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Abstract

Gestational alcohol exposure leads to a spectrum of neurological symptoms which range from
severe mental retardation caused by high dose exposure, to subtle cognitive and neuropsychiatric
symptoms caused by low-to-moderate doses. We and other investigators have demonstrated that
exposure to moderate levels of alcohol throughout gestation leads to impaired neurogenesis in the
adult hippocampus, although the mechanisms by which this occurs are not known. To begin to
distinguish cell-intrinsic from microenvironmental contributions to impaired adult neurogenesis,
we isolated neural stem progenitor cells (NSPCs) from the adult SVZ of mice exposed to moderate
levels of alcohol throughout gestation. We found that NSPCs isolated from fetal alcohol exposed
(FAE) mice displayed reduced neurosphere formation in culture, as assessed by a serial passage
neurosphere assay, and reduced neuronal differentiation upon growth factor withdrawal. These
studies suggest that gestational alcohol exposure leads to long-lasting NSPC-intrinsic
dysregulation, which may underlie in vivo neurogenic deficits.

Alcohol is a potent teratogen that targets the developing CNS, resulting in long-lasting
disabilities that can persist into adulthood. Heavy or binge patterns of drinking during
pregnancy lead to fetal alcohol syndrome (FAS), which is associated with severe structural
defects in brain development and mental retardation (Clarren and Smith, 1978, Lemoine, et
al., 1968). In contrast, low or moderate levels of alcohol consumption during pregnancy lead
to more subtle mental disabilities without overt structural changes in the CNS. These include
deficits in learning and memory (Willford, et al., 2006, Willford, et al., 2004), maladaptive
behavior (Streissguth, et al., 1994), and mental illness such as depression and antisocial
disorder (Famy, et al., 1998). Fetal alcohol spectrum disorder (FASD) encompasses the
range of clinical disabilities that result from gestational alcohol exposure (Sokol, et al.,
2003), with an estimated prevalence in children of 2-5% in the United States (May, et al.,
2009).

Adult neurogenesis represents a novel form of CNS plasticity associated with both cognitive
and neuropsychiatric function (DeCarolis and Eisch, 2010, Leuner and Gould, 2010). It is
well-established that embryonic neurogenesis is a target of alcohol toxicity during fetal
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development (Goodlett, et al., 2005, Miller, 1986). Acute alcohol exposure during
adolescence or adulthood has also been shown to impair neurogenesis (Nixon, et al., 2010).
Furthermore, several studies have now demonstrated that gestational or early postnatal
alcohol exposure can result in long-lasting deficits in neurogenesis that persist within the
adult brain long after cessation of gestational exposure (Choi, et al., 2005, Gil-Mohapel, et
al., 2010, leraci and Herrera, 2007, Klintsova, et al., 2007, Redila, et al., 2006, Sliwowska,
et al., 2010, Uban, et al., 2010). There is growing interest in this area of research, since
impaired adult neurogenesis may partially underlie cognitive and neuropsychiatric aspects of
FASD. If so, therapeutic stimulation of adult neurogenesis could potentially reverse these
deficits.

Adult neurogenesis is regulated by both the intrinsic neurogenic potential of NSPCs and by
microenvironmental cues within neurogenic niches of the adult brain. NSPC-intrinsic
regulators include cell surface receptors and intracellular signaling cascades (Johnson, et al.,
2009). Microenvironmental extrinsic regulators include cytokines, growth factors,
hormones, extracellular matrix and cell-cell interactions within the neurogenic niche (Ables,
etal., 2010, Alvarez-Buylla and Lim, 2004, Gao, et al., 2009, Kokovay, et al., 2010). To
begin to distinguish NSPC vs. microenvironmental factors that might underlie the negative
impact of prenatal alcohol exposure on adult neurogenesis, we studied the neurogenic
potential of NSPCs in culture following isolation from adult brain of FAE mice. Our results
suggest that previously reported in vivo deficits in adult neurogenesis following gestational
alcohol exposure may be due, in part, to cell-intrinsic dysregulation of NSPC function that
persists into adulthood.

