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Abstract  
Major developmental events occurring in the hippocampus during the third trimester of human 
gestation and neonatally in altricial rodents include rapid and synchronized dendritic arborization 
and astrocyte proliferation and maturation. We tested the hypothesis that signals sent by 
developing astrocytes to developing neurons modulate dendritic development in vivo. We 
altered neuronal development by neonatal (third trimester-equivalent) ethanol exposure in mice; 
this treatment increased dendritic arborization in hippocampal pyramidal neurons. We next 
assessed concurrent changes in the mouse astrocyte translatome by translating ribosomal 
affinity purification (TRAP)-seq. We followed up on ethanol-inhibition of astrocyte Chpf2 and 
Chsy1 gene translation because these genes encode for biosynthetic enzymes of chondroitin 
sulfate glycosaminoglycan (CS-GAG) chains (extracellular matrix components that inhibit 
neuronal development and plasticity) and have not been explored before for their roles in 
dendritic arborization. We report that Chpf2 and Chsy1 are enriched in astrocytes and their 
translation is inhibited by ethanol, which also reduces the levels of CS-GAGs measured by 
Liquid Chromatography/Mass Spectrometry. Finally, astrocyte-conditioned medium derived from 
Chfp2-silenced astrocytes increased neurite branching of hippocampal neurons in vitro. These 
results demonstrate that CS-GAG biosynthetic enzymes in astrocytes regulates dendritic 
arborization in developing neurons. 
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Introduction 
 Neurodevelopment is highly dynamic and ontogenic processes are tightly regulated in their 
inception and termination (1, 2). The neonatal period between birth and post-natal day (PD) 7 
(mice) or PD 9 (rats) corresponds to the third trimester of human gestation with regards to brain 
development and is characterized by the rapid and synchronized growth of the dendritic arbor of 
pyramidal neurons and the proliferation and maturation of astrocytes in the cortex and 
hippocampus (3, 4). Astrocytes have been identified as playing key roles in neurodevelopment 
and neurodevelopmental disorders (4-7). However, the understanding of the contribution of 
astrocytes to dendritic development in vivo is limited. 
 To test the hypothesis that immature astrocytes send signals to immature neurons that 
modulate the development of the dendrites during the first postnatal week in mice in vivo, we 
altered the normal development of the dendritic arbor by exposing mice to a developmental 
neurotoxicant, ethanol, during the first post-natal week. The mouse model used in this study 
mimics prenatal alcohol exposure (PE) during the third trimester-equivalent of human gestation. 
In humans, prenatal ethanol exposure (PE) causes Fetal Alcohol Spectrum Disorders (FASDs), 
a cause of lifelong functional disabilities including cognitive and behavioral impairment 
associated with psychiatric comorbidities (8). The prevalence of FASD is estimated to be 1-5% 
in the United States (9-11), though FASD prevalence can be 10- to 40-times higher in certain 
subpopulations (12). While FASDs are estimated to be as prevalent as autism spectrum 
disorder, they are often under- or mis-diagnosed (8). Clinical and preclinical studies indicate that 
neuronal plasticity and connectivity in the hippocampus are affected by in utero ethanol 
exposure, and that these alterations may play a role in FASD central nervous system 
dysfunction (13-15). Children with PE have deficits in hippocampus-mediated processes (16, 
17) and altered hippocampal connectivity has been reported in humans and animal models (18-
20). Preclinical studies have also identified alterations in hippocampus-dependent behaviors 
following developmental ethanol exposure (21-23). Here we found that the exposure to ethanol 
vapor between PD2 and PD7 increased the arborization of CA1 pyramidal neurons.  

We next characterized perturbations in the astrocyte translatome by ethanol vapor using the 
translating ribosomal affinity purification (TRAP) approach in Aldh1l1-EGFP/Rpl10a mice (24, 
25) to identify mechanistic leads on astrocyte factors that modulate the increase in dendritic 
development observed after ethanol exposure. We characterized changes in gene translation 
related to functions that are both astrocyte-specific as well as non-astrocyte-specific but altered 
selectively in astrocytes. 

Chondroitin sulfate glycosaminoglycans (CS-GAGs) are major components of the brain 
extracellular matrix (ECM). These sugar chains are inhibitors of neuronal development and are 
key to proper dendrite and axonal growth and arborization and are also key components of 
perineuronal nets, which restrict plasticity and stabilize synapses, though at the developmental 
stage investigated in this study perineuronal nets have not developed yet (26). From the 
translatome analysis we found that translation of Chpf2 and Chsy1, two enzymes involved in the 
biosynthesis of CS-GAGs, are downregulated by ethanol exposure in astrocytes. Following up 
on this observation, we found that neonatal exposure decreased hippocampal CS-GAG 
disaccharide levels and that hippocampal pyramidal neurons cultured with astrocyte-conditioned 
medium (ACM) prepared from astrocyte cultures in which Chpf2 was silenced extended longer 
minor neurites and increased the branching and complexity of the neurites.  

In conclusion, we identified an astrocyte-mediated mechanism of dendritic development of 
CA1 pyramidal neurons involving the regulation of CS-GAG biosynthetic enzymes. Alteration in 
the expression of these enzymes may play a role in the disruption of proper dendritic 
development in FASD and, possibly, other neurodevelopmental disorders. 

 
Results 
Neonatal ethanol exposure increases dendritic arborization of mouse CA1 pyramidal 
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hippocampal neurons. 
 To investigate astrocyte-mediated mechanisms of dendrite development, we altered normal 
dendritic development of CA1 pyramidal neurons with ethanol. We find that neonatal ethanol 
exposure increased complexity, the sum of terminal orders, the length, the number of ends and 
the number of nodes in apical dendrites determined by Golgi-Cox staining followed by 
morphometric analysis (Figure 1). In basal dendrites, ethanol increased complexity, the 
maximal terminal distance, the sum of terminal orders, the total basal dendrite length, the 
average basal dendrite length, the number of ends and the number of nodes (Figure 2). 
Representative neuron tracings from male and female PD7 mice after air (control) or ethanol 
vapor exposure are shown in Figure 1A. 
 At this developmental stage dendritic spines are sparse and immature (27); dendritic spine 
density in secondary branches of apical dendrites was not affected by ethanol exposure when 
spine density was normalized to the length of the dendrite segment (Figure 3A). However, 
spine density was increased in the ethanol exposed animals relative to controls when 
normalized to both length and diameter (Figure 3B); as the diameters of the dendrites were 
smaller in ethanol exposed animals (Figure 3C). Representative 100x images of dendrite 
segments showing dendrite thickness and dendritic spines are show in Figure 3D. Together, 
these results indicate that neonatal ethanol increased dendritic arborization and induced the 
thinning of the dendrites. 
 
Effect of neonatal ethanol exposure on the astrocyte translatome.  
 Aldh1l1-EGFP/Rpl10a mice expressing an EGFP-Rpl10a ribosomal transgene targeted to 
cells expressing Aldh1l1 (a specific astrocyte marker) was used to evaluate changes in 
astrocyte ribosome-associated actively translating RNA by the TRAP method (24, 25). The 
TRAP procedure on the hippocampus from PD7 Aldh1l1-EGFP/Rpl10a mice resulted in a 6- to 
7-fold enrichment in RNA levels of astrocytic markers and 3- to 6-fold depletion in RNA levels of 
neuronal, microglia, and oligodendrocyte markers, when compared to the input by qRT-PCR 
(Figure 4A).  
 The hippocampi from 12 control pups (6 males and 6 females) and 12 pups exposed to 
ethanol vapor (6 males and 6 females), one male and one female pup per litter, underwent the 
TRAP procedure followed by RNA sequencing (TRAP-seq). We additionally sequenced the 
respective input samples, consisting of aliquots of RNA taken before TRAP pull-down (RNA-
seq). (Figure 4B; schematic of experimental design). There were no significant differences in 
body weights of PD7 male and female mice or between air control and ethanol exposed mice, 
and there were no significant differences in BACs between male and female mice (Table 1).   
 The RNA from TRAP and input samples had RNA Integrity Numbers (RIN) ranging between 
8.8 and 10 (Suppl. Table 1). Suppl. Figure 1 shows that RNA yield after pull-down (A), EGFP 
astrocyte translation (B) and expression (input; C), and Rpl10a normalized counts from TRAP-
seq (D) and RNA-seq (E) analyses did not differ across sexes or treatments indicating that the 
TRAP method is not biased by sex or neonatal ethanol treatments. 
 The comparison of the TRAP-seq results from the hippocampi of ethanol vapor-exposed 
pups vs air-exposed pups resulted in 1,574 astrocyte differentially translated (DT) genes, of 
which 1,026 genes (65%) were upregulated and 548 genes (35%) were downregulated. In the 
input fraction 932 genes were differentially expressed (DE); 607 of which (65%) were 
upregulated, and 323 (35%) were downregulated. Moreover, we found that 303 genes were 
upregulated in both TRAP and input samples, 96 genes were downregulated in both TRAP and 
input samples. Venn diagrams of genes regulated (left), upregulated (center) and 
downregulated (right) by ethanol vapor in TRAP and input samples and their overlap are shown 
in Figure 4C. The complete lists of DT and DE genes are shown in Suppl. Tables 2-3.  
 DE and DT genes were analyzed for overrepresentation in gene ontology (GO) and known 
pathways. The top 30 categories significantly overrepresented in EnrichR pathway analysis of 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted August 22, 2024. ; https://doi.org/10.1101/2024.08.06.606424doi: bioRxiv preprint 

https://doi.org/10.1101/2024.08.06.606424
http://creativecommons.org/licenses/by-nc-nd/4.0/


