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Abstract

Background: The developing hippocampus and cerebellum, unique among brain re-
gions, exhibit a secondary surge in neurogenesis during the third trimester of preg-
nancy. Ethanol (EtOH) exposure during this period is results in a loss of tissue volume
and associated neurobehavioral deficits. However, mechanisms that link EtOH expo-
sure to teratology in these regions are not well understood. We therefore analyzed
transcriptomic adaptations to EtOH exposure to identify mechanistic linkages.
Methods: Hippocampi and cerebella were microdissected at postnatal day (P)10,
from control C57BL/6J mouse pups, and pups treated with 4 g/kg of EtOH from P4
to P9. RNA was isolated and RNA-seq analysis was performed. We compared gene
expression in EtOH- and vehicle-treated control neonates and performed biological
pathway-overrepresentation analysis.

Results: While EtOH exposure resulted in the general induction of genes associated
with the S-phase of mitosis in both cerebellum and hippocampus, overall there was lit-
tle overlap in differentially regulated genes and associated biological pathways between
these regions. In cerebellum, EtOH additionally induced gene expression associated with
the G2/M-phases of the cell cycle and sonic hedgehog signaling, while in hippocampus,
EtOH-induced the pathways for ribosome biogenesis and protein translation. Moreover,
EtOH inhibited the transcriptomic identities associated with inhibitory interneuron sub-
populations in the hippocampus, while in the cerebellum there was a more pronounced
inhibition of transcripts across multiple oligodendrocyte maturation stages.
Conclusions: These data indicate that during the delayed neurogenic period, EtOH may
stimulate the cell cycle, but it otherwise results in widely divergent molecular effects in
the hippocampus and cerebellum. Moreover, these data provide evidence for region-
and cell-type-specific vulnerability, which may contribute to the pathogenic effects of

developmental EtOH exposure.
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INTRODUCTION

Heavy alcohol exposure during pregnancy is common (Bakhireva
et al., 2017; SAMHSA, 2013) and can reprogram fetal development,
resulting in a complex combination of anatomical anomalies and
growth and neurobehavioral deficits that persist throughout an in-
dividual's lifetime (Wozniak, Riley, & Charness, 2019). These anoma-
lies and deficits, collectively termed fetal alcohol spectrum disorders
(FASD), range along a continuum of severity (Williams & Smith, 2015),
and can be diagnosed in between 1% and 5% of school-aged children
in the United States (May et al., 2018). Moreover, FASD often results
in the emergence of secondary disabilities (Moore & Riley, 2015),
with great annual social, healthcare, and economic costs to individu-
als and society (Greenmyer et al., 2018).

Ethanol (EtOH) has profound effects on the developing central
nervous system, resulting in widespread neuropathology, and conse-
quently, deficits in learning and memory, impulse control, and motor
function, as well as increased risk of addiction later in life (Carter
etal., 2007; Glass et al., 2013; Norman et al., 2009; Streissguth et al.,
2004). The vulnerability of the developing cerebellum and hippo-
campus to EtOH is well documented. Imaging studies demonstrate
reduced cerebellum volume and white matter abnormalities which
likely contribute to motor deficits including those in balance, coor-
dination, and equilibrium as well as cerebellar-dependent learning
and memory deficits in individuals with FASD (Lebel et al., 2008;
Norman et al., 2009; Riley & McGee, 2005). Similarly, EtOH reduces
hippocampal volume in individuals with FASD, contributing to im-
paired hippocampal-dependent learning and memory (Norman et al.,
2009; Willoughby et al., 2008).

The cerebellum and hippocampus are unique among brain re-
gions in that both undergo a late, secondary surge in histogenesis
in the early postnatal period in rodents, which is equivalent to the
third trimester of pregnancy in humans (Bayer et al., 1993; Clancy,
Darlington, & Finlay, 2001). This period of development, character-
ized as the brain growth spurt, includes a number of critical matu-
ration events, such as a late phase of neurogenesis, cell migration,
and synaptogenesis, as well as oligodendrocyte maturation and my-
elination, all of which may be altered by EtOH exposure (Camarillo
& Miranda, 2008; Rice & Barone, 2000; Santillano et al.,, 2005;
Wilhelm & Guizzetti, 2015).

Rodent studies have shown that EtOH exposure during this early
postnatal, third-trimester-equivalent period results in decreased
cerebellar volume and Purkinje cell number and a delay in cellular
development (Goodlett & Johnson, 1997; Napper & West, 1995),
which is believed to contribute to motor function impairments, as
well as cerebellum-dependent learning and memory deficits (Diaz
et al., 2014; Klintsova et al., 2002; Wagner et al., 2013). Early post-
natal EtOH exposure to the hippocampus resulted in reduced hip-
pocampal volume as well as loss of CA1, CA2, and CA3 pyramidal
cells, along with a reduction in dentate gyrus granule cells (Barnes
& Walker, 1981; Livy et al., 2003; West, Hamre, & Cassell, 1986).
EtOH effects on the developing hippocampus were associated
with hippocampal-dependent learning and memory deficits in
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these animal models of FASD (Bonthius & West, 1991; Goodlett &
Johnson, 1997; Zucca & Valenzuela, 2010).

