
was determined 7 days later. Alcohol consumption in vivo did not alter primary neurosphere
number (p > 0.05) as measured by either the average number of neurospheres per well
(alcohol: 13.05 £ 1.18; control: 11.63 * 1.13) or the total number of neurosphere-forming
cells isolated from the total SVZ (Fig 2h). To assess initial self-renewal rate, the primary
cultures were dissociated into a single cell suspension, re-plated in SFM with growth factors,
and assessed after 7 days. No significant difference was detected between two conditions (p
> 0.05; Fig 2i).

Exposure to high doses of alcohol in vitro reduces neurosphere culture proliferation

To determine the direct effects of alcohol on NSCs and/or their progeny, neurosphere
cultures were dissociated and re-plated with alcohol (1 uM — 1 M) and the numbers of
neurospheres were determined 7 days later. Alcohol reduced the average number of
neurospheres per well (F7,34 = 10.32, p < 0.05) with significant decreases from controls
occurring at doses of 100 mM and 1 M ethanol (ps < 0.05; Fig 3a).

To determine the effect of alcohol on cell viability under two media conditions, high-density
cultures of neurosphere-derived cells grown in either SFM supplemented with growth
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factors or SFM supplemented with 1% FBS were exposed to alcohol (10 uM — 1 M) for 24,
48 or 72 hr. The Cell Titer-Blue assay was used to measure cell viability. The results were
the same across media conditions with significant differences in cell viability (for 24, 48, 72
hrin SFM: Fg 35 = 35.74, Fg 35 = 45.24, Fg 35 = 26.99, all ps < 0.05; and for 24, 48, 72 hr in
1% FBS: Fg 35 = 33.88, Fg 35 = 9.77, Fg 35 = 97.15, all ps < 0.05) occurring only at 1 M
alcohol dose compared to controls (ps < 0.05); Fig 3b and 3c illustrate the 24 hour time
point for SFM with growth factors or 1% FBS, respectively, showing that viability was
reduced only at 1 M. Additionally, these results show that the changes in neurosphere
formation seen previously at the 100 mM alcohol concentration are not due to alterations in
cell viability.

Discussion

This study is the first to demonstrate that chronic moderate alcohol consumption alters
proliferation of NSCs in the subventricular zone in adult mice as indicated by reduced
numbers of BrdU-retaining cells in the SVZ 14 days following BrdU administration. The
difference in retention of BrdU-labeled cells over this time period may indicate that this
reduction in BrdU-labeling is specific to NSCs, rather than due to reduced labeling of other
mitotic cell types, since BrdU-labeled transient amplifying cells and committed progenitors
would have migrated away from the SVZ or died (Luskin, 1993; Morshead and van der
Kooy, 1992) while a daughter cell retaining the NSC fate should have stayed within the SVZ
NSC niche. The decrease in BrdU-retaining NSCs could have been a direct consequence of
alcohol-induced death of the SVZ NSC population, the inhibition of NSC proliferation
during the alcohol intake, or some mechanism which changes the migration/behavior of
daughter cells which should have otherwise remained in the SVZ as NSC. To exclude the
first possibility, mice were exposed to alcohol and then the neurosphere assay was used to
determine the total number of cells in the SVZ exhibiting NSC properties. There was no
difference in the numbers of primary neurospheres that could be derived from SVZ tissue
taken from alcohol consuming compared to control mice, indicating that alcohol
consumption does not change the size of the NSC population under these conditions.
Further, there was no significant difference in the alcohol intake of mice used in the BrdU-
retention versus mice used in the neurosphere experiment, thus the differences in outcomes
on the two assays cannot be explained by level of intake in the groups. Therefore a moderate
level of alcohol consumption does not seem to cause loss in the NSC pool, but it does appear
to reduce the proportion of NSCs proliferating near a particular point in time or potentially
drive some daughter cells which should have become NSC out of the niche.

