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Abstract

Alcohol exposure during central nervous system (CNS) development can lead to fetal alcohol
spectrum disorder (FASD). Human imaging studies have revealed significant white matter (WM)
abnormalities linked to cognitive impairment in children with FASD, however the underlying
mechanisms remain unknown. Here, we evaluated both the acute and long-term impacts of alcohol
exposure on oligodendrocyte number and WM integrity in a third trimester-equivalent mouse
model of FASD, in which mouse pups were exposed to alcohol during the first two weeks of
postnatal development. Our results demonstrate a 58% decrease in the number of mature
oligodendrocytes (OLs) and a 75% decrease in the number of proliferating oligodendrocyte
progenitor cells (OPCs) within the corpus callosum of alcohol-exposed mice at postnatal day 16
(P16). Interestingly, neither mature OLs nor OPCs derived from the postnatal subventricular zone
(SVZ) were numerically affected by alcohol exposure, indicating heterogeneity in susceptibility
based on OL ontogenetic origin. Although mature OL and proliferating OPC numbers recovered
by postnatal day 50 (P50), abnormalities in myelin protein expression and microstructure within
the corpus callosum of alcohol-exposed subjects persisted, as assessed by western immunoblotting
of myelin basic protein (MBP; decreased expression) and MRI diffusion tensor imaging (DTI;
decreased fractional anisotropy). These results indicate that third trimester-equivalent alcohol
exposure leads to an acute, albeit recoverable, decrease in OL lineage cell numbers, accompanied
by enduring WM injury. Additionally, our finding of heterogeneity in alcohol susceptibility based
on the developmental origin of OLs may have therapeutic implications in FASD and other
disorders of WM development.
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INTRODUCTION

Alcohol exposure during the development of the central nervous system (CNS) results in an
array of behavioral and cognitive sequelae, described under fetal alcohol spectrum disorder
(FASD) (Riley and McGee 2005). FASD represents a significant public health concern, as
indicated in a recent report from the American Academy of Pediatrics estimating that as
many as 2%-5% of first-grade students in the United States have the physical, behavioral, or
learning impairments related to FASD (May et al. 2014; Williams et al. 2015). Despite this
high prevalence, limited treatment options are available for affected individuals
(Kodituwakku and Kodituwakku 2011).

White matter abnormalities have long been associated with prenatal ethanol (EtOH)
exposure in humans, with notable alterations in the morphology of the corpus callosum
ranging from severe agenesis to callosal thinning (Lebel et al. 2011; Norman et al. 2009).
MRI techniques that utilize diffusion tensor imaging (DTI) have further revealed changes to
the organization and microstructure of callosal white matter in individuals with FASD
(Moore et al. 2014). Microstructural abnormalities as assessed by fractional anisotropy (FA)
occur throughout the corpus callosum and are correlated with impaired cognition (Wozniak
et al. 2009) and oculomotor control (Green et al. 2013; Paolozza et al. 2014). A recent MRI
study relating improved cognitive function with increasing white matter volume in the
corpus callosum of adolescent FASD subjects underscores the need to elucidate the cellular
underpinnings of white matter injury and plasticity for improved therapeutic targeting
(Gautam et al. 2014).

Oligodendrocytes (OLs) provide myelination and trophic support for maintenance of axonal
integrity in CNS white matter (Funfschilling et al. 2012; Franklin and Gallo 2014) and may
represent a target of EtOH toxicity (Guizzetti et al. 2014; Wilhelm and Guizzetti 2015).
Genetic fate mapping studies in mice have demonstrated that OLs represent a heterogeneous
population of cells with respect to developmental origin (Kessaris et al. 2006). Only recently
have studies revealed a functional significance within different populations of OPCs in terms
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of myelination and response to demyelinating injury (Crawford et al. 2016; Tripathi et al.
2011; Xing et al. 2014). During embryonic development, oligodendrocyte progenitor cells
(OPCs) populate the forebrain from distinct telencephalic germinal domains. At birth, the
majority of forebrain OPCs and mature OLs are derived from the ventral telencephalic
ventricular zone, however, by postnatal day 10 this population is almost entirely replaced by
OPCs and OLs that originate from more dorsal regions of the embryonic ventricular zone
(Kessaris et al. 2006; Takebayashi and Ikenaka 2015). Postnatally, OPCs continue to
populate the forebrain from reservoirs of nestin* progenitor cells within the postnatal
subventricular zone (SVZ) of the lateral ventricles (Levison and Goldman 1993; Marshall et
al. 2003; Luskin and McDermott 1994; Rowitch and Kriegstein 2010; Marshall et al. 2003),
where they contribute to neural plasticity and repair (Dimou et al. 2008; Simon et al. 2011;
Young et al. 2013; Burns et al. 2009). Changes in OL morphology (Dalitz et al. 2008), OL
maturation and differentiation (Zoeller et al. 1994), and OL survival (Creeley et al. 2013)
have been reported in third trimester-equivalent preclinical models of FASD, but nothing is
known regarding EtOH’s impact on OL lineage cells derived from distinct telencephalic
germinal zones (Guerri et al. 2001; Guizzetti et al. 2014).

In humans, the third trimester of development represents a period of rapid
oligodendrogenesis and myelination, which continues throughout the first few decades of
postnatal life (Bartzokis et al. 2012; Gallo and Deneen 2014; Jakovcevski et al. 2009). In
mice, oligodendrogenesis and myelination mostly occur during the first and second postnatal
weeks (Dobbing and Sands 1979; Semple et al. 2014). The extraordinary metabolic demands
required for the synthesis and maintenance of myelin sheaths render the process of
myelination vulnerable to insult (Bartzokis 2004; Nave 2010). In the present study, we
evaluated the acute and long-term impacts of EtOH exposure on OL number and white
matter integrity within the corpus callosum using a third trimester-equivalent mouse model
of FASD, in which mouse pups were exposed to EtOH during the first two weeks of
postnatal development. Additionally, we employed a genetic Cre-loxP fate mapping
approach to selectively identify OL lineage cells derived from nestin* progenitors of the
postnatal subventricular zone (SVZ), along with immunohistochemical detection of mature
OLs and OPCs. Following early postnatal EtOH exposure, we demonstrated a marked
decrease in the number of mature myelinating OLs and OPCs that is transient in nature and
selective for non-SVZ-derived cells. Analysis of the vulnerable non-SVZ-derived OPC pool
showed a reduction in their proliferative capacity. These early insults are coupled with
enduring alterations in biochemical and microstructural indices of white matter integrity. In
sum, our observations indicate heterogeneity in EtOH susceptibility among oligodendrocyte
populations and demonstrate persistent alterations in the white matter integrity of the corpus
callosum.