Despite the importance of cerebellar and hippocampal pathol-
ogy to the etiology of FASD, the mechanisms resulting in EtOH-
induced neuropathology in these late-maturing brain regions are
poorly understood. Therefore, in this study, we used a postnatal
mouse model of third-trimester-equivalent EtOH exposure, fol-
lowed by transcriptome sequencing and bioinformatic approaches
to further identify pathogenic mechanisms. We report here that
postnatal EtOH exposure both increased expression and decreased
expression of genes in hippocampus and cerebellum. The hippocam-
pus and cerebellum responded differentially to EtOH exposure, with
pathways associated with cell cycle progression, Sonic Hedgehog,
and cholesterol biosynthesis altered in the hippocampus while
translation-associated pathways were altered in the cerebellum. The
expression of genes associated with the S-phase of the cell cycle
in both of these brain regions was increased. EtOH exposure also
impaired the expression of genes associated with inhibitory inter-
neuron lineages in the hippocampus and genes associated with the
excitatory granule cell interneuron lineage in the cerebellum. Finally,
EtOH decreased the expression of genes associated with multiple
stages of oligodendrocyte maturation, but increased the expres-
sion of genes associated with microglia activation in the cerebellum.
Collectively, these data indicate that despite ontogenetic similarities
between hippocampus and cerebellum, the effects of developmen-
tal EtOH on these regions, with the exception of cell cycle induction,

are remarkably different.

MATERIALS AND METHODS

Animals

Mice were housed in the federally approved Division of Laboratory
Animal Medicine facility at the University of Arkansas for Medical
Sciences (UAMS), and all animal use protocols were reviewed
and approved by the UAMS Institutional Animal Care and Use
Committee. Adult C57BL/6J mice were purchased from The
Jackson Laboratory (stock #000664), and an in-house breed-
ing colony was established to produce animals for use in experi-
ments. Individually housed pregnant dams were kept on a 10:14-h
light:dark cycle, were allowed access to food and water ad libitum
for the duration of the experiments, and were checked daily for
new litters with postnatal day O (P0) being designated as the day of
birth. Experimental animals from a total of five litters were distrib-
uted among treatment groups, EtOH (E) or vehicle control (V), and
were separated according to sex as evenly as possible. On P4-9, in-
tragastric gavage was utilized to administer EtOH at 4 g/kg/day in
20% intralipid (Fresenius Kabi) or 20% intralipid in which an equal
volume of water was substituted for EtOH as a vehicle. As reported
previously, peak blood EtOH concentrations using this model were
401 £ 16 (mean £ SD) mg/dl, at 90 min following EtOH adminis-
tration (Drew et al., 2015). While these BECS are high, this EtOH
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of FASD and importantly recapitulates much of the neuropathol-
ogy observed in humans with FASD (Petrelli, Weinberg, & Hicks,
2018). Moreover, it should be noted that mice metabolize EtOH
rapidly following gastric delivery, with a mean rate of elimination
that is approximately five times higher than that observed for rats
(Livy, Parnell, & West, 2003), another commonly used FASD model.
Therefore, the functional effects of EtOH exposure are likely to be
moderated in mice by rapid metabolism and elimination. Moreover,
the literature documents that in humans, similar or significantly
higher BECs can be attained and are well-tolerated, at least among
persons with chronic alcohol use disorders (Adachi et al., 1991),
who are likely, as a group, to contribute substantially to the preva-
lence of FASD. Additionally, we previously demonstrated that no
differences were observed in analogous endpoints in handled-only
animals, and thus, this control population was not included in this
study (Drew et al., 2015; Kane et al., 2011). On P10, 24 h following
the last E or V treatment, animals were anesthetized using isoflu-
rane vapor followed by transcardial perfusion with phosphate-
buffered saline containing 5 U/ml heparin. The brain was removed,
and the hippocampus and cerebellum were microdissected, flash-

frozen in liquid nitrogen, and stored at -80°C.

Isolation of RNA, RNA-seq library
preparation, and sequencing

Hippocampus and cerebellum were homogenized according to man-
ufacturer specification using a BBX24B Bullet Blender homogenizer
and 0.5-mm glass beads (Next Advance). RNA was isolated using
the RNeasy Mini Kit plus on-column DNase Removal Kit (Qiagen).
RNA quantity was assessed using the Qubit 3.0 fluorometer with
the Qubit Broad-Range RNA Assay Kit (Thermo Fisher Scientific),
and an Agilent Fragment Analyzer with the Standard Sensitivity RNA
Gel Kit (Agilent Technologies) was used to assess RNA quality. All
samples had an RNA Quality No. 28.9 (Mean 9.7, Median 10.0). RNA-
seq libraries were prepared using the Illumina TruSeq mRNA Library
Prep Kit with TruSeq unique dual-indexed adapters (lllumina) and
were quantified with the Qubit 1x dsDNA High-Sensitivity NGS Gel
Kit (Thermo Fisher). Libraries were further characterized for func-
tionality with the KAPA Library Quantification Kit (Roche) and for
fragment size using the Agilent Fragment Analyzer with the High-
Sensitivity NGS Gel Kit (Agilent). Library molarities were calculated
followed by dilution and denaturation all according to manufactur-
er's specification for clustering. From the five litters treated, an ini-
tial set of three males (M) and two females (F) per treatment group
were randomly selected for downstream analysis and a supplemen-
tal set of 1 M and 1 F per treatment group were taken from the same
cohort of five litters for additional analysis (Litter 1, 1M/2F; Litter
2, 3M/1F; Litter 3, 1M/2F; Litter 4, 2M; and Litter 5, 1M/1F). The
initial set of n = 5 vehicle and 5 EtOH-exposed were clustered on a
cBot and paired-end sequenced on a HiSeq 3000 with a 150-cycle
SBS kit for 2X75 reads. A supplemental set of n = 2 vehicle and 2

EtOH-exposed were clustered on a high-output NextSeq 500 flow
cell and paired-end sequenced with a 150-cycle SBS kit for 2X75
reads (Illumina). All data are deposited in NCBI GEO (GEO accession
number GSE166196).