 5 

DT genes data were dominated by terms related to ribosomal biogenesis and function and 
protein translation (Suppl. Figure 2A). In contrast, the top 30 categories of DE genes included 
several signal transduction pathways (Suppl. Figure 2B). Interestingly, there was no overlap 
between the top 30 overrepresented categories in the TRAP and in the input data sets. 
 We next ran pathway analysis separately on upregulated (Suppl. Figure 3A) and 
downregulated (Suppl. Figure 3B) DT genes. Top significant pathways in DT genes 
upregulated by ethanol include “axon guidance” and “neuronal projection”. Genes in these 
pathways include ephrin receptor B6 (Ephb6), a transmembrane protein involved in cell 
adhesion and neurite outgrowth, Slit1, encoding for a secreted protein that induces axonal and 
dendritic extension and provides axonal and dendritic guidance cues, and Col41A. Upregulation 
of these pathways, and these genes in particular, is consistent with increased dendritic 
arborization induced by ethanol. Additional significant categories in the analysis of the genes 
upregulated by ethanol include terms involved in synaptic function (Suppl. Figure 3A). While 
synaptogenesis is only beginning at this developmental stage, it is well-established that 
astrocytes express a wide array of neurotransmitter receptors and voltage-gated ion channels 
that contribute to synapse development and excitability in neurons (28-30). Pathways identified 
for DT downregulated genes include ribosome biogenesis and protein translation (Suppl. 
Figure 3B).  
 
Pathway analyses of astrocyte DT genes enriched, and non-enriched in astrocytes.  
 We next identified DT genes that were astrocyte-enriched or not astrocyte-enriched; we 
defined astrocyte enrichment as genes with higher RNA reads in the TRAP-seq samples than in 
the RNA-seq (input) samples (adjusted p <0.05 and a log2 fold change ³ 1). It is assumed that 
DT genes enriched in TRAP-seq samples are associated with astrocyte-specific functions, while 
DT genes that are non-astrocyte enriched are associated with functions also present in other 
cell types but regulated by ethanol in astrocytes. As shown in Table 2, 1,301 DT genes were 
non-astrocyte enriched (874 of these genes were upregulated and 427 downregulated). 
Pathway analysis of non-astrocyte-enriched DT genes included numerous categories related to 
protein translation and ribosome biogenesis and function (Figure 5A); most of these categories 
were also overrepresented in the analysis of down-regulated genes (Figure 5C). Pathway 
analysis of non-astrocyte-enriched upregulated genes identified several categories involved in 
the synaptic excitability of neurons, including neurotransmitter receptors and voltage-dependent 
ion channels (known to be expressed both in neurons and astrocytes), and categories related to 
the positive regulation of dendritic extension and neuronal processes (Figure 5B). We marked 
with green arrows pathways related to ribosome biogenesis and protein translation; with red 
arrows pathways related to neuronal projection and dendrite extension; and with tan arrows 
pathways related to synaptic function and excitability of neurons (Figure 5A-C). Pathway 
analyses of non-astrocyte-specific genes shown in Figure 5 largely overlap with pathway 
analyses of the entire ethanol regulated genes (Suppl Figure 2A; Suppl. Figure 3A-C), 
consistent with the fact that most of the regulated genes are not astrocyte-specific (see Table 
2).  
 Neonatal ethanol altered the translating RNA of 273 astrocyte-enriched genes (152 of these 
genes were upregulated and 121 downregulated by ethanol) (Table 2). Figure 6 shows top 
categories of astrocyte-enriched genes regulated (A), upregulated (B), and downregulated (C) 
by ethanol. Pathway analysis of astrocyte-enriched ethanol upregulated DT genes identified 
terms involved in cholesterol biosynthesis/cholesterol metabolism (blue arrows) and in cell 
adhesion/axon guidance (magenta arrows) among the top significantly overrepresented 
categories. Among the top significantly overrepresented terms in pathway analysis of 
differentially translated genes that are enriched in astrocytes and downregulated by ethanol 
were terms involving CS-GAG biosynthesis (Figure 6C; purple arrows). Complete pathway 
analyses are provided in Suppl. Table 4.  
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 From the analyses in Figures 5 and 6 and Suppl. Figure 3 it emerges that significantly 
overrepresented pathways of upregulated genes include “axon guidance”, “neuron projection”, 
“positive regulation of dendrite extension”, “focal adhesion”, and “L1CAM interaction” all of 
which are involved in cell adhesion (necessary for the growth of neuronal processes) and axon 
and dendrite development while significantly overrepresented pathways of downregulated 
genes include “chondroitin sulfate biosynthesis” and “chondroitin sulfate biosynthetic process” 
involved in the inhibition of neuronal development and plasticity (see next paragraph) which 
strongly supports the increased dendritic arborization observed in Figures 1-2. 
 
Neonatal ethanol exposure decreases levels of CS-GAG disaccharides in the rat hippocampus. 
 The overrepresented categories “Chondroitin sulfate biosynthesis” and “Chondroitin sulfate 
biosynthetic processes” marked by a purple arrow in the analysis of astrocyte-enriched genes 
downregulated by ethanol (Figure 6C) had 2 genes, Chpf2 and Chsy1, encoding for 
biosynthetic enzymes specific to chondroitin sulfate (CS) chains (31). CS-GAG chains consist of 
repeating disaccharides covalently attached to proteoglycans (PGs) and are inhibitiors of 
neuronal process development and plasticity (26). Quantitative RT-PCR confirmed that neonatal 
ethanol exposure downregulates Chpf2 and Chsy1 translation in astrocytes (Figure 7A). We 
also confirmed Chpf2 and Chsy1 expression in astrocytes by RNA-FISH (Figure 7B). Chpf2 
and Chsy1 are about 2- and 4-fold enriched in astrocytes, respectively (Figure 7C). In 
agreement with the downregulation of Chpf2 and Chsy1 by ethanol, we found decreased levels 
of total CS-GAG disaccharides, as well as decreased levels of chondroitin-4-sulfate (C4S)-, 
C6S-, and C0S-GAGs (which together represent about 99% of all total CS-GAGs in the 
neonatal hippocampus; Suppl. Figure 4) measured by LC/MS in the hippocampus of neonatal 
rats after ethanol exposure (Figure 7D-G).  
 
Hippocampal neuron neurite outgrowth is upregulated by ACM prepared from Chpf2-silenced 
astrocyte cultures. 
 Finally, we tested whether the silencing of Chfp2 in astrocytes was able to inhibit neurite 
outgrowth in hippocampal neurons in vitro. ACM prepared from astrocytes in which Chpf2 
expression was silenced increased the complexity, the number of nodes and ends, and the 
average minor neurite length (i.e., the nascent dendrites) of hippocampal neurons in culture 
compared to neurons exposed to ACM prepared from control astrocytes (Figure 8 A-D). Figure 
8E shows representative neurons in the two experimental conditions. The treatment of 
astrocytes with a specific Chpf2 SiRNA resulted in a decrease in Chfp2 expression by 95.3% 
(SEM 0.11%) as determined by qRT-PCR.  
 
Discussion 

To identify astrocyte-mediated mechanisms regulating dendritic arborization we altered the 
process of dendritic arborization at a time point in development when the rapid and 
synchronized increase in the neuronal dendritic arbor and astrocyte proliferation and maturation 
are occurring (1-3). The FASD model used in this study allowed us to characterize changes in 
astrocyte translatome during this narrow developmental window and link them to increased 
dendritic arborization.  
 In agreement with the translatome results, we found increased dendritic arborization of 
apical and basal dendritic arbors of CA1 pyramidal neurons in neonatal mice exposed to ethanol 
vapor (Figures 1,2). This dysregulation of neuronal development that alters the developmental 
trajectories was further reflected by decreased apical dendrite diameters and increased spine 
densities per dendritic area (Figure 3) following ethanol vapor exposure. During this 
developmental stage of rapid and synchronized growth of the dendritic arbor in pyramidal 
neurons of the cortex and hippocampus, alterations in both directions (i.e., hypoconnectivity and 
hyperconnectivity) of this programming lead to altered local and distal neuronal connectivity 
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associated with functional and behavioral dysfunction (32). We and others have previously 
reported that neonatal or prenatal ethanol exposure increases dendritic arborization in rats (33-
35).  
 We employed astrocyte-TRAP-seq in combination with bulk tissue RNA-seq to investigate 
changes induced selectively in astrocytes by developmental ethanol exposure that could be 
responsible for altered dendritic arborization. The higher number of genes differentially 
translated (DT genes) in astrocytes versus the number of genes differentially expressed (DE 
genes) in the bulk hippocampus demonstrates that the cell-type specific approach of the TRAP 
procedure enhances the detection of ethanol regulated genes in astrocytes partially obscured in 
the heterogeneous mixture of cell types in the bulk hippocampus (Figure 4C, Table 2).  