The present finding extends a prior report of reduced BrdU labeling in the SVVZ after alcohol
consumption in C57BL/6J mice (Crews et al., 2004). In the study by Crews et al. (2004)
BrdU was administered daily for 14 days and then tissue was collected for processing,
resulting in assessment of cells at various stages of maturation. Our use of a time-
constrained (instead of daily) BrdU pulse plus long-term BrdU-retention enables detection
of only NSC proliferation, as non-NSCs either die or migrate out of the SVZ during the
retention period (Morshead et al., 1998). Consistent with our findings that the NSC
population is maintained despite reduced NSC proliferation, another study using a higher
alcohol intoxication level reported no change in the numbers of cells expressing the putative
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NSC marker Sox2 within the SVZ despite a significant reduction in BrdU incorporation and
PCNA expression (Hansson et al., 2010). Together, these studies indicate that although the
NSC population is resilient to the effects of alcohol, ongoing production of neurogenic
precursors is reduced.

The apparent resilience of the adult NSC pool to in vivo alcohol exposure contrasts in some
respects with recent findings indicating that prenatal alcohol reduces the number of
neurospheres in the neonatal SVZ (Akers et al., 2011; Rubert et al., 2006; Santillano et al.,
2005). NSCs may be more sensitive to insults during embryonic expansion of the pool
relative to the static population dynamics of adulthood, as has been demonstrated for other
insults such as prenatal versus adult stress (Kippin et al., 2004). Several lines of research
have also characterized the effects of alcohol on neurogenic precursors derived from various
regions of the developing nervous system (for reviews, Costa et al., 2004; Crews et al.,
2003; Luo and Miller, 1998). The most consistent finding of these studies is that alcohol
inhibits the proliferation of a variety of neural precursors. Finally, alcohol is known to affect
the size of fetal neurospheres, increasing them in a dose-dependent manner through
increasing neurosphere coalescence (Vangipuram et al., 2008). In our adult neurosphere
cultures, we only utilized a minimum size criterion during assessment, and so it is not
known if cultures from alcohol-exposed mice had differences in mean neurosphere diameter.
As this effect is coalescence-driven and there were no differences between adult control and
alcohol-exposed mice in neurosphere numbers, a large increase in neurosphere size would
only be possible if there were also an increase in neurosphere numbers pre-coalescence.
Future, larger-scale in vitro studies are needed to determine if there are any changes in adult
neurosphere sizes, and if not this also makes the adult NSC population distinct from its fetal
counterpart.

Our proposed explanation for the observed reduction in BrdU incorporation in the SVZ NSC
pool is that alcohol inhibited proliferation of NSC cells, resulting in fewer NSCs undergoing
S-phase during the time of BrdU injection. However, a reduction in BrdU labeling may not
always reflect a reduction in the number of proliferating cells as it has been found that
alcohol can shorten the length of S-phase for hippocampal precursors in adolescents
(McClain et al., 2011), which would also result in a reduction in the number of BrdU-
retaining cells if over-proliferation diluted the signal. Yet the concurrent reduction in BrdU
and trend towards a reduction in PCNA in the present experiments, which is supported by
our in vitro data as well as similar findings in other studies (e.g. Hansson et al., 2010), is
consistent with reduced NSC proliferation rather than with increased proliferation. Still,
PCNA is not a particularly sensitive measure of proliferation. Even cells that have
previously exited cell cycle still show PCNA expression, due to both the long half-life of
PCNA and its role in DNA repair mechanisms (Bravo & Macdonald-Bravo, 1987; Toschi &
Bravo, 1988). Also, a cell that is arrested in G1, as can happen with alcohol exposure
(Mikami et al., 1997), would still express PCNA even while unable to incorporate BrdU and
finish division. This provides another potential mechanism by which PCNA measures might
be less sensitive to the effects of alcohol than others.