MATERIALS AND METHODS

Mice

All animal procedures were performed using Nestin-CreERT2: tdTomato reporter
bitransgenic mice maintained on a C57BI/J6 genetic background with homozygosity at both
transgenes (Chow et al. 2015; Patzlaff et al. 2017). These mice harbor the tamoxifen-
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inducible CreERT2 fusion protein under control of the nestin promoter (Lagace et al. 2007)
and a Rosa26-STOP-tdTomato reporter allele (Madisen et al. 2010). Tamoxifen
administration to Nestin-CreERT2: tdTomato mice induces red fluorescence reporter
expression in nestin* cells and their downstream progeny (Chow et al. 2015; Patzlaff et al.
2017). All mice were maintained in a reverse 12-h dark/light cycle (lights off at 0800 hours),
temperature and humidity controlled facility with food and water available ad libitum. All
animal procedures were approved by the University of New Mexico Health Sciences Center
Institutional Animal Care and Use Committee per the NIH Animal Welfare Regulations and
Public Health Service Policy on Humane Care and Use of Laboratory Animals (OLAW
2015).

Tamoxifen Administration

At postnatal day 2 (P2) all pups received a single intraperitoneal (i.p.) injection of tamoxifen
at a dose of 33 mg/kg, dissolved in 10% EtOH/90% sunflower seed oil (Li et al. 2014). The
tamoxifen (T5648), 200 proof EtOH (459836), and sunflower oil (S5007) were obtained
from Sigma-Aldrich, St. Louis, MO. After the injection, the pups were placed back into their
home cage with their original mother.

Alcohol Exposure

Nestin-CreERT2: tdTomato female mice of equal age (P80-P90) were bred with males of the
same strain. Once pregnancy was determined by weight gain, females were separated into
individual cages. Following tamoxifen administration to P2 pups, litters were randomly
assigned to either EtOH or air control groups. From P3 to P15, cages with mothers and pups
inside of the vapor inhalation chambers were exposed to either air or EtOH vapors from
1000-1400 hours daily (FIGURE 1) (Morton et al. 2014; Zamudio-Bulcock et al. 2014).
Throughout the exposure, EtOH vapor levels were monitored with a Breathalyzer
(Intoximeters, St. Louis, MO, 12-0050-00) and adjusted accordingly. During the exposure,
the concentration of EtOH vapor was gradually increased from P3-P9 (4.9 + 0.3 g/dl) to
allow animals in EtOH vapor chambers to acclimate, and then kept steady from P10-P15
(7.1 £ 0.1 g/dl) (TABLE 1). At P4, P7, P11, and P14 one pup per time point was sacrificed
immediately following the four-hour exposure period for blood EtOH concentrations
(BECs), measured with an alcohol dehydrogenase-based assay as previously described
(Galindo and Valenzuela 2006). Immediately following the exposure on P15, cages were
removed from the vapor chambers and placed on the normal housing racks. Mice were
euthanized on P16 or P50 for all subsequent analyses. At P22 mice were weaned and placed
into group (2-3 animals per cage), sex-separate, standard housing. There was no effect of
treatment on litter size (Air 5.8 £ 1.2 pups/litter, n = 5 litters; EtOH 5.7 + 0.2 pups/litter, n =
7 litters; p = 0.9098). This study was restricted to analysis of male offspring, as previous
work demonstrates sexual dimorphism in the white matter of rodents (Cerghet et al. 2009).

Immunohistochemistry

At P16 or P50, mice were anesthetized by overdose with an i.p. injection of sodium
pentobarbital (Fort Dodge Animal Health, Fort Dodge, 1A, NDC 0856-0471-01) and
transcardially perfused with phosphate-buffered solution (PBS) containing the following
compounds from Sigma-Aldrich: 0.1% procaine hydrochloride (P9879) and 2 U/ml heparin
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(H3393), followed with perfusion of 4% paraformaldehyde (P6148) in 0.1M PBS. Brains
were post-fixed overnight and stored in a 30% sucrose solution (Fisher Scientific, Hampton,
NH, BP2201) in 0.1M PBS at 4°C. Cerebral hemispheres were sectioned at 30pum in the
coronal plane using a freezing sliding knife microtome (Phoenix Equipment Inc., Rochester,
NY, 14621) and stored in cryoprotective solution. Floating sections were processed for
immunofluorescence as previously published (Li et al. 2010). Coronal sections containing
the corpus callosum were immunolabeled for Olig2, a transcription factor expressed in all
oligodendrocyte lineage cells. Olig2 was co-localized with CC1 antigen, Ki67 protein or
PDGFRa to identify all mature myelinating oligodendrocytes, proliferating OPCs or all
OPCs, respectively, using the following primary antibodies: rabbit anti-Olig2 (1:1,000;
RRID:AB_570666; EMD Millipore, Darmstadt, Germany, AB9610), mouse anti-CC1
(1:400; RRID:AB_2057371; EMD Millipore, OP80), mouse anti-Ki67 (1:400;
RRID:AB_393778; BD Biosciences, San Jose, CA, 550609) and rabbit anti-PDGFRa
(1:350; RRID:AB_631064; Santa Cruz Biotechnology, Dallas, TX, sc-338). Antigen
expression was detected using FITC- (715-096-150), or Cy5-conjugated (711-175-152)
secondary antibodies (1:250; Jackson ImmunoResearch Laboratories, West Grove, PA).
Tissue sections were counterstained with 4”,6-Diamidino-2-Phenylindole, Dihydrochloride
(DAPI; Thermo Fisher Scientific, Carlsbad, CA, D1306) and coverslipped using
Fluoromount G (Electron Microscopy Sciences, Hatfield, PA, 17984).