Astrocytes have many functions in the developing brain, some of which are common to 
other cell types, while others are specific to astrocytes. The sequencing of input samples 
together with the TRAP samples allowed us to run pathway overrepresentation analyses 
separately on genes that are enriched in astrocytes (representing astrocyte-specific functions 
altered by ethanol) and on genes that are not enriched in astrocytes (representing functions that 
are common to other cell types but are selectively altered by ethanol in astrocytes). This 
compartmentalization of pathway analyses was instrumental in bringing attention to astrocyte-
specific functions altered by ethanol.  
 Categories overrepresented in pathway analyses of astrocyte-enriched genes upregulated 
by ethanol included several terms related to cell adhesion (which is essential to dendritic 
growth) and axon and dendrite development (Figure 5B, red arrows; Figure 6A, B; magenta 
arrows); conversely, terms involved in the inhibition of neuronal development are downregulated 
(Figure 3C; purple arrows), consistent with the observed increased in dendritic arborization 
induced by ethanol. Astrocytes are major producers of brain ECM proteins (36) that can 
modulate dendritic development and the secretion of ECM proteins is known to be altered by 
ethanol (37). Astrocytes also express CAMs in their membranes that interact with homologous 
and heterologous proteins on the neuronal membrane providing the adhesion necessary for the 
growth of neuronal processes (38).   
 We followed up on the decreased translation of astrocyte-enriched Chpf2 and Chsy1, the 2 
genes included in the statistically overrepresented categories “chondroitin sulfate biosynthesis” 
and “chondroitin sulfate biosynthetic processes” (Figure 6C; purple arrows). Chpf2 and Chsy1 
encode enzymes involved in the biosynthesis of CS-GAGs, unbranched polysaccharides, 
consisting of repeating disaccharide units	(glucuronic acid and N-acetylgalactosamine) modified 
by sulfation in positions 2-, 4-, and/or 6-, covalently bound to core-protein proteoglycans (PGs) 
(39, 40). CS-PGs of the lectican family are the most abundant proteins of the CNS ECM (41). 
Lecticans are highly expressed in the developing brain where they serve as barriers to cell 
migration and to the growth of neuronal processes and are essential to the formation of the 
proper neuronal connectivity (26, 38). Astrocytes are the major producers of lecticans brevican 
and neurocan in the PD7 cortex and hippocampus of Aldh1l1-EFGP-Rpl10a mice (42) (Zhang et 
al, in preparation). Chpf2 and Chsy1 are enriched in astrocytes (consistent with astrocytes being 
the major source of CS-PG lecticans) and are downregulated by ethanol in TRAP-seq and 
TRAP-qPCR analyses (Figures 6C and 7A,B,C). We also found that CS-GAG disaccharide 
levels are reduced by ethanol in the hippocampus of neonatal rats (Figure 7D-G). In agreement 
with these findings, we also report an increase in branching (number of nodes and ends), 
complexity, and the length of minor neurites (the nascent dendrites) in hippocampal neurons 
cultured in the presence of ACM derived from astrocyte cultures in which Chpf2 expression is 
silenced (Figure 8), mechanistically linking ethanol-induced increased dendritic arborization to 
the downregulation of CS-GAG biosynthetic enzymes in astrocytes. Individuals with FASD also 
show skeletal abnormalities due to altered bone development (43, 44) and CS-GAGs are 
involved in bone mineralization (45). Therefore, the down-regulation by ethanol of CS-GAGs 
may also contribute to these peripheral abnormalities. 
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 Our translatomic results also provided several new leads for future investigations. Pathways 
“Interaction between L1-type proteins and ankyrins” and “L1CAM interactions” are dysregulated 
by ethanol in PD7 astrocytes (Suppl. Figure 2; Figure 6A,B, magenta arrows). L1-ankyrin 
signaling in FASD has been investigated in neurons at an earlier stage of development before 
astrocytes differentiate (46-50). L1 is a cell adhesion molecule (CAM) that exerts its adhesive 
properties through homophilic binding to another L1 molecule located on another cell. It is 
possible that astrocyte-neuron interactions are disrupted by developmental ethanol exposure 
through a mechanism that involves both, astrocyte and neuron L1 signaling leading to altered 
neuronal adhesion and development.  

Several overrepresented categories of genes enriched in astrocytes and regulated (Figure 
6A) or upregulated (Figure 6B) by ethanol relate to cholesterol biosynthesis (blue arrows). 
While in the mature brain oligodendrocytes are the major producers of cholesterol, at PD7 
oligodendrocyte differentiation has not started yet and astrocytes are the major producers of 
cholesterol and lipoproteins that contain cholesterol (51, 52), in agreement with the observation 
that cholesterol biosynthetic enzymes are enriched in PD7 astrocytes. Neurons produce enough 
cholesterol for their survival, but cholesterol required for axonal growth and synaptogenesis is 
provided by surrounding astrocytes (53-55). We previously reported increased cholesterol 
trafficking in astrocytes in vitro and in the cortex in vivo by ethanol (56, 57). This study further 
supports the dysregulation of cholesterol homeostasis in FASD (58); the increased efflux of 
cholesterol from astrocytes and its uptake by developing neurons could be another mechanism 
by which ethanol increases dendritic arborization. 

Pathway analysis of TRAP-seq results in non-astrocyte enriched genes revealed a strong 
overrepresentations of categories related to translation and ribosome biogenesis; the vast 
majority of these genes were downregulated (Figure 5A,B). Our results agree with a previous 
report that ribosome biogenesis and protein translation categories were overrepresented in the 
bulk hippocampus of mice neonatally exposed to ethanol (59) and identify protein translation as 
being altered by developmental ethanol exposure in astrocytes.  
 In conclusion, the analysis of the astrocyte translatome in a FASD mouse model of third-
trimester equivalent ethanol exposure identified several novel mechanistic leads by which 
ethanol affects hippocampal development that are likely to permanently alter brain connectivity 
and be involved in some of the cognitive and behavioral effects of FASD. Categories 
overrepresented in pathway analyses suggest that ethanol primarily alters mechanisms of 
astrocyte-neuron interactions involved in neuronal development. Following up on one of these 
analyses, we demonstrated that ethanol inhibits the astrocyte translation of Chpf2 and Chsy1, 
enzymes involved in the biosynthesis of inhibitory CS-GAGs, reduces the hippocampal levels of 
disaccharides forming CS-GAGs, and increases dendritic arborization in hippocampal pyramidal 
neurons. Interestingly, the silencing of Chpf2 in astrocyte cultures results in increased 
hippocampal neuron neurite outgrowth. These studies provide mechanistic evidence of changes 
in astrocytes induced by ethanol that alter neuronal developmental trajectories and identify 
astrocytes and CS-GAGs as targets for FASD therapeutics. In addition to the specific 
mechanisms explored in this study, astrocyte translatome analysis following developmental 
ethanol exposure generated numerous new leads that revealed the extent of the effects of 
ethanol on astrocytes. The consequences of altered astrocyte functions on brain development 
need to be considered when studying the pathophysiology of FASD and other 
neurodevelopmental disorders.  
 
Methods and Materials 
Animals and Neonatal Alcohol Exposure  
Hemizygous B6;FVB-Tg(Aldh1l1-EGFP/Rpl10a)JD130Htz/J (Aldh1l1-EGFP/Rpl10a) mice were 
originally created by Nathaniel Heintz (24, 25). Aldh1l1-EGFP/Rpl10a (Strain # 030247) and 
C57BL/6J mice were obtained from The Jackson Laboratory (JAX, Bar Harbor, ME;) and time-
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mated at the Portland VA. Male Aldh1l1-EGFP/Rpl10a mice were crossed with female 
C57BL/6J mice to generate time-pregnant litters for TRAP-seq and TRAP-qPCR experiments. 
Litters of Aldh1l1-EGFP/Rpl10a (TRAP experiments) or C57BL/6J (Golgi-Cox and CS-GAG 
experiments) mice were randomly assigned to either control (air) or ethanol vapor chambers 
and were exposed from PD2-PD7 between 09:00 and13:00 (4 h) each day as previously 
described (60). An interesting feature of this alcohol exposure paradigm is that pup blood 
ethanol concentrations (BECs) reach consistently high levels throughout each day of exposure 
(with little or no metabolic adaptation to ethanol), while dams undergo rapid metabolic 
adaptation and, for this reason, their BECs rapidly decrease to non-intoxicating levels and 
maternal care of ethanol-exposed litters is not affected (60). Time-mated Sprague-Dawley dams 
were purchased from Charles River. Between PD4 and PD9 Sprague-Dawley rat pups were 
administered ethanol via intragastric intubations (34). Rat pups that were given EtOH were also 
given two intubations of milk formula without EtOH at two–hour intervals starting two hours after 
the last EtOH intubation, to compensate for lack of suckling caused by inebriation; pups not 
receiving EtOH were sham-intubated at the same intervals. Intragastric intubation was done by 
inserting flexible tubing that was dipped into corn oil for lubrication into the esophagus of the 
neonatal rat as previously reported (34). Immediately following ethanol exposure, pups were 
euthanized, the hippocampi or the whole brains were dissected from each pup, and flash frozen 
in liquid nitrogen or incubated in the Golgi-Cox solutions. All animals were housed at the VA 
Portland Health Care System Veterinary Medical Unit, on a 12 h light/dark cycle at 22 ±1 °C. All 
the animal procedures were performed in accordance with the National Institute of Health 
Guidelines for the Care and Use of Laboratory Animals and were approved by the VA Portland 
Health Care System’s Institutional Animal Care and Use Committee.  
 
Aldh1l1-EFGP-Rpl10a mice and Translating Ribosomal Affinity Purification 
Following ethanol treatments, pups were genotyped by tail biopsy for sex and presence of the 
transgene. Translating Ribosome Affinity Purification (TRAP) was carried out as previously 
described (61) on PD7 hippocampal tissue using anti-GFP antibodies (Memorial-Sloan Kettering 
Antibody and Bioresource Core Facility) and protein A/G magnetic beads (ThermoFisher, 
88803). Following the final wash of the RNA-antibody-bead complex, RNA was extracted from 
TRAP and input samples with TriZol and the Direct-Zol RNA MicroPrep Kit (Zymo Research, 
Orange, CA). 
 