Bioinformatic analysis

Raw RNA-sequence data were analyzed to identify significant
differences in gene expression between the V and E treatment
groups, sex-dependent expression differences between these
treatment groups, and the global biological pathways associ-
ated with disruption of these hippocampal and cerebellar genes.
All reads were evaluated and trimmed of all adapter sequences
and low-quality bases using Trimmomatic read trimmer (Bolger,
Lohse, & Usadel, 2014). Using Trimmomatic and the correspond-
ing adapter sequence file for Illumina, reads were scanned with
a sliding window of 5, cutting when the average quality per base
drops below 20, then trimming reads at the beginning and end if
base quality drops below 25, and finally dropping reads if the read
length is less than 35. Reads were then mapped to the Mus muscu-
lus (mm10) genome assembly. Read mapping was performed using
HISAT2 genomic analysis software platform version 2.1.0 (Kim,
Langmead, & Salzberg, 2015). Transcript-wise counts were gener-
ated using HTSeq (Anders, Pyl, & Huber, 2014). Differential gene
expression tests were then performed using DESeq2 software ver-
sion 2.1.8.3 following the guidelines recommended by Love and
colleagues (Love, Huber, & Anders, 2014) using a sex x treatment
experimental design. Batch correction was conducted in “R” statis-
tical software using 2-way ANOVA by including batch as a source
of potential error. 20,590 genes had at least 1 read count in at least
1 sample and were processed for differential expression analysis
using the regularized logs of normalized gene counts derived from
DESeq2. Gene expression differences were considered signifi-
cant at a Benjamini-Hochberg (BH)-adjusted p-value threshold of
o = 0.05. We did observe a few genes whose expression was sex-
dependent, when controlling for the false discovery rate (see Table
S1); however, there was no significant interaction effect between
sex and treatment on differential gene expression. Therefore, our
analyses focused on main effect of treatment on differential gene
expression. All analyses were done on the Galaxy instance of the
TAMU HPRC (https://hprcgalaxy.tamu.edu/).

Heat map and Principal Component Analysis (PCA) plots were
generated from these processed data using “R” statistical software.
The R-based EnhancedVolcano package was used to make the vol-
cano plots (Blighe et al., 2020). Pathway and network analysis were
conducted using the R-based ReactomePA package (Yu & He, 2016)
and clusterProfiler (Yu et al., 2012).

To gain a better understanding of which cellular processes and
cell types of the hippocampus and cerebellum are most sensitive
to EtOH exposure during this time period, we leveraged publically
available single-cell RNA-seq (scRNA-seq) resources normally
used to determine cell cycle phase of individual cells. Others have
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reported similar analyses using cell type-specific markers obtained
from scRNA-seq studies in order to extrapolate cell composition of
tissue used in bulk RNA-seq (Jew et al., 2020). Cell cycle-associated
(S- and G2/M-phase) gene lists were extracted from the “R” Seurat
package (Stuart et al., 2019) and applied to our bulk RNA-seq
dataset. We calculated z-scores across individual genes on the ex-
tracted gene lists and then averaged these individual gene z-scores
within each sample. The average z-score of each sample was then
used in 2-way ANOVA analyses (sex x treatment) completed in “R.”
This strategy allowed us to compare relative expression of differ-
entially expressed genes (e.g., housekeeping genes are more highly
expressed than other cell type-specific genes) because our inter-
est is not in absolute expression levels but rather relative expres-
sion levels as a whole for each gene list (e.g., do all genes go up or
down due to treatment). This process was repeated for analysis of
caspase transcripts (apoptosis-related caspases, including caspase
2 (CASP2), CASP3/6/7/8/9/10 and the inflammation-related
caspases, CASP1/4/5/11/12; Shalini et al., 2015) and transcripts
for cell type-specific marker genes (Zeisel et al., 2015, 2018). In
these analyses, we observed no effect of sex and no interaction
effect between sex and treatment (see Tables S2 and S3). For this

reason, we focused on main effect of treatment.
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RESULTS

Differential gene expression in hippocampus and
cerebellum following EtOH exposure

To gain an initial overview of transcriptomic changes induced by
EtOH exposure, a PCA of the 500 most variant genes was per-
formed on samples from the hippocampus (Figure 1A) and the
cerebellum (Figure 1B) of P10 males and females. For the hip-
pocampus, gene transcripts correlating and anticorrelating in both
the first and the second principal components could distinguish
those animals exposed to vehicle versus EtOH. For the cerebel-
lum, gene transcripts correlating and anticorrelating within just
the first principal component were enough to distinguish vehicle-
versus EtOH-exposed animals. Up- and downregulated genes
were identified in both the P10 hippocampus and cerebellum that
were common to both male and female pups (i.e., sex-independent,
males n = 4/group, females n = 3/group). In the hippocampus, RNA-
seq analysis identified 728 genes were significantly differentially
regulated (B-H-adjusted p < 0.05), including 344 downregulated
genes (47.25%) and 384 upregulated genes (52.75%; Figure 1C).
In the cerebellum, RNA-seq analysis identified 316 genes were
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FIGURE 1 Differential gene expression in hippocampus and cerebellum. PCA of the top 500 genes contributing to the variance of the
dataset in the hippocampus (A) and cerebellum (B). Volcano plots of log2 fold change and -log10 p-value of all genes in the hippocampus
(C) and cerebellum (D). Significantly altered genes (adjusted p < 0.05) with a fold change greater than or equal to +0.4 are shown in red. (E)
Venn diagram of differentially expressed genes from hippocampus and cerebellum. (F) Heatmap of the log2 fold change in the union set of
differentially expressed genes from hippocampus and cerebellum. n = 4 males/treatment group, 3 females/treatment group
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significantly differentially regulated (B-H-adjusted p < 0.05), in-
cluding 205 downregulated genes (64.87%) and 111 upregulated
genes (35.13%; Figure 1D). We identified a group of 20 gene tran-
scripts that were dysregulated in both the hippocampus and the
cerebellum (Figure 1E, Venn diagram) and, 90% (18 out of 20) were
dysregulated in a similar direction. Pathway analysis of these 18
genes identified a significantly associated network of “posttrans-
lational modification, nucleic acid metabolism, small molecule bio-
chemistry” (IPA score 55). Only 2 genes (Cmtm3 and Cpne2) were
dysregulated in opposite directions (Figure 1F, union heatmap) in
hippocampus and cerebellum.