Gestational Alcohol exposure

For these studies, FAE and saccharine control mice were generated as previously described
(Allan, et al., 2003). Briefly, female C57BI6 female mice were individually housed and
offered 22 hr free access to either 0.066% saccharine or water for two weeks. Ethanol was
then added to the saccharine tube for the experimental group, whereas the control group
continued to drink saccharine alone. The concentration of ethanol was gradually increased
over four days to reach the final concentration of 10% (w/v). After two weeks of 10%
ethanol, a male was introduced into the cage and remained until the female was determined
to be pregnant. Mice consumed an average of 8.0 + 2.5 g alcohol/kg/day during pregnancy,
which generated a mean blood alcohol concentration of 84 + 4.5 mg/dl (n=6.) in a separate
cohort of similarly drinking mice, as assessed using methods described in Allan et al.,
(2003). Following birth, ethanol concentration was gradually lowered from 10% to 0% over
a period of four days as previously described (Allan et al., 2003). This drinking paradigm
has been demonstrated not to affect litter size or maternal care (Allan et al., 2003). At
weaning, offspring were gender separated and standard housed in groups of 2-3 until
sacrificed at 1-2 months for neural stem cell isolation as described below. All mice were
maintained in 12h: 12h reverse light: dark with food and water available ad libitum. Animal
procedures were approved by the University of New Mexico Animal Care and Use
Committee in accordance with the NIH Guide for the Care and Use of Laboratory Animals.

NSPC isolation

NSPCs were isolated from microdissected subventricular zone of one month old FAE or
saccharine (control) offspring, as previously described (Harms, et al., 2010). Both male and
female offspring were used for these studies. Briefly, mice were overdosed with fluorothane,
and brains were quickly removed and sliced in 600 uM coronal sections. The SVZ regions
were microdissected with the aid of a microscope and pooled across 4-5 mice per litter,

Exp Neurol. Author manuscript; available in PMC 2012 June 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Roithak et al.

Page 3

enzymatically dissociated using MACS Neural tissue dissociation kit (Miltenyi Biotec), as
adopted from (Smrt, et al., 2007) and expanded for 7-10 days in defined serum-free DMEM/
F12 medium containing 15 mM HEPES, 2.5 mM L-glutamine (Gibco), 3 mM sodium
bicarbonate, 25 pg/ml insulin, 16 pg/ml putrescine, 30 nM sodium selenite, 100 ug/ml apo-
transferrin and 20 uM progesterone plus 10 ng/ml EGF and 10 ng/ml bFGF (Invitrogen)
(Rietze and Reynolds, 2006). NSPCs were expanded as non-adherent culture in uncoated
tissue culture dishes for neurosphere assay, or as adherent cell culture on poly-L-lysine-
coated plates for assessing neuronal differentiation.

Neurosphere assay

Neurosphere assays were performed as described in (Groszer, et al., 2006). Isolated SVZ-
NSPCs were resuspended in serum-free DMEM/F12 medium containing 10 ng/ml EGF and
10 ng/ml bFGF, plated on uncoated 6-well cell culture dishes, and fresh growth factors
added every three days. Primary neurospheres (passage 0; P0) that formed within 1 week of
cell culture were collected, enzymatically dissociated and re-plated onto uncoated 6-well
dishes at a density of 8-10 cells/ul. The neurospheres were passaged every seven days, using
this method. Beginning at passage 2, neurospheres from 3 wells of the 6-well dish were
collected and used for quantification, by placing them in a poly-L-lysine-coated 12 well
culture dish that contained a counting grid on the bottom surface. The total number of
neurospheres per well was determined within 20 min using a phase contrast microscope.
Neurosphere number was averaged across 10 wells. Only neurospheres <50 um diameter
were counted.

NSPC differentiation

Results

To induce NSPC differentiation, the cells were plated onto poly-L-lysine coated coverslips
and grown in DMEM/F12 medium with supplements as described above, but lacking EGF
or FGF. After seven days in growth factor free media, the NSPCs were prepared for
immunocytochemical analysis to assess phenotypic fate as previously described, (Roitbak, et
al., 2008). The following primary antibodies were used to identify astrocytes, neuroblasts,
and immature neurons, respectively: mouse monoclonal anti-GFAP (1:1000, Accurate
Chem. & Sci. Corp.), goat polyclonal anti-doublecortin (1:300, Santa Cruz Biotech), and
mouse monoclonal anti Tuj-1 (1:300, Promega, Madison, WI). Secondary antibodies were
used at a common dilution of 1:200, and included FITC-conjugated anti-mouse and Cy3-
conjugated anti-goat (Jackson ImmunoResearch Laboratories). DAPI staining was used for
nuclei. Samples were imaged on a Zeiss LSM510-META confocal imaging system. To
quantify the percent neuronal and glial differentiation, 10 images per coverslips (6-10
coverslips/group/experiment) were visualized using only the DAPI channel (UV Diod filter)
and randomly chosen for laser confocal analysis. Images were acquired at 40X
magnification. The percentage of DAPI* cells that expressed Dcx or GFAP was determined
by a separate observer blinded to treatment group using LSM Image Browser software.