RNA-Seq and Analysis 
TRAP and Input hippocampus samples from 12 ethanol vapor exposed (6 female, 6 male) and 
12 control air exposed (6 female, 6 male) mice for a total of 48 samples were sequenced at the 
Integrated Genomics Lab core facility at OHSU. RNA quality was assessed by Agilent 
Bioanalyzer; all sequenced samples had a RIN > 8.8 (Suppl. Table 1). RNA-Seq libraries were 
profiled on a 4200 Tapestation (Agilent) and sequenced on a NovaSeq 6000 (Illumina). Before 
sequencing, TRAP samples were tested for enrichment of astrocyte markers and depletion of 
neuronal, oligodendrocyte, and microglia markers in comparison to the respective input samples 
by qPCR. Primers for mouse Aldh1l1 (Forward: 5’- GGTTTACTGCCAGCTAAGGAAG-3’; 
Reverse: 5’- CACGTTGAGTTCTGCACCCA-3’), S100b (Qiagen QT00151536), Tubb3 
(Forward: 5’- CCCAGCGGCAACTATGTAGG-3’; Reverse: 5’- CCAGACCGAACACTGTCCA-3’), 
Rbfox3 (NeuN) (Forward: 5’- GGCAAATGTTCGGGCAATTC-3’; Reverse: 5’-
TCAATTTTCCGTCCCTCTACGAT-3’), Cd11b (Itgam) (Forward: 5’- 
GGCTCCGGTAGCATCAACAA-3’; Reverse: 5’-ATCTTGGGCTAGGGTTTCTCT-3’), Mbp 
(Forward: 5’- GGCAAGGTACCCTGGCTAAA-3’; Reverse: 5’-GTTTTCATCTTGGGTCCGGC-
3’), and Opalin (Forward: 5’-CAAGGGGGCCTGTCAGAAAT-3’; Reverse: 5’-
GCTGCCAGTCCAATAGAGGG-3’) were used with the Luna Universal One-Step RT-qPCR Kit 
(NEB) with SYBR Green detection on the CFX96 (Bio-Rad) thermocycler. Cycle threshold 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted August 22, 2024. ; https://doi.org/10.1101/2024.08.06.606424doi: bioRxiv preprint 

https://doi.org/10.1101/2024.08.06.606424
http://creativecommons.org/licenses/by-nc-nd/4.0/


 10 

values were normalized to total RNA using RiboGreen (ThermoFisher) and expressed as log2 
transformed data relative to the input samples. Fastq files were assembled from the base call 
files using bcl2fastq (Illumina). The fastq files were trimmed with Trimmomatic (62) using the 
built-in filters for Illumina adapters. After trimming, sequence files were aligned with STAR 
aligner (63). The reference genome was Mus musculus GRCm38, downloaded with annotations 
from Ensembl. Following the alignment, the SAM files were converted to BAM format using 
SAMtools (64). Raw read count data were analyzed using the R package DESeq2 (65). Genes 
with less than a total of 10 reads across the 48 samples were excluded from the analysis. 
Clustering and principal component analysis was conducted on all 48 samples (inputs and IP) 
as well as analysis of differential expression between the IP and input fractions. Differential 
expression/translation analysis by ethanol treatment was carried out in each fraction separately. 
Significance of RNA-Seq data was determined by DESeq2 false discovery rate (FDR) adjusted 
Wald test p-values less than 0.05. Raw and processed RNA-Seq data are available at the NCBI 
Gene Expression Omnibus (https://www.ncbi.nlm.nih.gov/geo/) accession number GSE272272. 
 
Bioinformatic analysis 
Gene Ontology (GO) and pathway enrichment analysis was carried out using the enrichR 
package in R to query the enrichr database (66, 67). We limited the analysis to the following 
databases to focus our results on GO categories and known gene pathways:  
"GO_Molecular_Function_2021", "GO_Cellular_Component_2021", 
"GO_Biological_Process_2021", "BioPlanet_2019", "Elsevier_Pathway_Collection", 
"KEGG_2021_Human", "MSigDB_Hallmark_2020", "WikiPathway_2021_Human".  
 
Golgi-Cox staining and morphometric analysis  
Twenty-eight C57BL/6J mice (16 female) from 9-10 litters that were exposed to ethanol vapor 
and 9 litters that were exposed to air between PD2 and PD7 were used in these studies. Brains 
were stained using the FD Rapid GolgiStain Kit (FD Neuro-Technologies Inc., Columbia, MD) 
according to the manufacturer’s instructions and as previously described (34, 68) with minor 
modifications made to optimize the method for use in neonatal mouse brains. Briefly, brains 
were immersed in the Golgi-Cox impregnation solution and stored at room temperature for 3 
weeks in the dark and then transferred to Solution C and stored at 4° C for 2 weeks. The brains 
were then rapidly frozen and embedded in Tissue Freezing Medium before sectioning on the 
cryostat. Coronal 100 μm sections were mounted on gelatin-coated microscope slides, dried at 
room temperature overnight, and stained the following day. Image stacks were collected with a 
Leica DFC365 FX camera (Exposure = 6.0ms, Binning =1x1). Pyramidal neurons were imaged 
and the complete dendritic tree was traced with the software Neurolucida 360 (MBF Bioscience, 
Inc.). Eight cells/brain (4 cells/hemisphere) were imaged using a 40x objective. Only fully 
impregnated CA1 pyramidal neurons fully present in a single section and clearly distinguishable 
from neighboring neurons were measured. For apical dendrites, we analyzed the following 
measures: complexity, defined as [Sum of Terminal Orders + Number of Ends] * [Total Dendritic 
Length/Number of Dendrites]; sum of the terminal orders, defined as the number of “sister” 
branches encountered as you proceed from the terminal to the cell body and calculated per 
each terminal; number of ends; sum of branch orders, defined as the sum of the terminal order 
plus the number of ends; total dendrite length (in μm); maximal terminal distance, defined as 
linear distance of the furthest dendrite from the cell body. For basal dendrites, in addition to the 
measures analyzed for apical dendrites, we also analyzed number of basal dendrites per cell; 
the length of basal dendrites was analyzed in two ways: as average dendrite length per cell 
(because pyramidal cells usually have more than one basal dendrite) and as total dendrite 
length. Because the basal and the apical dendritic trees of pyramidal neurons are 
morphologically different, we analyzed apical and basal dendrites separately.  
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Spine Quantification 
Spine density analyses were performed on neurons previously utilized for dendritic arborization 
measures. Seven new (not previously analyzed) neurons were analyzed in order to ensure a 
minimum of 500 µm of dendrite per group, and at least 200 spines per group (69, 70). Only 
secondary apical dendrites, identified by shaft ordering, were chosen for analysis.  Basilar 
processes were not included due to limited segments meeting selection length criteria. Spines 
were imaged using a Leica DM500b microscope with 100x oil immersion objective. Image 
stacks (z-section thickness = 0.1 µm) between 5 and 20µm thick were collected with a Leica 
DFC365 FX camera (Exposure = 6.0ms, Binning =1x1). Image stacks were reconstructed to 3D 
volumes using Neurolucida 360 (MBF Bioscience, Inc.). Dendritic branches were traced with the 
Neurolucida contour function through the z-plane to obtain accurate length measures for 
selection criteria. Images of dendritic sections were collected, excluding the last (distal) 10µm of 
the branch.  Due to the fragility of the neonatal tissue, branches with minor (<3 µm) breaks were 
included in analysis. Neurons were excluded if they did not have a 20 µm or longer secondary 
apical dendrite, had >3 µm breaks in the branch, or if the analyzed dendrite was grossly 
overlapped by neighboring branches. After tracing the dendritic region of interest with the 
directional kernel based semi-manual or smart manual tracing function (Fig.1D), spines were 
semi-manually identified using the Neurolucida spine identification function (outer range = 2.5 
µm, minimum height 0.3 µm, detector sensitivity = 100%, minimum count = 10 voxels) by an 
experimenter blind to both treatment condition and sex (71).  A single average spine density 
value was calculated for each animal from up to 8 dendritic segments (10 to 40 µm length) from 
2-4 pyramidal neurons. In total, 1318 µm and 1108 µm of dendritic branch was analyzed for 
control and treatment animals, respectively. Spine density was calculated as the number of 
spines per length of dendrite in µm as well as by the number of spines per length of dendrite in 
µm per diameter of dendrite in µm to account for changes in surface area (width corrected).  
 
RNA-Fluorescence In Situ Hybridization (FISH)  
Naïve PD7 mouse brains were dissected and flash frozen in isopentane chilled in a dry-ice 
isopropanol bath then stored at -80° C until sectioning. Fresh frozen brains were sectioned on a 
Leica CM3050S Cryostat at 100 µm and collected on Superfrost plus slides. HCRTM RNA-FISH 
for Aldh1l1, Tubb3, and Chpf2 or Chsy1 was carried out according to the manufacturer’s 
recommendations with the omission of the optional Proteinase K step and nuclear staining with 
DAPI (Molecular Instruments; Los Angeles, CA, USA). RNA-FISH was imaged using a Leica 
DM500b microscope with a DFC365 FX camera. 
 