Clustering and functional profiling of genes
differentially regulated by EtOH exposure

Next, hierarchical clustering analysis using Pearson correlation was
conducted on those genes that were identified as significant, con-
trolling for false discovery rate, hippocampus (Figure 2A), and cer-
ebellum (Figure 3A). While pathway analysis using ReactomePA was
unable to identify any significant networks associated with down-
regulated genes, a number of significant pathways were identified
among the upregulated genes in both hippocampus and cerebellum.

In the hippocampus, pathways associated with the G2/M-phase
progression, Sonic Hedgehog, and cholesterol biosynthesis were sig-
nificantly overrepresented among upregulated genes (Figure 2B). In
contrast, pathway analysis of upregulated genes in the cerebellum
identified processes associated with ribosomal biogenesis and protein
translation (Figure 3B). To provide greater detail, including individual
genes composing the pathways described above in Figures 2B and 3B,
additional network analyses were conducted as described in Methods,
which not only depict the individual genes that contribute to pathways
shown in Figures 2B and 3B but also reveal the overlap between path-
ways. These network analyses are included in supplementary data
(Figures S1 and S2).

EtOH exposure alters genes associated with
cell cycle progression but not apoptosis in the
hippocampus and cerebellum

Given that developmental EtOH exposure is known to perturb cell
cycle progression (Anthony et al., 2008; Santillano et al., 2005), we
next sought to determine whether genes associated with different
phases of the cell cycle were altered. We extracted gene lists associ-
ated with S-phase as well as G2/M-phase of the cell cycle from the
Seurat package in R. A 2-way ANOVA, comparing the averages of
z-scores across all relevant genes, showed a significant increase in
the expression of genes associated with S-phase in both hippocam-
pus, F (1, 10) = 20.213, p = 0.00115 (Figure 4A), and cerebellum,
F (1, 10) = 7.144, p = 0.0234 (Figure 4B), of EtOH -exposed pups
compared with vehicle control, independent of sex. However, there
was no change in gene expression associated with G2/M-phase

in the hippocampus, F (1, 10) = 0.007, p = 0.934 (Figure 4C), and
only a trend toward an effect of EtOH exposure in the cerebellum,
F (1, 10) = 4.165, p = 0.0685 (Figure 4D), suggesting an exposure-
associated accumulation of cells in the S-phase either as a result
of an arrest at the S/G2 checkpoint or due to premature entry into
S-phase.

Next, regulation of the different phases of the cell cycle was
examined in greater detail. Gene lists associated with positive and
negative regulation of G1-S transition, S-phase progression, and
G2-M-phase transition were extracted from the Mouse Genome
Database Gene Ontology Browser (Bult et al., 2019). For the hip-
pocampus, there was an increase in gene transcripts for proteins
required for S-phase function (e.g., DNA replication and centro-
some duplication), F (1, 10) = 17.054, p = 0.00205 (Figure 5C).
Additionally, there was an increase in genes associated with G2-
M-phase transition, for both positive, F (1, 10) = 5.894, p = 0.0356
(Figure 5E), and negative, F (1, 10) = 12.046, p = 0.00601
(Figure 5F), regulators of phase transition. However, there were
no alterations in the hippocampus in genes associated with pos-
itive, F (1, 10) = 2.718, p = 0.130 (Figure 5A), and negative, F (1,
10) = 1.002, p = 0.340 (Figure 5B), regulation of G1-S transition
or with negative S-phase regulation, F (1, 10) = 1.378, p = 0.268
(Figure 5D). For the cerebellum, there was an increase in gene
transcripts for proteins required for S-phase, F (1, 10) = 7.096,
p = 0.0237 (Figure 6C), as well as an increase in genes associ-
ated with negative regulation of G2-M-phase transition, F (1,
10) = 8.023, p = 0.0178 (Figure 6F). There was only a trend of in-
crease in positive regulators of G2-M transition in the cerebellum,
F (1, 10) = 4.062, p = 0.0715 (Figure 6E). There was no difference
between vehicle and EtOH in genes associated with positive, F (1,
10) = 3.246, p = 0.102 (Figure 6A), and negative, F (1, 10) = 0.389,
p = 0.547 (Figure 6B), regulation of G1-S transition or with nega-
tive S-phase regulation, F (1, 10) = 0.427, p = 0.528 (Figure 6D).