All quantitative data represent means + S.E.M across 3-5 separate experiments (n=3-5, as
indicated in figure legend), utilizing a separate litter for each experiment. . Data were
subjected to statistical analysis using ANOVA and post-hoc analyses as indicated, , with p
<0.05 considered significant.

As demonstrated in Figure 1B, gestational exposure to alcohol reduced neurosphere-forming
capacity of postnatal NSPCs, as indicated by fewer neurospheres over serial passage at
clonal density. NSPCs isolated from FAE mice generated approximately 50% fewer
neurospheres at every passage, compared to NSPCs isolated from saccharine controls.
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Statistical analysis revealed a significant passage effect [(F(1,8) = 21.3, p=0.002], a
significant effect of prenatal exposure [F(2,8) = 10.2, p=0.006], and no treatment interaction.

To determine whether prenatal alcohol exposure impairs neuronal differentiation, NSPCs
were grown as monolayer cultures in the presence or absence of EGF and FGF for seven
days. As shown in Figure 1C, undifferentiated NSPCs grown in the presence of growth
factors were uniformly immunopositive for the neural stem cell marker, nestin. Growth
factor withdrawal resulted in spontaneous differentiation into both neuronal and glial
lineages within seven days, with the appearance of doublecortin (Dcx*) neuroblasts (Figure
1E), BlI-tubulin (Tuj1*) immature neurons (Figure 1D) and GFAP* astrocytes (Figure 1D,
E). Importantly, the percent neuronal differentiation was decreased by ~50% in NSPC
cultures derived from FAE vs. saccharine control mice (Figure 1E-F). Although the percent
astrocyte differentiation was slightly increased in FAE vs. saccharine control NSPC cultures,
this did not reach statistical significance.

Discussion

Our finding that FAE-NSPCs display reduced neurosphere-forming capacity over serial
passage could be explained by fewer total NSPCs at initial plating and/or more limited
ability of FAE-NSPCs to undergo self-renewal over time. Although our previous study
suggested that FAE mice have normal numbers of proliferating NSPCs in hippocampus
(Choi, et al., 2005), recent studies have shown that prenatal alcohol exposure leads to lower
numbers of slowly proliferating primitive neural stem cells, as assessed by quantitative
analysis of prominin™ cells in neural stem cell isolates from adult brain (Singh, et al., 2009).
Neurosphere assays have previously been criticized for unfaithful readout of absolute neural
stem cell number, since neurospheres contain cells at various stages of differentiation,
including stem cells, proliferating neural progenitor cells and postmitotic glia (Jensen and
Parmar, 2006; Reynolds and Rietze, 2005). Nevertheless, serial passage analysis is useful
for determining the effects of treatments or genotypes on self-renewal capability of neural
stem cells, albeit less useful for enumerating absolute stem cell number (Groszer, et al.,
2006, Louis, et al., 2008).

Reduced neurosphere forming capacity by FAE-NSPCs was accompanied by an
approximate 50% reduction in neuronal differentiation upon growth factor withdrawal. A
recent study by Singh et al., (2009), suggests that prenatal alcohol may shift differentiation
potential toward gliogenesis. On the other hand, Urban et al., (2010), recently reported that
both adult hippocampal neurogenesis and gliogenesis are reduced in mice exposed to
alcohol throughout gestation.