Confocal Fluorescence Imaging

Stereology

All z-stack projection images of immunolabeled cells in the corpus callosum were obtained
using LASX acquisition software with a Leica DMi8 TCS SP8 confocal microscope
(Wetzlar, Germany). Sequential imaging scans were performed at 10 and 63x. Gain
parameters, zoom, pinhole size, step size, scan speed, and resolution were uniform across
scans of equivalent magnification.

OL lineage cell densities were estimated within serial coronal sections using the Optical
Fractionator probe in Stereoinvestigator software (Microbrightfield Bioscience, Williston,
VT) linked to an Olympus 1X-81 DSU spinning disk confocal microscope and a 40x
objective (Shinjuku, Tokyo, Japan). Region of interest (ROI) contours were manually
outlined in each section using a 10x objective with reference to consistent anatomical
structures. ROISs at the level of septal nuclei were analyzed between Bregma coordinates
1.18 to 0.02 mm. White matter ROI contours started from the dorsomedial corner of the
lateral ventricle and were drawn laterally to encompass the corpus callosum to the distal tail
of the SVZ. For estimates within the parenchymal grey matter, a 400 um by 400 pum ROI
was placed across layer IV of the somatosensory cortex and within the dorsal striatum. ROIls
at the level of the dorsal hippocampus were analyzed between Bregma coordinates —1.34 to
-2.30 mm and encompassed two distinct regions of the posterior corpus callosum: callosal
crossing fibers (CF) which extended from the midline to the proximal boundary of the dorsal
fornix, and callosal projection fibers (PF) that extended from the apex of the callosal arch to
the boundary of the primary somatosensory cortex.
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The optical dissector height was set at 18 um, with a top and bottom guard zone height set at
2 um. The counting frame size was equal to the grid size at x = 150 pm and y = 150 um.
Estimates of mature OLs, identified with Olig2*/CC1* labeling (Bin et al. 2016), and OPCs,
identified with Olig2*/Ki67* and Olig2*/PDGFRa* labeling, were calculated across 3—4
histological sections per mouse. To determine postnatally derived mature OLs and OPCs the
number of Olig2*/CC1*, Olig2*/PDGFRa", and Olig2*/Ki67* cells co-localized with
tdTomato fluorescence was estimated. ROI contour areas did not differ across treatment
groups at P16 (p = 0.8929) or at P50 in either anterior (p = 0.7924) or posterior (CC p =
0.4227; LWM p = 0.1106) levels of the corpus callosum. The density of immunolabeled
cells was calculated by dividing the cell estimates by the volume of the corresponding
contours. At P16, n = 4 EtOH-exposed mice (across 4 litters) and n = 7 control air-exposed
mice (across 4 litters) were used in stereological analyses. At P50 n = 4 EtOH-exposed mice
(across 4 litters) and n = 6 control air-exposed mice (across 4 litters) were used. The data
were subjected to t tests with Welch’s correction and expressed as means + SEM.

Western Blots

At P50, a western blot analysis was used to analyze myelin basic protein (MBP) expression
in the corpus callosum; n = 4 EtOH exposed mice across 4 separate litters, and n = 7 control
air exposed mice across 4 separate litters. Following rapid decapitation, white matter from
the midline of the corpus callosum was microdissected from 1 mm coronal slices. The
microdissection was restricted to crossing fibers of the corpus callosum that extend from the
apical arch of one hemisphere to the apical arch of the contralateral hemisphere, as previous
work has demonstrated distinct patterns of gene expression across regions of the corpus
callosum (Tagge et al. 2016). Tissue was collected in sucrose containing homogenization
buffer, snap frozen on dry ice, and stored in =80°C. Cell lysis was achieved by means of
mechanical disruption with a hand homogenizer (749540-0000, Kimble, Rockwood, TN)
and sonication, homogenates were centrifuged at 4200 relative centrifugal force at 4°C for
10 minutes. The supernatant from each sample was removed for assay of the cytosolic
fraction as previously described (Jantzie et al. 2014; Jantzie et al. 2016). Protein
concentrations were determined using a Bradford protein assay. 4-12% Criterion-XT precast
gels (Bio-Rad, Hercules, CA, 345-0124) were loaded with 30ug of protein per well.
Following electrophoresis, protein was transferred to polyvinylidene fluoride membranes
(PVDF; Bio-Rad, 1620177) that were blocked in milk/1xTris Buffered Saline with Tween 20
(TBS-T) and incubated in anti-MBP (1:1000; EMD Millipore, AB980) or anti-actin (1:5000;
Sigma-Aldrich, A5441) at 4°C overnight as previously published (Jantzie et al. 2014; Jantzie
et al. 2016). The following day, membranes were incubated in species appropriate HRP-
conjugated secondary antibodies (1:5000; Thermo Scientific, Waltham MA, 62460) at room
temperature for 1 hour, after which, membranes were washed, incubated with femto-west
electrochemiluminescent substrate (ECL; Thermo Scientific, 37075), and developed using
the chemiluminescent function of a GE-LAS 4000 Digital image reader (GE Healthcare Life
Sciences, Chicago, IL). The bands of interest were quantified using GE ImageQuant
software (GE Healthcare Life Sciences), standardized to the actin bands, of which levels
were unchanged between treatment groups, and normalized to controls.
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Magnetic Resonance Imaging

At P50, n = 4 EtOH exposed mice across 4 litters, and n = 5 air exposed mice across 4 litters
were transcardially perfused with PBS containing 0.1% procaine and 2 U/ml heparin,
followed with perfusion of 4% paraformaldehyde in PBS. Brains were post-fixed overnight
and stored in 30% sucrose in PBS at 4°C. For scanning, brains were embedded in 2%
agarose containing 3 mM sodium azide. Images were acquired, as previously described
(Jantzie et al. 2015a; Robinson et al. 2016), on a Bruker 4.7T BioSpec 47/40 Ultra-Shielded
Refrigerated nuclear MRI system equipped with a quadrature RF coil (72 mm 1.D.) and a
small-bore (12 cm 1.D.) gradient set with a maximum gradient strength of 50 Gauss/cm
(Bruker, Billerica, MA). T2 weighted structural images were acquired using the multi-slice
multi-echo imaging sequence (TR =3000.0 ms, TE = 12.0 ms), in which twelve sequential
coronal 1mm slices were obtained. Diffusion tensor weighted images (DTI) were acquired
using an echo-planar imaging sequence with 30 diffusion gradient directions (TR = 5000.0
ms, TE= 38 ms). Within Brunker’s Paravision 5.1 imaging software T2 structural maps,
fractional anisotropy maps, and DTI directionally encoded color maps were generated for
each animal. On processed DTI scans ROIs of the callosal crossing fibers (CF) and
projection fibers (PF) in both hemispheres were analyzed across 2 sections. For each of the
ROIs, fractional anisotropy (FA), axial diffusivity (AD, A1), and radial diffusivity (RD,
(A2+ A3)/2) were calculated.