To determine whether developmental EtOH exposure also po-
tentially influenced sensitization for apoptosis, we assessed the ex-
pression of gene transcripts associated with the execution phase of
apoptosis (Fulda & Debatin, 2002; von Mering et al., 2001; Sabbagh
et al., 2005), specifically the apoptosis-related caspases, including
caspase 2 (CASP2), CASP3/6/7/8/9/10 and the inflammation-related
caspases, CASP1/4/5/11/12 (Shalini et al., 2015). A 2-way ANOVA,
comparing the averages of z-scores across all gene transcripts be-
longing to these classes, showed that there was no significant
change in neither the apoptosis-related caspases, hippocampus: F (1,
10) = 1.731, p = 0.554; cerebellum: F (1, 10) = 5.497,p = 0.113, nor in
the inflammation-related caspases, hippocampus: F (1, 10) = 0.554,
p = 0.549; cerebellum: F (1, 10) = 0.608, p = 0.454.

EtOH exposure alters expression of genes associated
with interneurons in the hippocampus

Previous studies have shown that early developmental EtOH expo-
sure can reduce the number of GABAergic interneurons in the brain,
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FIGURE 2 Clustering and pathway analysis of modules in the hippocampus. (A) Heatmap depicting relative gene expression across
samples for significantly altered genes (adjusted p < 0.05). Hierarchical clustering dendrogram of identified modules in the hippocampus.
(B) Dot plot depicting pathways related to significantly altered genes (adjusted p < 0.05) in the hippocampus as revealed by ReactomePA.
n = 4 males/treatment group, 3 females/treatment group. (MV—male vehicle, FV—female vehicle, ME—male EtOH, FE—female EtOH)
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FIGURE 3 Clustering and pathway analysis of modules in the cerebellum. (A) Heatmap depicting relative gene expression across samples
for significantly altered genes (adjusted p < 0.05). Hierarchical clustering dendrogram of identified modules in the cerebellum. (B) Dot plot
depicting pathways related to significantly upregulated genes (adjusted p < 0.05) in the cerebellum as revealed by ReactomePA. n = 4 males/
treatment group, 3 females/treatment group. (MV—male vehicle, FV—female vehicle, ME—male EtOH, FE—female EtOH)
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FIGURE 4 Cell cycle analysis-associated genes in hippocampus and cerebellum. Quantification by average z-score of S-phase-associated
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including the hippocampus (Bird et al., 2018; Madden et al., 2020;
Smiley et al., 2015). Because the interneuron population of the hip-
pocampus is diverse (Maccaferri & Lacaille, 2003), we sought to
determine whether EtOH exposure preferentially targets a specific
subgroup of interneurons. To this end, we assessed publicly available
single-cell RNA-seq (scRNA-seq) data (Zeisel et al., 2018) for gene
expression patterns that defined hippocampal inhibitory interneuron
subpopulations (basket and bistratified cells, hippocamposeptal cells,
cholecystokinin (CCK) interneurons, interneuron-selective interneu-
rons, medial ganglionic eminence (MGE)-derived, and CGE-derived
neurogliaform cells). Multivariate analysis (by MANOVA) did not
identify a global effect of EtOH on hippocampal interneurons, Pillai's
trace statistic, F (1, 10) = 2.927, p = 0.129. However, univariate analy-
sis did uncover a main effect of treatment, that is, that EtOH resulted
inan overall decrease in the expression of genes associated with spe-
cific interneuron subpopulations, including basket and bistratified
cells, F (1, 10) = 17.098, p-adj = 0.006 (Figure 7A), hippocamposeptal
cells, F (1, 10) = 6.952, p-adj = 0.0373 (Figure 7B), CCK interneurons,
F (1, 10) = 5.610, p-adj = 0.0406 (Figure 7C), interneuron-selective
interneurons, F (1, 10) = 20.657, p-adj = 0.00608 (Figure 7D), and
both MGE-derived, F (1, 10) = 7.082, p-adj = 0.0373 (Figure 7E),
and CGE-derived, F (1, 10) = 5.527, p-adj = 0.04057 (Figure 7F),

neurogliaform cells. In contrast, there were no significant changes
in these inhibitory interneuron-associated genes in the cerebellum,
potentially indicating that inhibitory interneuron subpopulations of
the cerebellum are more resistant to EtOH exposure during this de-
velopmental window.

We also examined gene expression profiles that defined the ex-
citatory class of granule cell interneurons in the hippocampus and
the cerebellum. In the cerebellum, we observed a significant de-
crease in transcripts associated with granule cell interneurons, F (1,
10) = 8.348, p = 0.0161 (Figure 8A). However, we did not see a similar
effect in the hippocampal granule cell interneurons, F (1, 10) = 0.607,
p = 0.454 (Figure 8B), further suggesting that interneuron subpopu-
lations are affected differently across brain regions.

EtOH exposure alters expression of genes associated
with oligodendrocyte and microglia lineages
in the cerebellum

Developmental EtOH exposure is documented to result in delayed
expression of myelin basic protein (MBP; Chiappelli et al., 1991) and
altered oligodendrocyte morphology and myelination (Dalitz et al.,
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G2-M transition-negative regulators (F) in the hippocampus. Individual genes were z-scored across samples, and then, average z-score for
each sample was calculated and used for analysis. n = 7; *, main effect of treatment, *p < 0.05, **p < 0.0.01