In vivo experiments cannot determine whether the observed reduction in NSC proliferation
during alcohol consumption is due to the direct actions of alcohol or indirectly due to
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changes in other factors within an alcohol-exposed brain (e.g. alcohol-induced changes in
neurotransmitters or growth factor levels). Thus, we tested the effects of alcohol on NSCs
and their progeny in vitro. Only treatment with 1 M alcohol reduces the viability of these
cells, which was expected at such a high dose. Treatment with 100 mM alcohol does not
affect the viability of neurosphere-derived cells but results in the formation of fewer
neurospheres, indicating that alcohol can directly reduce the proliferation of NSCs and/or
their progeny. It is noteworthy that the present changes in vitro occurred at much higher
alcohol concentrations than are reached in vivo during voluntary alcohol consumption in
mice: C57BL/6J mice voluntarily achieved BAC around 20 mg/dl (approximately 4.3 mM)
during two-bottle choice which is substantially lower than the lowest in vitro dose (100 mM)
that significantly reduced neurosphere formation. The 100 mM level would also be rare in
the human population outside of severely tolerant individuals. This apparent in vivo versus
in vitro discrepancy in the dose-dependence of alcohol could indicate that facets of the
culture conditions buffer the NSCs from low-dose alcohol-induced changes or perhaps that
longer treatment durations are needed for lower alcohol doses to produce observable effects
on NSCs. Alternatively, the impact of moderate doses of alcohol on NSC proliferation
observed in vivo may be mediated through an indirect mechanism within the alcohol-
exposed brain. In summary, while alcohol can have direct effects on NSC proliferation it is
only seen at substantially higher doses than the BAC levels achieved during free-access to
alcohol by C57BI/6J mice, suggesting that the effect of moderate doses of alcohol on our
mice was due to an indirect effect of alcohol.

We also assessed the impact of alcohol consumption on the DG but failed to detect changes
in this brain region. Comparing across studies there appear to be dose-dependent effects of
alcohol on neurogenic processes in the DG in C57BL/6 mice: minimal intake (6 g/kg/day)
increases proliferation and survival (Aberg et al., 2005), moderate intakes (14-18 g/kg/day)
produce no changes on these measures (Stevenson et al., 2009; present study), and binge or
high intake (2-4 g/kg/2 hr; 26 g/kg/day) decreases both of these measures in the DG (Contet
et al., 2013; Crews et al., 2004). Similarly, studies in rats indicate that a similar effect, with
reductions in hippocampal proliferation/early survival of precursors being proportional to
level of intake (Anderson et al., 2012; Richardson et al., 2009). Since there are no
established methods to efficiently isolate and grow adult DG precursor cells in vitro (see e.g.
Seaberg and van der Kooy, 2002; Clarke and van der Kooy, 2011) it was not possible to
assess direct effects of alcohol on neurogenic precursors in this region.

The in vivo decrease in BrdU-labeled NSCs was a statistically significant but modest effect,
as would be expected from a modest insult such as a month of moderate alcohol
consumption. The even more modest decrease in PCNA at the time of sacrifice suggests that
6 weeks of moderate alcohol consumption produces only minor impacts in a healthy adult
male mouse, as also shown by the finding that there were no differences in 2 week new cell
survival in the DG of these same mice. Still, this underscores that even moderate alcohol
consumption in healthy adults decreases the functioning of some aspects of the adult
neurogenic system; individuals with less resilient neurogenic systems due to illness or age
may be unable to compensate for even this modest disruption due to alcohol. It is known that
among alcoholics, older men are more susceptible to reductions in both gray and white
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matter compared to younger men, and that this effect is not attributable to length of alcohol
use (Pfefferbaum et al., 1992; Pfefferbaum et al., 1997). This was also recently shown in a
mixed gender study of non-treatment seeking alcoholics, where there was a greater gray
matter volume decline in older individuals than could accounted for by alcohol intake or age
alone (Fein et al., 2010) — that is, the aged brain has increasing vulnerability to alcohol’s
effects. The impact of moderate alcohol consumption on the aged brain, both structurally
and behaviorally, are less clear (Kim et al., 2012). Determining the effects of age and
moderate alcohol consumption on the neural stem cell population in humans could lead to
new insights on the safest alcohol consumption level at each age, so that any vascular
benefits of alcohol can be gained without adversely impacting brain function.