Statistical Analysis

All analyses were performed blinded to treatment. Data were subjected to either unpaired
parametric t test or 2-way ANOVA using GraphPad Prism 7.01 (La Jolla, CA). The data are
expressed as means = S.E.M., with p < 0.05 considered statistically significant. The
statistical unit of determination (n) was defined as one pup.

RESULTS

Third trimester-equivalent ethanol exposure in Nestin-CreER2:tdTomato mice

NestinCreERT2:tdTomato bitransgenic mice were used across all treatment groups to
distinguish mature OLs and OPCs originating from the postnatal SVZ from those originating
earlier in embryonic development. Reporter gene expression was selectively induced in
postnatal nestint SVZ progenitors by tamoxifen administration at P2, as previously
described (Petrik et al. 2013). Pups were then exposed to gradually increasing concentrations
of EtOH within vapor chambers over the following 13 days from P3 to P15 (FIGURE 1).
The mean concentration of EtOH within the vapor chambers over this period was 6.1 + 0.3
g/dl (range = 3.8 — 7.3 g/dl), resulting in a mean pup blood EtOH concentration (BEC) of
160.4 + 12.0 mg/dl (range = 128.2 — 185.6 mg/dl) (Table 1). The mean mouse pup BEC
achieved in this study is twice the legal intoxication limit (80 mg/dl = 17.4 mM), which is
consistent with BECs reported in some cases of human exposure during late pregnancy
(Burd et al. 2012; Gohlke et al. 2008; Valenzuela et al. 2012). Maternal EtOH levels are
expected to be approximately 10% of pup levels (Galindo and Valenzuela 2006). Tamoxifen-
treated pups exposed only to air within the vapor chambers served as controls. We observed
no postnatal mortality in air-control or EtOH exposed groups. Casual observations
performed daily indicated no gross differences in maternal care between treatment groups.
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Analysis of pup weight at P2 and P15 showed no difference between air and EtOH treatment
groups (Air, 6.3 = 0.3 g/pup, n = 3 litters; EtOH 6.4 + 0.3 g/pup, n = 4 litters; p = 0.7395).
This is consistent with previous observations that mouse pups do not differ in their capacity
to achieve normal body weight during third trimester-equivalent EtOH exposure in studies
with levels comparable to those in this study (Karacay et al. 2008; Pal and Alkana 1997;
Wozniak et al. 2004).

Origin-dependent loss of oligodendrocyte lineage cells following ethanol

To assess both the acute and the long-term impact of early postnatal EtOH exposure on the
number of oligodendrocyte lineage cells, we utilized a combination of immunofluorescence
labeling and reporter gene expression to quantify mature OLs and OPCs at P16 or P50. The
nuclear transcription factor Olig2 that is expressed throughout all stages of oligodendrocyte
maturation, from proliferating OPCs to mature myelinating OLs (Back et al. 2007), was
used to identify all oligodendrocyte lineage cells. Mature myelinating OLs were further
identified by co-expression of Olig2 with CC1 (adenomatous polyposis coli, APC), a
cytoplasmic protein highly expressed in mature myelinating OLs (Yuen et al. 2014). OPCs
were identified by co-expression of Olig2 with PDGFRa., a receptor specific to OPCs
(Nishiyama et al. 1996); whereas proliferating OPCs were identified by co-expression of
Olig2 with Ki67, a nuclear cell proliferation marker (Gerdes et al. 1983). In addition to these
markers, tdTomato (tdTom) reporter expression was used to distinguish mature OLs and
OPCs originating from the postnatal SVZ from those originating earlier in embryonic
development. For the purpose of this manuscript, we define all tdTom™ oligodendrocytes as
embryonically derived. However, this population may also include progeny of embryonic
oligodendrocytes, as well as oligodendrocytes derived prior to tamoxifen administration at
P2. Both embryonically-derived (tdTom™) and postnatal SVZ-derived (tdTom*) OL lineage
cells were readily detectable throughout the septal region of the corpus callosum (FIGURE
2). In the corpus callosum of air-control mice, the tdTom*Olig2* cells represented 45.3
+5.6% (n =7) and 58.8 + 7.8% (n = 6) of the total population of Olig2* cells at P16 and
P50, respectively, indicating a consistent level of tamoxifen-induced recombination across
all mice with little variability in recombination efficiency.

To determine the acute effects of EtOH exposure on oligodendrocyte lineage cells, we
estimated mature OL and OPC densities within a specific ROI outlined at the level of the
septal corpus callosum in histological sections. The ROI encompassed the lateral region of
the septal corpus callosum, from the dorsomedial corner of the lateral ventricle to the distal
tail of the SVZ, in order to capture the radial migration of postnatal S\VZ-derived cells
through this region (Kakita and Goldman 1999). EtOH exposure resulted in a significant
58% loss of embryonically-derived tdTom™ mature OLs (16,138 + 4,896 cells/mm3, n = 4)
compared to air controls (38,162 + 4,935 cells/mm3, n = 7, p = 0.0131) at P16 (FIGURE
3B), with no effect on the density of postnatal S\VZ-derived tdTom* mature OLs (p =
0.6066; FIGURE 3C). The total number of tdTom* cells was unchanged between air and
EtOH groups (p = 0.3235).