2008) that may ultimately result in decreased cerebellar white matter
(Archibald et al., 2001b). Additionally, a brain growth spurt occurs in
rodents at approximately P9 (equivalent to late gestation in humans),
that is, due, in part, to the genesis of oligodendrocyte precursors,
their maturation into oligodendrocytes, and subsequently, initia-
tion of myelination (Archibald et al., 2001b). To determine whether
EtOH exposure during this time period influenced the progression
of this growth spurt, we used publicly available scRNA-seq data
(Zeisel et al., 2018), to identify gene expression patterns that defined
stages of oligodendrocyte maturation. Utilizing these stage-selective
gene expression patterns, we observed a main effect of treatment
exemplified by a decrease in gene transcripts associated with com-
mitted oligodendrocyte precursors (COPs), F (1, 10) = 29.019, p-
adj = 0.00051 (Figure 9A), newly formed oligodendrocytes (NFOLs), F
(1,10) = 31.278, p-adj = 0.00051 (Figure 9B), myelin-forming oligoden-
drocytes (MFOLs), F (1, 10) = 32.076, p-adj = 0.00051 (Figure 9C), and
mature oligodendrocytes (MOLs), F (1, 10) = 24.853, p-adj = 0.00069
(Figure 9D), but no change in oligodendrocyte precursors (OPCs), F (1,
10) = 2.112, p-adj = 0.1768 (Figure 9E). Moreover, MANOVA revealed
a global effect of EtOH exposure on the oligodendrocyte lineage,
Pillai's trace statistic, F (1, 10) = 13.227, p = 0.00343. This suggests

that the majority of stages of oligodendrocyte maturation are inhib-
ited by EtOH exposure within the cerebellum. Additionally, as would
be predicted from the loss of maturing oligodendrocyte populations,
we observed a significant decrease in the expression of positive
regulators of myelination as well as significantly decreased expres-
sion in myelination genes within the cerebellum (Table 1; Bult et al.,
2019). There were also indications of the oligodendrocyte lineage
being negatively impacted in the hippocampus, but at fewer stages
of maturation, COPs- F (1, 10) = 11.080, p-adj = 0.0191; NFOLs- F (1,
10) = 13.857, p-adj = 0.0191.

Developmental EtOH exposure is also associated with in-
creased microglia activation in the developing brain, including
the cerebellum (Drew et al., 2015). We therefore examined the
expression of genes associated with microglia as identified in a
single-cell RNA-seq study (Zeisel et al., 2015). In both male and
female cerebella, EtOH exposure resulted in an increase in the
expression of genes associated with microglia, F (1, 10) = 8.505,
p = 0.0154 (Figure 9F). In addition, our transcriptomic analysis
demonstrated that EtOH significantly decreased the expression
of astrocyte-related genes in the hippocampus, F (1, 10) = 18.597,
p = 0.0138 (Table S2).
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each sample was calculated and used for analysis. n = 7; *, main effect of treatment, *p < 0.05, Tp <0.10

DISCUSSION

Both the cerebellum and the hippocampus share a secondary and de-
layed wave of neurogenesis that results in the formation of granule
cell interneurons. We examined the effects of EtOH exposure during
this neurogenic wave, with the expectation that we would identify
invariant, region-independent mechanisms for EtOH teratogenesis.
We did observe that EtOH exposure resulted in an overall transcrip-
tomic pressure in both regions, toward increased accumulation of
cells in S-phase of cell cycle, consistent with previous observations
(Li, Miller, & Luo, 2002; Santillano et al., 2005). It is likely that a signifi-
cant increase in S-phase-associated genes reflects the synchronized
behavior of a preponderance of the constituent cells within cerebellar
and hippocampal tissue, reflecting an increase in S-phase cells for the
tissues as a whole. Granule cells are the most likely contributors to
this, being the most numerous cell type and undergoing proliferation
at this stage (Herculano-Houzel, Mota, & Lent, 2006), though further
more nuanced studies would need to be completed to confirm this
hypothesis. Additionally, in cerebellum, there was also an increase
in G2/M-phase gene expression. However, in both cerebellum and
hippocampus, there was no significant change in the expression of

caspase transcripts, suggesting sensitization for apoptosis is not a
significant feature of the persistent teratogenic response to EtOH in
these regions, though it may indeed be a part of the acute response
(McAlhany, West, & Miranda, 2000; Qi et al., 2014).

Regional differences in response, however, greatly outweighed
similarities. Out of the approximately 1000 gene transcripts that
were significantly regulated across both brain regions, less than
0.02% were shared in common. Not surprisingly, while Ephrin, Rho-
GTPase, and microtubule organization pathways were dysregulated
in hippocampus, pathways such as ribosome biogenesis and protein
translation initiation were upregulated by EtOH in the cerebellum.
Interestingly, our observation that EtOH upregulated hippocampal
ribosome biogenic pathways stands in contrast with previous re-
ports that at least immediately following exposure, EtOH decreased
transcripts associated with ribosomal biogenesis (Berres et al., 2017;
Downing et al., 2012; Garic, Berres, & Smith, 2014; Green et al,,
2007). Our data suggest that the acute phase of suppression may be
followed by a rebound activation of pathways that support protein
synthesis.

Other important findings were that interneuron subtype-related
gene expression profiles were broadly inhibited in hippocampus,
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FIGURE 7 Downregulation of inhibitory interneuron-associated genes in the hippocampus. Plot depicting relative expression of genes
associated with different inhibitory interneuron subtypes in the hippocampus. Basket and bistratified cells (A), interneuron-selective
interneurons (B), hippocamposeptal cells (C), MGE-derived neurogliaform (D), CCK interneuron (E), and CGE-derived neurogliaform (F).
Individual genes were z-scored across samples, and then, average z-score for each sample was calculated and used for analysis. Shown are
values for each individual gene and then the average z-score at the bottom. n = 7; *, main effect of treatment, *p < 0.05, **p < 0.01.

while cerebellar inhibitory interneuron gene expression was largely
unaffected, though in the case of the cerebellum, excitatory granule
cell interneuron gene expression was significantly reduced. In con-
trast, the EtOH-exposed cerebellum exhibited a more pronounced
decrease in transcripts associated with multiple stages of oligoden-
drocyte genesis and maturation and myelin generation compared
with the hippocampus where changes were present yet more subtle.
Therefore, the transcriptomic effects and presumptive cell type tar-
gets of EtOH exposure in hippocampus and cerebellum are substan-
tially different.