GAG Disaccharide Analysis by Liquid Chromatography/Mass Spectrometry (LC/MS) and 
Quantification of CS-GAG Disaccharide Concentrations  

CS-GAG disaccharide levels were analyzed in the hippocampus of control and ethanol-
exposed rat pups as previously described (42, 68, 72). Samples were first defatted by the 
treatment with 0.2 mL acetone for 30 min, vortexed, and the acetone supernatants were 
discarded. The remaining tissue samples were dried in the hood, lyophilized, and subjected to 
proteolysis at 55 °C with 10% actinase E (10 mg/mL) until all tissue was dissolved. GAGs were 
purified by Mini Q spin columns. Samples eluted from Mini Q spin column were desalted by 
passing through a 3 kDa molecular weight cut off spin column and washed three times with 
distilled water. The casing tubes were replaced before 150 μL of digestion buffer (50 mM 
ammonium acetate containing 2 mM calcium chloride adjusted to pH 7.0) was added to the filter 
unit. Recombinant heparin lyase I, II, III (pH optima 7.0–7.5) and recombinant chondroitin lyase 
ABC (10 mU each, pH optimum 7.4) were added to each sample and mixed well. The samples 
were all placed in a water bath at 37 °C for 12 h, after which enzymatic digestion was 
terminated by removing the enzymes by centrifugation. The filter unit was washed twice with 
300 μL of distilled water and the filtrates containing the disaccharide products were dried via 
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vacuum centrifuge. Half of the dried samples were 2-aminoacridone (AMAC)-labeled by adding 
10 μL of 0.1 M AMAC in dimethylsulfoxide/acetic acid (17/3, V/V) and incubated at room 
temperature for 10 min, followed by addition of 10 μL of 1 M aqueous sodium cyanoborohydride 
and incubation for 1 h at 45 °C. A mixture containing all 17-disaccharide standards prepared at 
0.5 ng/μL was similarly AMAC-labeled and used for each run as an external standard. After the 
AMAC-labeling reaction, the samples were centrifuged, and each supernatant was recovered. 
LC was performed on an Agilent 1200 LC system at 45 °C using an Agilent Poroshell 120 
ECC18 (2.7 μm, 3.0 × 50 mm) column. The mobile phase A (MPA) was a 50 mM ammonium 
acetate aqueous solution, and the mobile phase B (MPB) was methanol. The mobile phase 
passed through the column at a flow rate of 300 μL/min. The gradient was 0–10 min, 5–45% B; 
10–10.2 min, 45–100%B; 10.2–14 min, 100%B; 14–22 min, 100–5%B. Injection volume was 5 
μL. A triple quadrupole mass spectrometry system equipped with an ESI source (Thermo Fisher 
Scientific, San Jose, CA) was used as detector. Disaccharide quantification was performed by 
comparing the integrated disaccharides peak area with the external disaccharide standard peak 
area. The data analysis was performed in Thermo Xcalibur software. The final GAG 
disaccharide concentrations were calculated by dividing the GAG disaccharides mass per 
sample (ng) by the wet weight of each hippocampal sample and expressed as ng/mg tissue. 
 
Astrocyte and neuron primary culture, astrocyte Chpf2 silencing, and neurite outgrowth 
measurements 
Astrocyte cultures were prepared from gestational day (GD) 21 fetuses, as previously described 
(61, 73, 74). Astrocytes were maintained in Dulbecco’s Modified Eagle’s Medium (DMEM; 
Thermo-Fisher Scientific), supplemented with 10% Fetal Bovine Serum (Atlanta Biologicals, 
Flowery Branch, GA), 1000 units/mL penicillin–streptomycin (pen-strep, Thermo-Fisher 
Scientific) in a humidified incubator at 37 °C under a 5% CO2/95% air atmosphere until confluent 
(7-10 days in vitro). Astrocytes were then sub-cultured on 6-well plates at the density of 0.4x106 
cells/well. Two days after sub-culture, astrocytes were transfected in DMEM/0.1% BSA without 
antibiotics supplemented with 0.5 ml/well Lipofectamine RNAiMAX (Thermo-Fisher Scientific) 
diluted with Opti-MEM I Reduced Serum Media (Opti-MEM; 1:50 dilutions; Thermo-Fisher 
Scientific) containing 1 nM Stealth siRNA targeting the rat Chpf2 (Invitrogen/Thermo-Fisher 
Scientific, Carlsbad, MA) or 1 nM Stealth siRNA non-target control, medium guanosine and 
cytosine (GC) content (non-target siRNA; Invitrogen/Thermo-Fisher Scientific) for 24 h. 
Transfection medium was then replaced with DMEM/0.1% BSA/pen-strep for additional 48 h. 
This procedure is similar to the one previously published by us to silence other proteins (61, 74). 
The astrocyte conditioned medium (ACM) from control and Chpf2-silenced astrocytes was 
collected and centrifuged at 200 x g for 10min to eliminate cell debris. Hippocampal neuron 
cultures were prepared from fetuses at GD17-18 as previously described (73, 74) and plated on 
poly-D-lysine-coated glass coverslips in complete Neurobasal medium containing B27 
supplements at the density of 1 x 104 neurons/coverslip. After 4h the medium was replaced with 
ACM medium prepared from control and Chpf2-SiRNA-treated astrocytes for an additional 48 h. 
At the end of the incubation, neurons were fixed in 4% paraformaldehyde and immunolabeled 
with a neuronal-specific anti-β-III tubulin antibody (1:150 dilution; Millipore, Burlington, MA, 
#MAB1637), followed by a goat anti-mouse Alexa Fluor 488 secondary antibody (1:300 dilution; 
Thermo-Fisher Scientific, #A11001), as previously described (61, 73, 74). Glass coverslips were 
then mounted on microscope slides. β-III tubulin-labeled neurons were imaged on a Leica 
DM5000b microscope attached to a DFC365 FX camera. Pictures of neurons obtained with the 
40x objective were traced and analyzed with Neurolucida 360 by a researcher blind to the 
experimental treatments. 29-30 neurons/coverslip from 3-4 coverslips/treatment were selected 
based on the following parameters: 1) had three or more neurites that were all longer than the 
cell body (pyramidal neurons), 2) did not overlap with other neurons, 3) had no breakage in the 
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cell bodies or neurites, and 4) were surrounded by a similar number of neurons (fields that at 
10x magnification show only sparse neurons, 1 or 2 per field, were not considered for analysis). 
 
Statical Analyses 
Neuronal morphology, GAGs levels, and neurite measurements were analyzed using a linear 
mixed effects analysis in R (75) using the package lme4 (76) as previously described (34).  For 
neuronal morphology analyses, fixed effects were animal and litter to account for multiple 
neurons measured per animal and multiple animals per litter. For GAGs analysis, litter was 
entered as a fixed effect to account for multiple animals analyzed from each litter. For neurite 
analysis, coverslip was a fixed effect to account for multiple neurons measured for each 
coverslip. qRT-PCR results were analyzed by a two-way ANOVA. 
 
Acknowledgements 
This study was supported by NIH P60AA010760, R01AA029486, and U01AA029965, and VA 
Merit Review Award I01BX001819, and by facilities and resources at the Portland VA Health 
Care System to MG. The contents of this article do not represent the views of the United States 
Department of Veterans Affairs or the United States government. We thank Ms. Venice Loar for 
her help in the neurite outgrowth measurements, Ms. Natalie Gorham for her help in generating 
the RNA-FISH images, and Dr. Deborah Finn and Ms. Melinda Helms for their help with blood 
ethanol concentration determinations. 
 
Disclosure 
All the authors reported no biomedical financial interests or potential conflicts of interest.  
 
References 
1. Bayer SA, Altman J, Russo RJ, Zhang X (1993): Timetables of neurogenesis in the 
human brain based on experimentally determined patterns in the rat. Neurotoxicology. 14:83-
144.  
2. Semple BD, Blomgren K, Gimlin K, Ferriero DM, Noble-Haeusslein LJ (2013): Brain 
development in rodents and humans: Identifying benchmarks of maturation and vulnerability to 
injury across species. Prog Neurobiol. 106-107:1-16. 10.1016/j.pneurobio.2013.04.001 
3. Farhy-Tselnicker I, Allen NJ (2018): Astrocytes, neurons, synapses: a tripartite view on 
cortical circuit development. Neural development. 13:7. 10.1186/s13064-018-0104-y 
4. Vivi E, Di Benedetto B (2024): Brain stars take the lead during critical periods of early 
postnatal brain development: relevance of astrocytes in health and mental disorders. Mol 
Psychiatry. 10.1038/s41380-024-02534-4 
5. Molofsky AV, Krencik R, Ullian EM, Tsai HH, Deneen B, Richardson WD, et al. (2012): 
Astrocytes and disease: a neurodevelopmental perspective. Genes Dev. 26:891-907. 
10.1101/gad.188326.112 
6. Sloan SA, Barres BA (2014): Mechanisms of astrocyte development and their 
contributions to neurodevelopmental disorders. Curr Opin Neurobiol. 27:75-81. 
10.1016/j.conb.2014.03.005 
7. Verkhratsky A, Butt A, Li B, Illes P, Zorec R, Semyanov A, et al. (2023): Astrocytes in 
human central nervous system diseases: a frontier for new therapies. Signal Transduct Target 
Ther. 8:396. 10.1038/s41392-023-01628-9 
8. Wozniak JR, Riley EP, Charness ME (2019): Clinical presentation, diagnosis, and 
management of fetal alcohol spectrum disorder. Lancet Neurol. 18:760-770. 10.1016/S1474-
4422(19)30150-4 
9. Hellemans KG, Sliwowska JH, Verma P, Weinberg J (2010): Prenatal alcohol exposure: 
fetal programming and later life vulnerability to stress, depression and anxiety disorders. 
Neurosci Biobehav Rev. 34:791-807. 10.1016/j.neubiorev.2009.06.004 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted August 22, 2024. ; https://doi.org/10.1101/2024.08.06.606424doi: bioRxiv preprint 

https://doi.org/10.1101/2024.08.06.606424
http://creativecommons.org/licenses/by-nc-nd/4.0/