This acute loss of embryonically-derived mature OLs was accompanied by significant
attenuation of OPC density. Exposure to EtOH elicited a 75% reduction in the density of
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tdTomato™ proliferating OPCs (EtOH: 1,288 + 565 cells/mm3, n = 4; air: 5,184 + 1105
cells/mm3, p = 0.0130; FIGURE 4B), and had no effect on the density of tdTomato*
proliferating OPCs (p = 0.1696; FIGURE 4C), as assessed by Olig2*Ki67* coexpression.
The total OPC population, as assessed by Olig2*PDGFRa* coexpression, was
correspondingly affected. Embryonically-derived tdTom™ OPCs were reduced by 60% in
EtOH exposed animals (3,958 + 879 cells/mms3, n = 4) compared to air-exposed controls
(9,999 + 1244 cells/mm3, n = 7, p = 0.0042; FIGURE 4D), whereas the density of postnatal
SVZ-derived tdTom* OPCs did not differ between EtOH and air treatment groups (p =
0.4825; FIGURE 4E).

To investigate whether the acute depletion in oligodendrocytes we observed in the corpus
callosum was isolated to white matter, we estimated the density of tdTomato™ and tdTomato*
mature OL in the cortex and striatum. Following EtOH exposure at P16, we observed a
significant 46% decrease in embryonically-derived tdTom™ mature OL density compared to
air exposed controls in the cortex (air: 5,200 + 541 cells/mm3, n = 5; EtOH: 2,812 + 809
cells/mm3, n = 4, p = 0.0385) and striatum (air: 12,590 + 1,038 cells/mm3, n = 5; EtOH:
6,802 + 1,630 cells/mm?3, n = 4, p = 0.0168) (FIGURE 5B). Consistent with our data from
the corpus callosum, the density of tdTom* mature OLs in the grey matter regions selected
was not statistically different between air and EtOH groups (FIGURE 5C).

To determine whether the decrease in OL lineage cell number persisted into adulthood, we
quantified the OL lineage cells in the P50 cohort using the same quantitative analysis as for
P16. We observed no effect of EtOH exposure on the number of tdTom™ mature OLs or
tdTom™ proliferating OPCs at P50 (FIGURE 6), indicating a complete recovery in the
number of embryonically-derived mature OLs and restored proliferative capacity. We also
observed no effect of early postnatal EtOH exposure on the number of postnatal SVZ-
derived tdTom™ OLs or of tdTom* OPC proliferation at P50. Taken together, these data
suggest an acute, origin-dependent loss of oligodendrocyte lineage cells that recovers by
P50.

Third trimester-equivalent ethanol exposure leads to persistent white matter injury

Cogpnitive and behavioral disabilities resulting from prenatal EtOH exposure endure into
adulthood (Moore and Riley 2015). Recent imaging studies reveal abnormal white matter
microstructure in adults with FASD (Li et al. 2009; Ma et al. 2005), and have linked
cognitive deficits with structural abnormalities in white matter tracts of children and
adolescents diagnosed with FASD (Treit et al. 2013). Although our initial findings indicated
that the severe loss of oligodendrocyte lineage cells numerically recovered by P50, we next
asked whether abnormalities in other indices of white mater integrity might persist at this
later time point in our mouse model.

Myelin Basic Protein—MBP, an essential component of the myelin sheath of
oligodendrocytes, exists as four isoforms that each contributes to myelin formation (Boggs
2006; Harauz et al. 2009). Western blotting of the microdissected crossing fibers of the
corpus callosum (FIGURE 7A) was performed at P50 to examine the enduring effects of
early postnatal EtOH exposure on MBP expression in adulthood. We found that MBP
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expression was reduced in the corpus callosum of EtOH-exposed animals compared to air
controls across all four isoforms (p = 0.0005, 2-way ANOVA; FIGURE 7B-C). Of note, the
18-kD isoform, essential for the development and stability of CNS myelin (Harauz and
Boggs 2013), was decreased by 45% in the corpus callosum of EtOH exposed animals
compared to air controls (air: 100 + 13, n = 7; EtOH 55 + 8, n = 4, p = 0.0312, unpaired t
test). These observations suggest that despite the numerical recovery of oligodendrocytes at
P50, defects in myelin protein expression persist.

Diffusion Tensor Imaging—At P50, DTI was performed to advance our assessment of
persisting white matter injury within regions of the corpus callosum following EtOH
exposure. T2 structural maps and color coded diffusion maps were generated and the
fractional anisotropy (FA), radial diffusivity (RD), and axial diffusivity (AD) were
calculated for ROIs encompassing the callosal crossing fibers (CF) and projection fibers
(PF) of the corpus callosum across 2 sections per animal (FIGURE 8A-B). FA reflects the
presence of oriented structures generated by preferred diffusion orientations. Variance in cell
type and cell density, fiber orientation and compaction, in conjunction with myelin integrity
all affect the diffusion of water molecules within white matter structures. A decrease in FA
has been characterized in paradigms of white matter injury due to oligodendrocyte ablation
(Harsan et al. 2006) and correlated with the functional consequence of diminished
compound action potential amplitude to reflect diminished myelin health and integrity
(Wang et al, 2012). In our model, microstructural and diffusion abnormalities were indicated
by diminished FA in the callosal crossing fibers of EtOH-exposed animals (0.342 = 0.016, n
= 4) compared to air-exposed controls (0.426 + 0.023, n =5, p = 0.0246) (FIGURE 8D).
Within the projection fiber region, FA was increased in EtOH-exposed animals (0.294

+ 0.011), compared to controls (0.250 + 0.005, p = 0.0047) (FIGURE 8E). Of note, our data
show a trend toward decreased axial diffusivity in the callosal crossing and projection fibers
of EtOH-exposed animals, although this did not reach statistical significance (TABLE 2).

Oligodendrocyte lineage cell densities were estimated within equivalent ROIs in the
posterior corpus callosum at P50. Consistent with the estimates of mature OL density in
anterior corpus callosum regions, the density of mature OLs in the crossing fiber (CF) and
projection fiber (PF) ROIs did not differ between EtOH or air treatments (2-way ANOVA, p
= 0.5632). However, there was a significant effect of region on the density of OL lineage
cells (p = 0.0175) (FIGURE 8F). This finding emphasizes the diversity of cellular
environment within the spatially distinct regions of the corpus callosum white matter and
directs our interpretation of DT1 measurements. Together, these data indicate that third
trimester-equivalent EtOH exposure in mouse results in persistent, regional changes in white
matter diffusivity patterns that likely reflect complex microstructural abnormalities, similar
to those previously described following other models of early postnatal myelin injury (Travis
et al. 2015).