Numerous animal models have shown that interneurons are sen-
sitive to EtOH in various brain regions, including the striatum, medial
prefrontal cortex, cerebral cortex, orbitofrontal cortex, and hippo-
campus (Bird et al., 2018; De Giorgio et al., 2012; Hamilton et al.,
2017; Kenton et al., 2020; Madden et al., 2020; Sadrian et al., 2014;

Saito et al., 2018; Smiley et al., 2015). Consequently, developmental
EtOH exposure has previously been characterized as resulting in “in-
terneuronopathy” (Bird et al., 2018; Madden et al., 2020; Marguet
et al., 2020; Skorput et al., 2015; Smiley et al., 2015). However, the
effects of EtOH exposure are not always inhibitory. For example,
prenatal exposure during mouse gestation has been shown to in-
crease interneuron populations in the fetal cortex, medial prefron-
tal cortex, and orbitofrontal cortex, with a hypothesized increased
migration from the medial and caudal ganglionic eminences (CGE;
Cuzon et al., 2008; Kenton et al., 2020; Skorput et al., 2015; Skorput
& Yeh, 2016). Previous studies using postnatal rodent models have
shown that EtOH does decrease interneurons in the hippocampus
(Bird et al., 2018; Madden et al., 2020; Sadrian et al., 2014), and
moreover, EtOH-treated human pluripotent stem cell-derived neu-
rons also exhibited decreased interneuron gene expression (Larsen



ALCOHOLISM

S (i

PINSON ET AL.

(A) Granular Interneuron
Associated Genes in Cerebellum

CLINIGAL & EXPERIMENTAL RESEARCH

| *
'
LG2 e ¥ F—‘—{Q‘s% .
1
STEAP2

GRM2 -*+H9+0H
i
\ Sex
SLCBAS o ¥ * o *  Female
! ® Male
'
i
e

NRG1 * e

T
= =
E

Group
. ® EtOH

® Vehicle

Gene

Avg Z-score L
2 Kl

I
I

i

0 1 2
Z-score

(B) Granular Interneuron
Associated Genes in Hippocampus

MARTRATEN

'
Sex

NRG1 ad # ® *  Female

i ® Male

'

'

i

* g *e *

'

'

'

T

'

Group
® EtOH

® Vehicle

Gene

SLCBAS5

Avg Z-score

FIGURE 8 Downregulation of excitatory granule cell interneuron-associated genes in the cerebellum with no change in hippocampus.
Plots depicting relative expression of genes associated with the granule cell interneuron subtype in the cerebellum (A) and the hippocampus
(B). Individual genes were z-scored across samples, and then, average z-score for each sample was calculated and used for analysis. Shown
are values for each individual gene and then the average z-score at the bottom. n = 7; *, main effect of treatment, *p < 0.05

et al., 2016). These studies suggest that EtOH may inhibit devel-
opmental programs for interneuron generation which is consistent
with our current study in this postnatal FASD model. However, inter-
neurons of the hippocampus are extremely heterogeneous with re-
spect to developmental origin (Bayer & Altman, 1974; Tricoire et al.,
2011), morphology (Booker & Vida, 2018), and gene expression pro-
files (Zeisel et al., 2015). To this end, we exploited the published data
on gene expression profile diversity to assess changes in cell type
representation due to EtOH exposure. This analysis resulted in a
surprising observation that EtOH inhibited gene expression patterns
across a diversity of inhibitory hippocampal interneuron types, sug-
gesting that EtOH's effects were largely nonselective. Therefore, it
was all the more surprising that identical interneuron subtype tran-
script patterns in the cerebellum were generally resistant to EtOH
exposure. The mechanisms that contribute to the resiliency of the
cerebellar inhibitory interneuron transcriptome, but the contrasting
vulnerability of the excitatory granule cells, compared to the hippo-
campus are unknown and are an important target for future investi-
gation to identify presumptive region-specific and cell type selective
neuroprotective mechanisms.

Regardless of mechanism mediating region-specific sensitivity
of interneuron populations, a perturbation in the maturation of hip-
pocampal interneurons is likely to have significant repercussions on
neurite growth (Groc et al., 2002) and synapse maturation (Colin-Le
Brun et al., 2004; Lauri et al., 2003). For example, spontaneous net-
work activity driven by interneurons has been shown to play an im-
portant role in these processes, and EtOH exposure has been shown
to disrupt this activity within interneurons (Galindo et al., 2005).
Perturbation in interneuron maturation may also explain the emer-