 14 

10. Riley EP, Infante MA, Warren KR (2011): Fetal alcohol spectrum disorders: an overview. 
Neuropsychol Rev. 21:73-80. 10.1007/s11065-011-9166-x 
11. Tan CH, Denny CH, Cheal NE, Sniezek JE, Kanny D (2015): Alcohol use and binge 
drinking among women of childbearing age - United States, 2011-2013. MMWR Morb Mortal 
Wkly Rep. 64:1042-1046. 10.15585/mmwr.mm6437a3 
12. Popova S, Charness ME, Burd L, Crawford A, Hoyme HE, Mukherjee RAS, et al. (2023): 
Fetal alcohol spectrum disorders. Nat Rev Dis Primers. 9:11. 10.1038/s41572-023-00420-x 
13. Lebel C, Mattson SN, Riley EP, Jones KL, Adnams CM, May PA, et al. (2012): A 
longitudinal study of the long-term consequences of drinking during pregnancy: heavy in utero 
alcohol exposure disrupts the normal processes of brain development. J Neurosci. 32:15243-
15251. 10.1523/JNEUROSCI.1161-12.2012 
14. Medina AE (2011): Fetal alcohol spectrum disorders and abnormal neuronal plasticity. 
Neuroscientist. 17:274-287. 10.1177/1073858410383336 
15. Wozniak JR, Mueller BA, Bell CJ, Muetzel RL, Hoecker HL, Boys CJ, et al. (2013): 
Global functional connectivity abnormalities in children with fetal alcohol spectrum disorders. 
Alcohol Clin Exp Res. 37:748-756. 10.1111/acer.12024 
16. Pei JR, Rinaldi CM, Rasmussen C, Massey V, Massey D (2008): Memory patterns of 
acquisition and retention of verbal and nonverbal information in children with fetal alcohol 
spectrum disorders. Can J Clin Pharmacol. 15:e44-56.  
17. Willoughby KA, Sheard ED, Nash K, Rovet J (2008): Effects of prenatal alcohol 
exposure on hippocampal volume, verbal learning, and verbal and spatial recall in late 
childhood. J Int Neuropsychol Soc. 14:1022-1033. 10.1017/S1355617708081368 
18. Gursky ZH, Klintsova AY (2021): Changes in Representation of Thalamic Projection 
Neurons within Prefrontal-Thalamic-Hippocampal Circuitry in a Rat Model of Third Trimester 
Binge Drinking. Brain Sci. 11. 10.3390/brainsci11030323 
19. Roediger DJ, Krueger AM, de Water E, Mueller BA, Boys CA, Hendrickson TJ, et al. 
(2021): Hippocampal subfield abnormalities and memory functioning in children with fetal 
alcohol Spectrum disorders. Neurotoxicol Teratol. 83:106944. 10.1016/j.ntt.2020.106944 
20. Treit S, Lebel C, Baugh L, Rasmussen C, Andrew G, Beaulieu C (2013): Longitudinal 
MRI reveals altered trajectory of brain development during childhood and adolescence in fetal 
alcohol spectrum disorders. J Neurosci. 33:10098-10109. 10.1523/JNEUROSCI.5004-12.2013 
21. Harvey RE, Berkowitz LE, Hamilton DA, Clark BJ (2019): The effects of developmental 
alcohol exposure on the neurobiology of spatial processing. Neurosci Biobehav Rev. 107:775-
794. 10.1016/j.neubiorev.2019.09.018 
22. Marquardt K, Brigman JL (2016): The impact of prenatal alcohol exposure on social, 
cognitive and affective behavioral domains: Insights from rodent models. Alcohol. 51:1-15. 
10.1016/j.alcohol.2015.12.002 
23. Petrelli B, Weinberg J, Hicks GG (2018): Effects of prenatal alcohol exposure (PAE): 
insights into FASD using mouse models of PAE. Biochem Cell Biol. 96:131-147. 10.1139/bcb-
2017-0280 
24. Doyle JP, Dougherty JD, Heiman M, Schmidt EF, Stevens TR, Ma G, et al. (2008): 
Application of a translational profiling approach for the comparative analysis of CNS cell types. 
Cell. 135:749-762. 10.1016/j.cell.2008.10.029 
25. Heiman M, Schaefer A, Gong S, Peterson JD, Day M, Ramsey KE, et al. (2008): A 
translational profiling approach for the molecular characterization of CNS cell types. Cell. 
135:738-748. 10.1016/j.cell.2008.10.028 
26. Carulli D, Laabs T, Geller HM, Fawcett JW (2005): Chondroitin sulfate proteoglycans in 
neural development and regeneration. Curr Opin Neurobiol. 15:116-120. 
10.1016/j.conb.2005.01.014 
27. Pchitskaya E, Bezprozvanny I (2020): Dendritic Spines Shape Analysis-Classification or 
Clusterization? Perspective. Front Synaptic Neurosci. 12:31. 10.3389/fnsyn.2020.00031 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted August 22, 2024. ; https://doi.org/10.1101/2024.08.06.606424doi: bioRxiv preprint 

https://doi.org/10.1101/2024.08.06.606424
http://creativecommons.org/licenses/by-nc-nd/4.0/


 15 

28. Farizatto KLG, Baldwin KT (2023): Astrocyte-synapse interactions during brain 
development. Curr Opin Neurobiol. 80:102704. 10.1016/j.conb.2023.102704 
29. Kofuji P, Araque A (2021): G-Protein-Coupled Receptors in Astrocyte-Neuron 
Communication. Neuroscience. 456:71-84. 10.1016/j.neuroscience.2020.03.025 
30. Lia A, Di Spiezio A, Vitalini L, Tore M, Puja G, Losi G (2023): Ion Channels and 
Ionotropic Receptors in Astrocytes: Physiological Functions and Alterations in Alzheimer's 
Disease and Glioblastoma. Life (Basel). 13. 10.3390/life13102038 
31. Maeda N (2015): Proteoglycans and neuronal migration in the cerebral cortex during 
development and disease. Front Neurosci. 9:98. 10.3389/fnins.2015.00098 
32. Forrest MP, Parnell E, Penzes P (2018): Dendritic structural plasticity and 
neuropsychiatric disease. Nat Rev Neurosci. 19:215-234. 10.1038/nrn.2018.16 
33. Bianco CD, Hubner IC, Bennemann B, de Carvalho CR, Brocardo PS (2021): Effects of 
postnatal ethanol exposure and maternal separation on mood, cognition and hippocampal 
arborization in adolescent rats. Behav Brain Res. 411:113372. 10.1016/j.bbr.2021.113372 
34. Goeke CM, Roberts ML, Hashimoto JG, Finn DA, Guizzetti M (2018): Neonatal Ethanol 
and Choline Treatments Alter the Morphology of Developing Rat Hippocampal Pyramidal 
Neurons in Opposite Directions. Neuroscience. 374:13-24. 10.1016/j.neuroscience.2018.01.031 
35. Lee J, Naik V, Orzabal M, Lunde-Young R, Ramadoss J (2021): Morphological alteration 
in rat hippocampal neuronal dendrites following chronic binge prenatal alcohol exposure. Brain 
Res. 1768:147587. 10.1016/j.brainres.2021.147587 
36. Moore NH, Costa LG, Shaffer SA, Goodlett DR, Guizzetti M (2009): Shotgun proteomics 
implicates extracellular matrix proteins and protease systems in neuronal development induced 
by astrocyte cholinergic stimulation. J Neurochem. 108:891-908. 10.1111/j.1471-
4159.2008.05836.x 
37. Trindade P, Hampton B, Manhaes AC, Medina AE (2016): Developmental alcohol 
exposure leads to a persistent change on astrocyte secretome. J Neurochem. 137:730-743. 
10.1111/jnc.13542 
38. Kiryushko D, Berezin V, Bock E (2004): Regulators of neurite outgrowth: role of cell 
adhesion molecules. Ann N Y Acad Sci. 1014:140-154. 10.1196/annals.1294.015 
39. Prydz K, Dalen KT (2000): Synthesis and sorting of proteoglycans. J Cell Sci. 113 Pt 
2:193-205. 10.1242/jcs.113.2.193 
40. Mikami T, Kitagawa H (2013): Biosynthesis and function of chondroitin sulfate. Biochim 
Biophys Acta. 1830:4719-4733. 10.1016/j.bbagen.2013.06.006 
41. Bartus K, James ND, Bosch KD, Bradbury EJ (2012): Chondroitin sulphate 
proteoglycans: key modulators of spinal cord and brain plasticity. Exp Neurol. 235:5-17. 
10.1016/j.expneurol.2011.08.008 
42. Zhang X, Hashimoto JG, Han X, Zhang F, Linhardt RJ, Guizzetti M (2021): 
Characterization of Glycosaminoglycan Disaccharide Composition in Astrocyte Primary Cultures 
and the Cortex of Neonatal Rats. Neurochem Res. 46:595-610. 10.1007/s11064-020-03195-9 
43. Habbick BF, Blakley PM, Houston CS, Snyder RE, Senthilselvan A, Nanson JL (1998): 
Bone age and growth in fetal alcohol syndrome. Alcohol Clin Exp Res. 22:1312-1316.  
44. Snow ME, Keiver K (2007): Prenatal ethanol exposure disrupts the histological stages of 
fetal bone development. Bone. 41:181-187. 10.1016/j.bone.2007.04.182 
45. Hao JX, Wan QQ, Mu Z, Gu JT, Yu WW, Qin W, et al. (2023): A seminal perspective on 
the role of chondroitin sulfate in biomineralization. Carbohydr Polym. 310:120738. 
10.1016/j.carbpol.2023.120738 
46. Dou X, Lee JY, Charness ME (2020): Neuroprotective Peptide NAPVSIPQ Antagonizes 
Ethanol Inhibition of L1 Adhesion by Promoting the Dissociation of L1 and Ankyrin-G. Biol 
Psychiatry. 87:656-665. 10.1016/j.biopsych.2019.08.020 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted August 22, 2024. ; https://doi.org/10.1101/2024.08.06.606424doi: bioRxiv preprint 

https://doi.org/10.1101/2024.08.06.606424
http://creativecommons.org/licenses/by-nc-nd/4.0/