DISCUSSION

Using a third trimester-equivalent mouse model of EtOH exposure, we investigated the acute
and long-term impact of early postnatal EtOH exposure on OL number and white matter
integrity. Immediately following EtOH exposure, we observed a striking 58% reduction in
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the number of mature OLs within the corpus callosum. This acute loss of mature OL was
accompanied by an even greater decrease in the number of proliferating OPCs (75%).
Intriguingly, mature OLs and OPCs derived from the postnatal SVZ were resistant to EtOH
toxicity compared to their embryonically derived counterparts, demonstrating differential
susceptibility dependent on ontogenetic origin. Although recruitment of postnatal SVZ-
derived OPCs can result in regeneration and repair in certain white matter pathologies
(Aguirre and Gallo 2007), our study indicates that postnatal SVZ-derivatives do not boost
their production to compensate for the loss of embryonically derived OPCs following EtOH
exposure. Despite the complete recovery of OL lineage cell numbers by P50, our analysis
revealed persisting myelin protein dysregulation and irregular microstructure in the corpus
callosum of EtOH-exposed animals.

Our finding that developmental EtOH exposure resulted in decreased density of proliferating
OPCs might suggest that the observed loss of in the total OPC population and mature OLs
could be secondary to impaired OPC proliferation. Previous studies demonstrate that EtOH
exposure inhibits the ability of neural progenitors and neural stem cells to initiate molecular
programs leading to cellular differentiation and proliferation (Arzumnayan et al. 2009;
Talens-Visconti et al. 2011). EtOH has also been shown to alter PDGRFa expression (Luo
and Miller 1998), as well as Wnt signaling (Vangipuram and Lyman 2012), both important
regulators of OPC proliferation and differentiation (Barres et al. 1992; Fruttiger et al. 1999;
Yuen et al. 2014). OPCs differentiate into immature OLs only after multiple rounds of cell
division (Barres et al. 1994; Durand and Raff 2000). Disruptions in oligodendrocyte lineage
progression that manifests as stalled differentiation could deplete proliferating OPC pools, in
addition to mature myelinating OLs (Back et al. 2002; Marinelli et al. 2016).

The acute loss of OLs following EtOH exposure could also be the result of excitotoxicity.
Mouse pups in our intermittent model of EtOH exposure experienced daily EtOH
withdrawal following each 4 hour exposure period. Previous studies using mouse models of
postnatal EtOH exposure in which pup BECs reach similarly moderate or higher levels show
evidence of acute withdrawal occurring between periods of EtOH administration (Karacay et
al. 2008; Morton et al. 2014; Pal and Alkana 1997). EtOH withdrawal is known to cause
glutamate release and NMDA-dependent excitotoxicity (Hoffman et al. 1989; Hughes et al.
1998; Karl et al. 1995; Thomas and Riley 1998; Thomas et al. 1997). OL lineage cells are
particularly vulnerable to acute excitotoxicity in a maturation-dependent manner (Bultts et al.
2008; Follett et al. 2000; Jantzie et al. 2015b; Marinelli et al. 2016; Matute et al. 2006; Talos
et al. 2006a; Talos et al. 2006b). Acute EtOH exposure can lead to apoptosis of
oligodendrocyte lineage cells, as shown in recent studies demonstrating the particular
susceptibility of early myelinating OLs to EtOH-induced apoptosis following intravenous
administration of high doses of EtOH in macaque monkeys during the third trimester (BECs
ranging from 300-400 mg/dl) (Creeley et al. 2013).

Our findings also demonstrate heterogeneity in the susceptibility of oligodendrocyte lineage
cells to EtOH toxicity depending upon ontogenetic origin. OPCs are known to be generated
from distinct ventral and dorsal germinal domains within the developing CNS. Recent
evidence indicates that these different populations mount distinct responses to demyelination
in adulthood and display distinct vulnerabilities to age-associated functional decline
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(Crawford et al. 2016). Our study also suggest a functional significance related to
ontogenetic diversity within the oligodendrocyte populations by demonstrating differential
susceptibilities of embryonically and postnatally derived oligodendrocyte lineage cells to
acute EtOH exposure during early postnatal development. During the period of our EtOH
exposure, the corpus callosum undergoes considerable cellular transformation, with ongoing
replacement at PO—P10 of OPCs derived from the Nkx2.1+ ventral embryonic ventricular
zone by OPCs derived from more dorsal Gsh2+ and Emx1+ embryonic derivatives (Kessaris
et al. 2006; Richardson et al. 2006). Additionally, there is concurrent migration of OPCs
from the postnatal SVVZ during this early postnatal period (Levison and Goldman 1993).
Further fate mapping studies that follow these spatially and temporally distinct waves of
OPC and mature OL production will be important in determining whether EtOH may
selectively impact the timing or nature of this developmental transition. Considering that
EtOH exposure is known to impact migration of glial progenitors during development
(Clarren et al. 1978; Guizzetti et al. 2014), an interesting possibility is that EtOH impairs or
delays the migration OPCs during this transitional period between PO—P10. Overall,
mounting evidence suggests that OLs are far more diverse than previously assumed (Azim et
al. 2016; Srubek Tomassy and Fossati 2014; Dimou and Gallo 2015), not only in terms of
ontogenetic origin, but also in terms of myelination, and response to injury (Barradas et al.
1998; Crawford et al. 2016; Dionne et al. 2016; Nishiyama et al. 2014; Spassky et al. 2000;
Tomassy et al. 2014; Tripathi et al. 2011; Xing et al. 2014).