gence of deficits in hippocampal-dependent learning and memory,

such as those observed in animal models of FASD (Bonthius & West,
1991; Goodlett & Johnson, 1997; Zucca & Valenzuela, 2010).
Another key finding in our current study was that EtOH expo-
sure in the cerebellum broadly inhibited gene transcripts associated
with multiple stages of oligodendrocyte genesis and maturation as
well as transcripts associated with myelination. In humans, oligo-
dendrocyte maturation occurs primarily during late gestation and
throughout the first two decades of life, and in rodents, oligoden-
drocyte maturation occurs primarily during the first two postna-
tal weeks (Dobbing & Sands, 1979; Lebel et al., 2008). Disruptions
to, or delays in, myelination in the developing brain may result in
deficient neuronal transmission, thereby contributing to neurocir-
cuitry and behavioral dysfunctions associated with FASD (Guizzetti
et al., 2014). Imaging studies of individuals with FASD have shown
widespread abnormalities in white matter, suggesting that myelin-
ation and oligodendrocytes are particularly vulnerable to prenatal
alcohol exposure (Wozniak, Riley, & Charness, 2019). White matter
abnormalities in the cerebellum, for example, occur in children with
FASD, and these abnormalities persist in adolescents and adults
(Archibald et al., 2001a; Fan et al., 2015; Li et al., 2009; Ma et al.,
2005; Mattson et al., 1992; Riley & McGee, 2005; Sowell et al.,
2008; Treit et al., 2013; Wozniak & Muetzel, 2011). Early postna-
tal EtOH exposure in rats resulted in decreased cerebellar levels
of MBP and MAG which are produced by MOLs, and this outcome
persisted in adults (Zoeller et al., 1994). EtOH also decreased MBP
expression and increased apoptosis in the rat cerebellum, which
was potentiated in animals derived from iron-deficient dams and
associated with impaired eyeblink conditioning, a cerebellum-
dependent learning task (Rufer et al., 2012). Third-trimester EtOH
exposure in macaque monkeys resulted in increased apoptosis of
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FIGURE 9 Downregulation of oligodendrocyte lineage-associated genes and upregulation of microglia-associated genes in the
cerebellum. Plot depicting relative expression of genes associated with cell types of the oligodendrocyte lineage in the cerebellum. COPs
(A), NFOLs (B), MFOLs (C), MOLs (D), and (OPCs) (E). (F) Plot depicting relative expression of microglia-associated genes in the cerebellum.
Individual genes were z-scored across samples, and then, average z-score for each sample was calculated and used for analysis. Shown are
values for each individual caspase and then the average z-score at the bottom. n = 7; *, main effect of treatment, *p < 0.05, ***p < 0.001

oligodendrocytes (Creeley et al., 2013), and in the rat, EtOH expo-

sure during the first two postnatal weeks resulted in a transient loss

of corpus callosal oligodendrocytes and oligodendrocyte progenitor

cells (Newville et al., 2017). In the current study, we demonstrated

in the cerebellum that EtOH decreased the expression of gene tran-
scripts associated with OPCs, NFOLs, MFOLs, and MOLs, but in

contrast to the above study, not oligodendrocyte progenitor cells.

These observations are novel not only because the effects of EtOH

on different stages of oligodendrogliosis in FASD are largely un-

studied, but also because our data suggest region-specific patterns

of vulnerability that appear to somewhat spare the hippocampus. It

was surprising that though the hippocampus expressed an equiv-

alent complement of oligodendrocyte-stage-specific gene tran-

scripts as the cerebellum, hippocampal levels were less affected by

EtOH exposure in this model. The basis for the differential effects

of EtOH on oligodendrocyte linage cells in the developing cerebel-

lum and hippocampus is unclear, yet intriguing. Myelination in the

cerebellum occurs slightly earlier during development than in the
hippocampus (van Tilborg et al., 2018). It is possible that EtOH dif-

ferentially affects oligodendrocyte linage cells or oligodendrocyte

development in these brain regions due to subtle regional differ-

ences in maturation stage during EtOH exposure in our postnatal

model of FASD. Again, the source of region-specific vulnerability

and resilience is poorly understood and warrants further study,

since loss of white matter is often documented in human imaging
studies in individuals with FASD (Fan et al., 2016; Sowell et al.,

2008).

Collectively, our data suggest that two brain regions which

uniquely share a delayed neurogenic period nevertheless respond

quite differently to EtOH exposure during this period. While
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TABLE 1 Genesinvolved in the regulation of myelination
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FDR
Gene Fold change (Log2) p-value
Positive regulators of myelination
Trf -0.58955 0.022591
Tppp -0.43892 0.026530
MAG -0.43054 0.030783
Sox10 -0.41878 0.034345
Myrf -0.37515 0.045173
Zfp488 -0.32747 0.042248
Myelination genes
Nkx6-2 -0.54354 0.024454
Gal3stl -0.48336 0.034067
Ugt8a -0.46222 0.022591
PIP1 -0.45690 0.035326
MOG -0.45066 0.027676
CNP -0.44373 0.028693
MBP -0.43751 0.040057
Tspan2 -0.38537 0.042478
Bcasl -0.35468 0.022243
Arhgef10 -0.33719 0.015223
Mal -0.31933 0.045683
Olig2 -0.31083 0.048980
Jam3 -0.26620 0.042762
Mal2 -0.22890 0.042029
Adgrgé 0.44743 0.027274

Abbreviations: FDR, false discovery rate. Genes were selected based
on FDR-corrected p-value < 0.05. Gene lists were obtained from the
Mouse Genome Database (Bult et al., 2019).

increased expression of S-phase-associated genes was identified
in both hippocampus and cerebellum, there was otherwise virtu-
ally no overlap in either molecular pathways or cell type-specific
patterns of vulnerability. An analysis of the reasons, why the in-
hibitory interneuron transcriptome was vulnerable to EtOH in the
hippocampus, whereas the transcriptome for oligodendrocyte
lineages was vulnerable in cerebellum, may provide clues to the
presence of both resilience and risk factors in each of these brain
regions that contribute to selective vulnerability to a common
teratogen.
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