 16 

47. Dou X, Menkari C, Mitsuyama R, Foroud T, Wetherill L, Hammond P, et al. (2018): L1 
coupling to ankyrin and the spectrin-actin cytoskeleton modulates ethanol inhibition of L1 
adhesion and ethanol teratogenesis. FASEB J. 32:1364-1374. 10.1096/fj.201700970 
48. Wilkemeyer MF, Sebastian AB, Smith SA, Charness ME (2000): Antagonists of alcohol 
inhibition of cell adhesion. Proc Natl Acad Sci U S A. 97:3690-3695. 10.1073/pnas.97.7.3690 
49. Charness ME, Safran RM, Perides G (1994): Ethanol inhibits neural cell-cell adhesion. J 
Biol Chem. 269:9304-9309.  
50. Ramanathan R, Wilkemeyer MF, Mittal B, Perides G, Charness ME (1996): Alcohol 
inhibits cell-cell adhesion mediated by human L1. J Cell Biol. 133:381-390. 
10.1083/jcb.133.2.381 
51. Pfrieger FW, Ungerer N (2011): Cholesterol metabolism in neurons and astrocytes. Prog 
Lipid Res. 50:357-371. 10.1016/j.plipres.2011.06.002 
52. Vance JE, Hayashi H (2010): Formation and function of apolipoprotein E-containing 
lipoproteins in the nervous system. Biochim Biophys Acta. 1801:806-818. 
10.1016/j.bbalip.2010.02.007 
53. Hayashi H, Campenot RB, Vance DE, Vance JE (2004): Glial lipoproteins stimulate axon 
growth of central nervous system neurons in compartmented cultures. J Biol Chem. 279:14009-
14015. 10.1074/jbc.M313828200 
54. Mauch DH, Nagler K, Schumacher S, Goritz C, Muller EC, Otto A, et al. (2001): CNS 
synaptogenesis promoted by glia-derived cholesterol. Science. 294:1354-1357. 
10.1126/science.294.5545.1354 
55. Valenza M, Marullo M, Di Paolo E, Cesana E, Zuccato C, Biella G, et al. (2015): 
Disruption of astrocyte-neuron cholesterol cross talk affects neuronal function in Huntington's 
disease. Cell Death Differ. 22:690-702. 10.1038/cdd.2014.162 
56. Guizzetti M, Chen J, Oram JF, Tsuji R, Dao K, Moller T, et al. (2007): Ethanol induces 
cholesterol efflux and up-regulates ATP-binding cassette cholesterol transporters in fetal 
astrocytes. J Biol Chem. 282:18740-18749. 10.1074/jbc.M702398200 
57. Zhou C, Chen J, Zhang X, Costa LG, Guizzetti M (2014): Prenatal Ethanol Exposure Up-
Regulates the Cholesterol Transporters ATP-Binding Cassette A1 and G1 and Reduces 
Cholesterol Levels in the Developing Rat Brain. Alcohol Alcohol. 49:626-634. 
10.1093/alcalc/agu049 
58. Guizzetti M, Costa LG (2007): Cholesterol homeostasis in the developing brain: a 
possible new target for ethanol. Hum Exp Toxicol. 26:355-360. 10.1177/0960327107078412 
59. Pinson MR, Holloway KN, Douglas JC, Kane CJM, Miranda RC, Drew PD (2021): 
Divergent and overlapping hippocampal and cerebellar transcriptome responses following 
developmental ethanol exposure during the secondary neurogenic period. Alcohol Clin Exp Res. 
45:1408-1423. 10.1111/acer.14633 
60. Morton RA, Diaz MR, Topper LA, Valenzuela CF (2014): Construction of vapor 
chambers used to expose mice to alcohol during the equivalent of all three trimesters of human 
development. J Vis Exp. 10.3791/51839 
61. Goeke CM, Zhang X, Hashimoto JG, Guizzetti M (2022): Astrocyte tissue plasminogen 
activator expression during brain development and its role in pyramidal neuron neurite 
outgrowth. Neurosci Lett. 769:136422. 10.1016/j.neulet.2021.136422 
62. Bolger AM, Lohse M, Usadel B (2014): Trimmomatic: a flexible trimmer for Illumina 
sequence data. Bioinformatics. 30:2114-2120. 10.1093/bioinformatics/btu170 
63. Dobin A, Davis CA, Schlesinger F, Drenkow J, Zaleski C, Jha S, et al. (2013): STAR: 
ultrafast universal RNA-seq aligner. Bioinformatics. 29:15-21. 10.1093/bioinformatics/bts635 
64. Li H, Handsaker B, Wysoker A, Fennell T, Ruan J, Homer N, et al. (2009): The 
Sequence Alignment/Map format and SAMtools. Bioinformatics. 25:2078-2079. 
10.1093/bioinformatics/btp352 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted August 22, 2024. ; https://doi.org/10.1101/2024.08.06.606424doi: bioRxiv preprint 

https://doi.org/10.1101/2024.08.06.606424
http://creativecommons.org/licenses/by-nc-nd/4.0/


 17 

65. Love MI, Huber W, Anders S (2014): Moderated estimation of fold change and 
dispersion for RNA-seq data with DESeq2. Genome Biol. 15:550. 10.1186/s13059-014-0550-8 
66. Chen EY, Tan CM, Kou Y, Duan Q, Wang Z, Meirelles GV, et al. (2013): Enrichr: 
interactive and collaborative HTML5 gene list enrichment analysis tool. BMC Bioinformatics. 
14:128. 10.1186/1471-2105-14-128 
67. Kuleshov MV, Jones MR, Rouillard AD, Fernandez NF, Duan Q, Wang Z, et al. (2016): 
Enrichr: a comprehensive gene set enrichment analysis web server 2016 update. Nucleic Acids 
Res. 44:W90-97. 10.1093/nar/gkw377 
68. Hashimoto JG, Singer ML, Goeke CM, Zhang F, Song Y, Xia K, et al. (2023): Sex 
differences in hippocampal structural plasticity and glycosaminoglycan disaccharide levels after 
neonatal handling. Exp Neurol. 361:114313. 10.1016/j.expneurol.2022.114313 
69. Baczynska E, Pels KK, Basu S, Wlodarczyk J, Ruszczycki B (2021): Quantification of 
Dendritic Spines Remodeling under Physiological Stimuli and in Pathological Conditions. Int J 
Mol Sci. 22. 10.3390/ijms22084053 
70. Jones CE, Chau AQ, Olson RJ, Moore C, Wickham PT, Puranik N, et al. (2021): Early 
life sleep disruption alters glutamate and dendritic spines in prefrontal cortex and impairs 
cognitive flexibility in prairie voles. Curr Res Neurobiol. 2. 10.1016/j.crneur.2021.100020 
71. Dickstein DL, Dickstein DR, Janssen WGM, Hof PR, Glaser JR, Rodriguez A, et al. 
(2016): Automatic Dendritic Spine Quantification from Confocal Data with Neurolucida 360. Curr 
Protoc Neurosci. 77:1 27 21-21 27 21. 10.1002/cpns.16 
72. Yang B, Chang Y, Weyers AM, Sterner E, Linhardt RJ (2012): Disaccharide analysis of 
glycosaminoglycan mixtures by ultra-high-performance liquid chromatography-mass 
spectrometry. J Chromatogr A. 1225:91-98. 10.1016/j.chroma.2011.12.063 
73. Guizzetti M, Moore NH, Giordano G, Costa LG (2008): Modulation of neuritogenesis by 
astrocyte muscarinic receptors. J Biol Chem. 283:31884-31897. 10.1074/jbc.M801316200 
74. Zhang X, Bhattacharyya S, Kusumo H, Goodlett CR, Tobacman JK, Guizzetti M (2014): 
Arylsulfatase B modulates neurite outgrowth via astrocyte chondroitin-4-sulfate: dysregulation 
by ethanol. Glia. 62:259-271. 10.1002/glia.22604 
75. Team RC (2017): R: A language and environment for statistical computing.  R 
Foundation for Statistical Computing 
. Vienna, Austria. . 
76. Bates D, Maechler M, Bolker B, Walker S (2015): Fitting Linear Mixed-Effects Models 
Using lme4. Journal of Statistical Software. 67:1-48. 10.18637/jss.v067.i01 
 