Although we found that OL numbers recovered by early adulthood (P50), we observed
persistent changes to myelin gene expression and white matter microstructural organization.
Myelin compaction is driven primarily by MBP which binds to the two opposing cytosolic
membranes of myelin drawing them tightly together (Roach et al. 1983). Previous studies
have found diminished levels of myelin protein expression immediately following EtOH
exposure (Ozer et al. 2000; Zoeller et al. 1994) and in oligodendrocyte primary cultures
exposed to EtOH (Chiappelli et al. 1991), but neither of these studies assessed the long-term
impact of developmental EtOH exposure on the level of MBP expression later in life. Here,
we report significantly diminished levels of MBP in corpus callosum of adult mice exposed
to EtOH. Future studies will be required to determine whether this decrease is associated
with altered myelination or conduction properties of myelinated axons within the corpus
callosum.

Several imaging studies describe microstructural abnormalities within the corpus callosum
of adolescents and adults with FASD (Bookstein et al. 2002b; Lebel et al. 2011; Treit et al.
2013). Our DTI data show significantly decreased FA in the corpus callosum of EtOH-
exposed mice at P50, consistent with previous reports in human FASD subjects (Wozniak et
al. 2009). The parameters of DTI provide a measure related to the structure and integrity of
white matter tissue (Basser and Pierpaoli 1996; Huppi and Dubois 2006). Our data
demonstrating decreased FA in the corpus callosum indicates the disruption of white matter
microstructural integrity. It will be important for future studies to assess the ultrastructure of
the crossing fiber and projection fiber myelin to further examine microstructural integrity in
our exposure paradigm.
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It is important to note that only male mice were assessed in the present study to avoid
variability associated with sex-specific differences in white matter development and EtOH
toxicity. Sex-separate analysis of neurophysiological data due to the variance in vulnerability
between males and females to the constellation of teratogenic effects induced by perinatal
EtOH is increasingly recognized as important (Paolozza et al. 2014; Tesche et al. 2015).
Sexual dimorphism of oligodendrocytes and myelin gene expression in the corpus callosum
has been consistently observed in the brains of normally developing rodents (Cerghet et al.
2009), but the sex-specific effects of prenatal EtOH exposure on oligodendrocyte cells has
not been comprehensively explored (Wilhelm and Guizzetti 2015). Recent research supports
the hypothesis that sex-specific effects in white matter regions exist in models of FASD. For
instance, studies have demonstrated sex-specific effects of EtOH on spatial and motor
learning (Goodlett and Peterson 1995; Reekes et al. 2016), a oligodendrogenesis dependent
task (Xiao et al. 2016), and sex-specific deficits in eye movement have been detected in
FASD subjects (Paolozza et al. 2015), potentially resulting from optic nerve hypoplasia
following developmental EtOH exposure, characterized by abnormal myelin integrity
(Parson et al. 1995; Pinazo-Duran et al. 1997). Although beyond the scope of the current
investigation, it will be important in future studies to determine the impact of sex as a
biological variable in our mouse model,

In summary, individuals exposed to EtOH during CNS development experience a wide range
of challenges throughout their lives. The corpus callosum has been consistently implicated
in the abnormal FASD brain. Studies in adults with FASD suggest these individuals
experience a higher incidence of adult-onset neuropsychiatric disorders (Famy et al. 1998;
Streissguth et al. 2004), which many be attributable to persisting white matter abnormalities
in the corpus callosum (Bartzokis 2012; Bookstein et al. 2002a; Bookstein et al. 2002b;
Fields 2008). Understanding the mechanisms underlying these persisting white matter
deficits following developmental EtOH exposure will be essential for designing new
therapeutic approaches. Our finding that the ontogenetic origin of OPCs determines their
susceptibility to developmental EtOH exposure has important implications for therapeutic
targeting. In addition, our findings of persistent deficits in myelin protein expression and
abnormal white matter microstructural integrity suggest that long-term disruption of
oligodendrocyte function and early, transient OPC loss may be functionally linked.
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MAIN POINTS

Oligodendrocyte susceptibility to early postnatal EtOH exposure indicates
heterogeneity based on ontogenetic origin.

Despite the recovery of acute oligodendrocyte losses by adulthood, MBP
dysregulation and WM microstructural abnormalities persist.
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Figurel.
Experimental Design: Tamoxifen (TAM) was administered to Nestin-CreERT2: tdTomato

mice at P2, followed by vapor chamber exposure from P3-P15. The level of ethanol (EtOH)
in the vapor chamber was gradually increased from P3 to P9, whereupon it remained steady
until P15. Cohorts of mice were sacrificed (SAC) at P16 or P50 for all subsequent analyses.
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Figure 2.
At P16 the maturational stage and cell origin of oligodendrocyte lineage cells in septal

corpus callosum were determined using fluorescent labeling. (A) The distribution of
tamoxifen induced fluorescence expression in postnatal SVZ-derived cells (tdTomato™*, red)
and immunolabeled mature oligodendrocytes (Olig2*CC1*, green) across the corpus
callosum (scale bar = 100 pm) (B) High resolution merged and split channel images, scale
bars = 10 um, demonstrating colabeled cells within the corpus callosum (DAPI, blue; Olig2,
white; and tdTomato, red). Mature oligodendrocytes (OLs) are identified by Olig2 and CC1
(green) coexpression. Vertical white arrows point to a DAPI* Olig2* CC1* cell that is
tdTomato positive, indicative of a postnatally derived mature OL. C) Proliferating OPCs are
identified by Olig2 and Ki67 (green) coexpression. Horizontal white arrows point to a
DAPI* Olig2* Ki67* cell that is tdTomato negative, indicative of an embryonically derived
proliferating OPC. (D) Oligodendrocyte progenitor cells (OPCs) are identified by Olig2 and
PDGFRa (green) coexpression. Split channel images demonstrate an embryonically derived
tdTomato- (white horizontal arrow) and a postnatally derived tdTomato+ (white vertical
arrow) OPCs (Olig2* PDGFRa. *).
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Figure 3.
EtOH exposure during white matter development results in acute loss of mature myelinating

oligodendrocytes. (A) The corresponding regions of interest (ROIs) were drawn over DAPI
fluorescence from the dorsomedial corner of the LV to the tail end of the SVZ to encompass
the white matter of the septal corpus callosum, as shown, using the 4x objective for air- and
EtOH-exposed animals. Markers recorded by an observer blinded to treatment were used to
estimate the cellular density of tdTom* and tdTom™ mature OLs (OLs; Olig2*/CC1*).
Representative marker maps of one coronal section from one air and one EtOH animal show
the distribution of tdTom* and tdTom™ mature OLs. (B) At P16, EtOH exposure results in a
significant reduction in the density of tdTom™ mature OLs in septal corpus callosum (*p =
0.0131), (C) while the density of tdTom™ mature OLs derived from postnatal SVZ
progenitors remains unchanged, (p = 0.6066; n = 4—7 animals per treatment group).
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Figure 4.