Together, these findings indicate that moderate voluntary consumption of alcohol has effects
on some aspects of the adult neurogenic system while sparing others. Specifically, in male
C57BL/6J mice, the proliferation of NSCs in the SVZ is decreased without reducing the
total NSC population. Alcohol treatment also decreased neurosphere formation in vitro, but
only at extremely high doses. Thus, the present study extends existing findings by
demonstrating that moderate alcohol consumption reduces SVZ NSC proliferation without
altering the NSC population. In addition the in vitro studies extend previous findings in
proposing that the moderate voluntary consumption of alcohol reduces proliferation of NSCs
in the SVZ, possibly through an indirect mechanism. Further studies will be necessary to
establish if and how moderate alcohol levels alter the SVZ environment to cause reduced
NSC proliferation.
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Fig 1.

Impact of voluntary alcohol consumption on the adult SVZ and DG neurogenic systems a.
Schematic of experimental time line. Mice were allowed access to two drinking bottles, one
contained water for all mice and the other contained either 15 % alcohol in water (Alcohol
groups) or water (Control groups). After four weeks of access, mice were sacrificed or
received injections of bromodeoxyuridine (BrdU) and sacrificed 2 weeks later b. Alcohol
intake for the mice with access to alcohol (g/kg per day averaged across weekly intervals).
All data expressed as Mean = S.E.M.; mice used for examining BrdU-retention are squares
and for neurosphere assay are circles. There were no significant differences in drinking in
groups used for BrdU retention versus neurosphere assay.
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Fig 2.

In?pact of voluntary alcohol consumption on the adult SVZ and DG neurogenic systems a.
Numbers of cells retaining BrdU for 2 weeks in the SVZ of alcohol and control mice. Mice
allowed 4 weeks access to alcohol prior to BrdU administration show fewer BrdU-labeled
cells than controls (p < 0.05) b. A photomicrograph displaying typical labeling of long-term
BrdU-retaining cells in the SVZ of control mice c. A photomicrograph displaying typical
labeling of long-term BrdU-retaining cells in the SVZ of alcohol-exposed mice d. Numbers
of cells expressing proliferating cell nuclear antigen (PCNA) in the SVZ of alcohol and
control mice. There was a trend towards a reduction in PCNA in mice allowed 6 weeks of
alcohol access prior to tissue collection (p = 0.083) e. A photomicrograph displaying typical
labeling of long-term PCNA-expressing cells in the SVZ of control mice f. A
photomicrograph displaying typical labeling of long-term PCNA-expressing cells in the
SVZ of alcohol-exposed mice g. Number of cells retaining BrdU in the DG. There were no
significant differences between alcohol-exposed and control mice h. The total number of
neurospheres derivable from the SVZ tissue of mice allowed 4 weeks of access to alcohol
and controls. No significant difference was found between groups i. The number of
secondary neurospheres per well in cultures derived from alcohol and control mice. No
significant difference was found between groups. All data expressed as Mean = S.E.M. All
scale bars are 100 pum.
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Fig 3.

In?pact of invitro alcohol treatment on NSCs and progenitors derived from the adult SVZ.
Alcohol can directly impact these cells, but only at high doses a. At high doses alcohol
inhibits neurosphere formation in vitro when added at the start of passaging. Alcohol
concentrations of 100 mM or 1 M reduced the formation of neurospheres (p < 0.05) b. The
viability of cultures in serum-free growth media at 24h post-alcohol exposure. Only the
supraphysiological 1 M alcohol dose negatively impacts viability (p < 0.05) c. Viability of
cultures in media plus 1% fetal bovine serum at 24h post-alcohol exposure. Again, the only
dose negatively impacting viability is 1 M (p < 0.05), suggesting that the effects of 100 mM
alcohol are not due to the death of cells in the neuropshere. All data expressed as Mean +
S.E.M. *p<0.05
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