 
  

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted August 22, 2024. ; https://doi.org/10.1101/2024.08.06.606424doi: bioRxiv preprint 

https://doi.org/10.1101/2024.08.06.606424
http://creativecommons.org/licenses/by-nc-nd/4.0/


 18 

 

Table 1 

Group 
Body 

Weight (g) 
Body 

Weight SD 
BEC 

(mM) BEC SD 
Female Control 3.53 0.506   
Male Control 3.49 0.516   
Female Ethanol 3.55 0.644 44.58 12.70 
Male Ethanol 3.60 0.617 52.05 19.36 

Female and male mouse pups were weighed on PD7, after the last ethanol vapor or air exposure; Blood 
Alcohol Concentrations (BACs) from trunk blood were determined by gas chromatography. SD: standard 
deviation. 
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Table 2: Number of genes differentially translated after neonatal 
alcohol exposure 

 
 

 
 
 
 
 
 
 
 
 
 
 
  
  

Groups of 
ethanol-regulated 
genes  

Number of 
ethanol-
regulated 

genes 

Number of 
genes 

upregulated 
by ethanol 

Number of 
genes 

downregulated 
by ethanol 

Enriched in 
Astrocytes 273 152 121 
 
Not Enriched in 
Astrocytes 1301 874 427 
 
Total 1574 1026 548 
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Figures and Figure Legends 
 

 
 
Figure 1. Morphometric analysis of CA1 pyramidal neuron apical dendrites from PD7 mice 
neonatally exposed to ethanol vapor or air control. A: Representative Neurolucida tracings of 
PD7 CA1 pyramidal neurons (scale bar 50 µm). B: Ethanol exposure increased complexity (p = 
0.0004). C: Maximal terminal distance was not altered by ethanol exposure. The sum of terminal 
orders (D; p = 5.0x10-5), the length of the apical dendrite (E; p = 0.002), the number of ends (F; 
p = 0.0006), and the number of nodes (G; p = 0.0007) of the apical dendrite were increased by 
ethanol exposure. 
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Figure 2. Morphometric analysis of CA1 pyramidal neuron basal dendrites from PD7 mice 
neonatally exposed to ethanol vapor or air control. Ethanol exposure increased basal dendrite 
complexity (A; p = 8.4 x 10-6), the maximal terminal distance (B; p = 0.0006), the sum of 
terminal orders (C; p = 4.2 x 10-5), the total dendrite length (D; p = 0.0006), the number of ends 
(E; p = 6.7 x 10-5); the number of nodes (F; p = 0.0003) and the average dendrite length (G; p = 
5.9 x 10-5). H: The number of basal dendrites was not altered by ethanol exposure. 
 
 

 
 
Figure 3. Analysis of spine density and dendrite diameter in secondary branches of apical 
dendrites following neonatal ethanol exposure. A: The number of spines per length of the 
dendrite (µm) was not altered by ethanol. B: The number of spines per length (µm) per diameter 
(µm) of the dendrite was increased by neonatal ethanol exposure (p = 0.003). C: Ethanol 
exposure decreased the diameter of the secondary branches of the apical dendrite from which 
spine density was determined (p = 9.5 x 10-5). D: Representative images of Golgi-Cox-stained 
dendrites analyzed for spine density and dendrite diameter at 100x magnification. 
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Figure 4. A: qRT-PCR of cell-type marker genes in the TRAP fractions vs input fractions shows 
high enrichment of astrocyte markers and depletion of neuronal, microglial, and oligodendrocyte 
markers. B: Schematic representation of the design of astrocyte TRAP-seq experiments. C: 
Venn diagrams comparing ethanol regulated (left), ethanol upregulated (center), and ethanol 
downregulated (right) genes in TRAP and input samples and their overlap.    
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Figure 5. Category overrepresentation summary plots of ethanol regulated genes in the TRAP 
(astrocyte) fraction of genes that were not enriched in astrocytes. A: Ethanol regulated genes 
not enriched in astrocytes analyzed for Gene Ontology (GO), and pathway overrepresentation 
using EnrichR. The top 30 gene categories based on p-values are shown. In each plot, the size 
of the dot represents the number of genes that were significantly regulated, and the color scale 
represents the p-value, with lighter colors indicating lower p-values. Categories marked with 
green arrows are related to gene translation. B: Top overrepresented categories derived from 
GO analysis of genes upregulated by ethanol and not enriched in astrocytes. Gene categories 
with tan arrows relate to synaptic activity and voltage-gated channels and red arrows relate to 
dendrite growth. C: Top overrepresented categories derived from GO analysis of genes 
downregulated by ethanol and not enriched in astrocytes. Gene categories marked with green 
arrows relate to gene translation. 
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Figure 6. Category overrepresentation summary plots of ethanol regulated genes in the TRAP 
(astrocyte) fraction of genes that were enriched in astrocytes. A. Top overrepresented 
categories derived from GO analysis of ethanol-regulated genes enriched in astrocytes. 
Categories marked with blue arrows relate to steroid biosynthesis and with magenta arrows to 
cell-cell interactions, cell-ECM interactions, and cell adhesion. B: Top overrepresented 
categories derived from GO analysis of genes upregulated by ethanol and enriched in 
astrocytes analyzed with EnrichR. Categories with blue arrows relate to steroid biosynthesis and 
magenta arrows relate to cell-cell interactions, cell-ECM interactions, and cell adhesion. C: Top 
overrepresented categories derived from GO analysis of genes downregulated by ethanol and 
enriched in astrocytes analyzed with EnrichR. Gene categories with purple arrows are related to 
chondroitin sulfate biosynthesis. 
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Figure 7. Neonatal ethanol exposure decreases chondroitin sulfate glycosaminoglycan (CS-
GAG) biosynthetic enzymes and CS-GAGs levels in the neonatal hippocampus. A: Down-
regulation of Chpf2 (left) and Chsy1 (right) in the TRAP fraction by qRT-PCR (Chpf2 p-value = 
0.027; Chsy1 p-value = 0.022). B: Chpf2 (top panels) and Chsy1 (bottom panels) expression in 
astrocytes of the CA1 region of the hippocampus by RNA-FISH. Left panels: 100x objective 
images of RNA-FISH probes for Chpf2 (green, top) and Chsy1 (green, bottom) and cell-type 
markers Aldh1l1 (red, astrocytes) and Tubb3 (white, neurons); nuclei are stained by DAPI (Blue; 
scale bar = 20 µm). Right panels: zoomed region inside the white box of the left panels (scale 
bar = 10 µm). Staining puncta show proximal presence of Aldh1l1 and Chpf2 (top panels) or 
Aldh1l1 and Chsy1 (bottom panels) staining. C: Astrocyte enrichment and ethanol regulation of 
Chpf2 and Chsy1 in TRAP-Seq data. Concentrations (ng/mg tissue) of total CS-GAG 
disaccharides (D; p = 0.001), CS-4S disaccharides (E; p = 0.002), CS-6S disaccharides (F: p = 
0.005), and CS-0S disaccharides (G; p = 0.01) were decreased following ethanol treatment in 
the neonatal rat hippocampus. CS-GAG disaccharides were quantified by LC/MS and 
normalized to hippocampus weight.  
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Figure 8. ACM from Chpf2 siRNA-treated astrocytes increases neurite outgrowth in 
hippocampal neurons in vitro. Primary astrocyte cultures were treated with Chpf2 SiRNA or 
control; ACM was collected and transferred to primary cortical neuron cultures for 48 h. 
Hippocampal pyramidal neurons incubated in the presence of ACM from astrocytes in which 
Chpf2 was silenced showed increased neuronal neurite complexity (A; p = 0.03); number of 
nodes (B; p = 0.05), number of ends (C; p = 0.01), and the length of the minor neurites (D; p = 
0.03). E: representative neurons exposed to control ACM (left) or ACM prepared from 
astrocytes whose Chpf2 expression was silenced. 
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Supplemental Figure 1. A: RNA yield from TRAP samples was not different across sex or 
treatment. B: EGFP mRNA translation in TRAP samples showed no sex or treatment effects by 
qRT-PCR. C: EGFP mRNA in input samples showed no sex or treatment effects by qRT-PCR. 
D: Rpl10a normalized counts in TRAP-Seq samples showed no significant differences by 
treatment or sex. E: Rpl10a normalized counts in RNA-Seq (input) samples showed no 
significant differences by treatment or sex. 
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Supplemental Figure 2. Gene category overrepresentation summary plots for ethanol 
regulated genes. A: Top 30 EnrichR categories for genes that were regulated in TRAP samples.  
B: Top 30 statistically significant Enrichr overrepresented categories for genes that were 
regulated in input samples.  

 
Supplemental Figure 3. Gene category overrepresentation summary plots for ethanol 
regulated genes in the TRAP fraction. A: Top 30 Enrichr overrepresented categories for genes 
that were upregulated by ethanol. B: Top 30 Enrichr overrepresented categories for genes that 
were downregulated by ethanol. 
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Supplemental Figure 4. Relative distribution (expressed as percentage of total CS-GAGs) of 
CS-2S4S6S (TriS); CS-2S4S; CS-2S6S; CS-4S6S; CS-2S; CS-4S; CS-6S; CS-0S 
disaccharides in the neonatal hippocampus of female (top) and male (bottom) rat pups.  
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