Developmental EtOH exposure results in an acute and origin dependent loss of
oligodendrocyte progenitor cells. (A) ROIs encompassing septal corpus callosum pertaining
to the adjacent marker maps illustrating the distribution of tdTom* and tdTom™ proliferating
OPCs (Olig2*/Ki67*) in air and EtOH exposed animals. (B) At P16, stereological analysis
of immunohistochemically processed sections containing the corpus callosum at the level of
the septal nuclei revealed a significant reduction in the density of tdTom™ proliferating OPCs
in the corpus callosum following EtOH exposure (*p = 0.0130), (C) whereas the density of
tdTom™* proliferating OPCs was unaffected (p = 0.1696; n = 4—7 animals per treatment
group). (D) At P16, EtOH exposure diminished the density of the total tdTom~ OPC (Olig2*
PDGFRa*) population (**p = 0.0042; n = 4-6 animals per treatment group). (E) No
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discrepancy in tdTom* OPCs between Air and EtOH exposed animals was observed (p =
0.4825; n = 4-6 animals per treatment group).
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Figureb.
The acute and origin dependent loss of mature oligodendrocytes following EtOH exposure

extends to multiple grey matter structures and is not an isolated phenomena within the white
matter of the corpus callosum A) ROIs within the cortex (ctx, orange) and striatum (str,
yellow) were selected for stereological estimation of mature OL density. (B) At P16, the
densities of tdTom™ mature OLs within the ctx and str were significantly diminished in
EtOH-exposed animals compared to air exposed controls, (*p = 0.0385 and *p = 0.0168,
respectively), (B) whereas the densities of tdTom* mature OLs did not statistically differ
between treatment groups, (ctx, p = 0.8405; str, p = 0.5967; n = 4-5 animals per group).
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Page 28

Oligodendrocyte cell numbers recover from early deficits by adulthood (A) At P50, the
densities of both tdTom™ and tdTom* mature OLs in the septal corpus callosum of EtOH-
exposed animals were not different from the densities of air exposed controls, (p = 0.8767
and p = 0.8414, respectively). (B) Similarly, by P50 the densities of tdTom™ and tdTom*
proliferating OPCs were not statistically different between EtOH and air exposed animals, (p
=0.0711 and p = 0.9480, respectively; n = 4-6 per treatment group).
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Figure7.
EtOH exposure during peak white matter development results in diminished MBP

expression in the midline of the corpus callosum at P50. (A) Tissue was isolated from the
midline along the rostro-caudal axis of the corpus callosum (red), restricting the
compositional analysis to the callosal crossing fibers. (B) Western blot at P50 shows the
reduced expression of MBP in EtOH exposed animals. (C) EtOH exposure results in a
significant decrease in MBP expression across the four isoforms (***p = 0.0005, n = 4-7 per

group).
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Figure8.
MRI analysis at P50 shows microstructural changes in the white matter of EtOH brains

compared to air controls. (A) Corresponding anterior and posterior T2 structural maps and
directionally colored diffusion maps (green = dorsoventral, red = mediolateral, blue =
rostrocaudal) of air and EtOH exposed animals. (B) Per brain, two slices were selected for
quantification. Representative ROIs encompassing the callosal crossing fibers (CF, red) and
projection fibers (PF, green). (C) At P50, the fractional anisotropy (FA) of EtOH exposed
animals is significantly decreased (*p = 0.0246) in the CF region, (D) and significantly
increased in the PF white matter compared to air controls (**p = 0.0047, n = 4-5 per
treatment group). (E) Oligodendrocyte lineage cell densities were estimated within the CF
and PF regions of posterior corpus callosum at P50. The densities of OLs did not differ
based on treatment (p = 0.5632), however, the densities of OL lineage cells were statistically
different between regions (*p = 0.0175, n = 4 per treatment group, 2-way ANOVA).
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Ethanol Concentrations?

Table 1

Age | Blood [EtOH], mg/dl | Vapor [EtOH] in chamber, g/dI
P3 n/d 3.8+0.2
P4 128.2 42+04
P5 n/d 46+0.3
P6 n/d 46+0.4
P7 160.0 53+0.2
P8 n/d 55+0.5
P9 n/d 6.4+14
P10 n/d 7.2+0.6
P11 185.6 6.9+05
P12 n/d 73+04
P13 n/d 71+04
P14 167.7 7.0+0.6
P15 n/d 7.1+08
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1 . . . .
Corresponding pup blood ethanol concentration (mg/dl) and vapor ethanol concentration Breathalyzer measurements (g/dl) taken during four

cohorts of EtOH exposures, presented as means + SEM. BECs were not determined (n/d) for every time point.
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Table 2

Diffusion Tensor Imaging Measures in the Corpus Callosum?

ROI Treatment
Air (n=5) EtOH (n=4)

Crossing Fibers FA 0.426 +0.023 * 0.342 +0.016 *

AD, mm?/s | 6.957 +£0.190 x 1074 6.669 + 0.955 x 1074

RD, mm2/s | 3.759 +0.131 x 107 3.876 +0.195 x 107
Projection Fibers FA 0.250 + 0.005 ** 0.294 + 0.011 **

AD, mm?s | 6.363 +0.065 x 1074 6.298 +0.101 x 107*

RD, mm?/s | 4.504 +0.059 x 1074 ** | 4.231 +0.042 x 1074 **
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ZMean Fractional Anisotropy (FA), Axial Diffusion (AD), and Radial Diffusion (RD) measured in the corpus callosum and lateral white matter of
EtOH- and air-exposed mice. A significant difference in FA between treatment groups was observed in the callosal crossing fibers (*p = 0.0487)
and projection fibers (*p < 0.05; **p < 0.01; n = 4-5 animals per treatment group).
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