Alcohol’s impact on embryonic neurogenesis has been well documented; however, the long-
term impact of prenatal or early postnatal alcohol exposure on adult neurogenesis has only
recently begun to be explored. Despite broad variations in alcohol dose, timing, mode of
alcohol administration, species, in vivo labeling methods and environmental parameters,
most studies consistently demonstrate a suppression of adult hippocampal neurogenesis
following embryonic or early postnatal (third trimester equivalent) exposures in rodents
(Choi, et al., 2008, leraci and Herrera, 2007, Klintsova, et al., 2007, Redila, et al., 2006,
Sliwowska, et al., 2010, Uban, et al., 2010). For example, binge-like exposures in rat pups
resulted in an 18% decrease in survival of newly generated dentate granule cells at postnatal
day 50 (Klintsova et al., 2007), and a single high dose of alcohol at postnatal day 7 resulted
in decreased proliferation of adult neural stem cells and impaired survival of newly born
neurons in adult rat (leraci and Herrera, 2007). Using our mouse model of moderate
gestational alcohol, we found no impairment of adult hippocampal neurogenesis under
standard housing conditions, but complete impairment of the neurogenic response to
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enriched environment (Choi et al., 2005). Interestingly, Sliwowska et al; 2010, recently
reported that gestational alcohol exposure attenuates stress-induced suppression of
neurogenesis.

The underlying mechanisms by which gestational exposure to moderate levels of alcohol
can lead to long-lasting effects on neurogenesis in adult brain are currently unknown, but
may involve epigenetic programming events. Exposure to ethanol in utero stimulates global
DNA methylation changes in embryos (Garro et al., 1991) and alters expression of the
epigenetically-sensitive Agouti allele in adults (Kaminen-Ahola et al., 2010). Acute
exposure of NSPCs to ethanol in culture induces hypermethylation of growth factor and cell
cycle regulatory genes in cultured NSPCs (Hicks et al., 2010) and changes in microRNA
expression that are associated with reduced neuronal differentiation (Miranda et al., 2010).
Such changes in the epigenotype of the neural stem lineage during development could
conceivably persist into adulthood and affect intrinsic properties of self-renewal and
phenotypic fate in response to environmental cues. It is also important to note that prenatal
alcohol exposure can also result in dysregulation of the hypothalamic-pituitary-adrenal axis
(HPA) throughout life. HPA dysregulation can involve increased HPA tone and over-
production of corticosterone (Hellemans et al., 2010), an adrenal steroid that has suppressive
effects on adult hippocampal neurogenesis (Schoenfeld and Gould, 2011).

Overall, our findings suggest that previously reported in vivo deficits in adult neurogenesis
following gestational alcohol exposure may be due, in part, to intrinsic dysregulation of
NSPC function that persists into early adulthood. Future studies aimed at characterizing the
mechanism of this effect may lead to therapeutic targeting of adult neurogenesis to
ameliorate cognitive and emotional aspects of FASD symptoms.
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Figure 1. NSPCs derived from SVZ of postnatal FAE mice display less neurosphere-forming
capacity and impaired neurogenesis in vitro

A) Phase contrast image of neurospheres cultured from NSPCs of saccharine control mice in
serum-free medium with EGF/FGF. Bar = 50 um. B) Serial passage neurosphere formation
from NSPCs isolated from SVZ of postnatal day 30 FAE or Sac control mice. Data represent
the average number of neurospheres per well £ S.E.M., n=3 separate experiments (litters)
with 10-12 replicates per passage for each experiment. Two way ANOVA revealed
significant passage and FAE effects, as described in text, **p<0.01. C) NSPCs from
saccharine control mice expanded as adherent monolayer cultures in the presence of EGF/
FGF and immunostained for nestin (green) and counterstained with DAPI nuclear dye
(blue). D) NSPCs expanded as monolayer cultures and differentiated by seven days of
growth factor withdrawal gave rise to both Tuj1(green) and GFAP (red)immunopositive
cells. Cultures are counterstained with DAPI nuclear dye (blue). Orthogonal confocal image
is shown on right panel. E and F) Representative NSPC cultures isolated from saccharine
(E) or FAE (F) mice following seven days of differentiation and immunostained for GFAP
(green) and Dcx (red). Cultures were counterstained with DAPI nuclear dye (blue). Bars on
C-F =10 um. G) Percentage of saccharine NSPCs (open bars) or FAE NSPCs (filled bars)
that express Dcx or GFAP after seven days of in vitro differentiation. Data are expressed as
mean percentage of total nuclei expressing each marker £ S.E.M., *** p<0.001, n=3-5
experiments per group, 10-12 coverslips per treatment for each experiment. For each
experiment 4 mice were pooled from the same litter.
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