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ABSTRACT 

 

Introduction: Alcohol use disorder (AUD) is a complex, chronic psychiatric disease. AUD 

manifests as having uncontrollable drinking patterns with detrimental effects. Excessive alcohol 

intake in the form of binge drinking, which is common among adolescents and young adults, is 

associated with increased risk of developing AUD. Here, we analyze RNA-seq data from 

hippocampi of Sprague Dawley rats to investigate temporal changes in gene expression. We used 

a rodent model of binge drinking, i.e., adolescent intermittent ethanol (AIE), to identify 

candidate genes that may play a role in the chronic changes in brain function and contribute to 

the development of AUD. 

 

Methods: At postnatal day (PND) 30 (adolescence), rats received chronic intermittent ethanol 

(5g/kg intragastrically (i.g.) 10 times across 16 days). We extracted total RNA from rat 

hippocampal tissue that was collected at three time points. RNA was sequenced on an Illumina 

HiSeq 2000 platform. We processed RNA-seq data (TrimGalore), compiled gene counts 

(HTSeq), and performed differential expression analysis (DESeq2). The full rank list of genes 

and the differentially expressed genes (DEGs) with nominal p<0.05 were used as inputs for 

pathway-based enrichment analyses GSEA and Cytoscape, respectively, at 3 timepoints in the 

presence or absence of ethanol (i.e., 3 comparisons). For each of these comparisons, GSEA was 

used to identify genes involved in enriched Gene Ontology (GO) terms while Cytoscape and its 

apps were used to identify networks of genes and, subsequently, subnetworks (i.e., clusters) of 

genes enriched by higher interaction. From clusters containing 15 or more nodes, we prioritized 

genes related with particular functions, cell types, or diseases, which were present in GO 
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Processes, Kyoto Encyclopedia of Genes and Genomes (KEGG) Pathways, or Reactome 

Pathways. 

 

Results: Based on GSEA, the most impacted differential gene expression occurs within the 

potassium channels and receptor function but is heavily dependent on the time point at which the 

analysis occurs. Across both GSEA and Cytoscape pathway analyses, the most striking changes 

occur in genes that regulate neuroinflammatory processes and neuronal/synaptic remodeling and 

coincide with the enrichment of pathways involved in addiction processes. 

 

Conclusion: Identification of genes dysregulated by AIE may be useful in determining the 

underlying mechanism for acute and chronic effects of AIE exposure that contribute to neuronal 

remodeling and increased risk of developing AUD. 
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INTRODUCTION 

Alcohol misuse is a major and critical public health issue with high economic impact. It 

costs the United States ~$249 billion annually (Sacks et al., 2015) in terms of loss of workplace 

productivity, hospitalizations for acute and chronic alcohol-related injury and disease, and costs 

relating to the criminal justice system. Approximately 3 million people worldwide (2016 data) 

and about 88,000 people in the USA (2011-2015 data) die annually from harmful use of alcohol, 

which represent 5.3% and 28.1% of all deaths, respectively. Alcohol is thus one of the major 

leading preventable causes of death (third in the USA), with 13.5% of all global deaths between 

the ages 20-39 attributable to alcohol use (Centers for Disease Control and Prevention, 2019; 

World Health Organization, 2018). Alcohol consumption typically begins in adolescence with 

90% of alcohol being consumed in a binge drinking manner (NIAAA, 2020; U.S. DOJ, 2005).  

High prevalence of binge drinking coincides with late stage brain maturation and a period in 

which select brain regions are highly vulnerable to the cytotoxic effects of ethanol and other 

drugs of abuse (Harper & Matsumoto, 2005). Growing evidence from epidemiological studies 

reveals that early onset (13-18 years of age) binge drinking is associated with increased 

likelihood of developing an alcohol use disorder (AUD) (Chin et al., 2010; DeWit et al., 2000; 

Grant & Dawson, 1997; Hanson et al., 2011) and the emergence of cognitive deficits in verbal 

and non-verbal skills, attention, visuospatial function, and learning (Chin et al., 2010; Hanson et 

al., 2011; Tapert et al., 2002; Tapert & Brown, 1999). AUDs are globally ranked as one of the 

most frequent mental disabilities and are related to several other physical and nervous system 

disorders (Hasin et al., 2007; Rehm, 2011; Rehm et al., 2015). AUD may result in mental health 

problems and economic problems for individuals and could have harmful impacts on their 

families, relatives, colleagues and the society in terms of violence, vehicle accidents, and 
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criminal offenses (Rehm et al., 2009). Over the last decade, concerted efforts have been made to 

understand the direct contributions of adolescent onset binge drinking to long-lasting changes in 

neuronal structure, function and subsequent cognitive changes that may be associated with the 

emergence of AUD. 

 

Parallels between human findings and rat models of binge drinking, which are consistent 

across laboratories, are emerging (Crews et al., 2019; Spear, 2016; Spear & Swartzwelder, 

2014b). Adolescent intermittent ethanol exposure (AIE) is a major predictor for AUD 

development that substantially affects neuronal function by causing aberrant hippocampal 

structure and function (Kim et al., 2019; Risher et al., 2013; Risher et al., 2015b). These changes 

correlate with select hippocampal-dependent deficits in learning processes that persist into 

adulthood (Acheson et al., 2013; Coleman et al., 2014; Risher et al., 2013; Vetreno & Crews, 

2015). These behavioral deficits coincide with enduring enhancement of long-term potentiation 

(LTP) and the persistence of neuronal hyperexcitability (Fujii et al., 2008; Risher et al., 2015a; 

Sabeti & Gruol, 2008; Swartzwelder et al., 2016), which are indicative of neuronal remodeling. 

However, underlying mechanisms that drive the changes at the synaptic and circuit level remain 

somewhat elusive. Here, we analyze rat hippocampal gene expression profiles to understand the 

temporal changes that occur in response to repeated adolescent ethanol exposure with the goal of 

elucidating changes in gene regulation that contribute to synaptic and neuronal remodeling and 

the development of AUD. 
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MATERIALS AND METHODS (Read all) 

 

Adolescent Intermittent Alcohol Exposure 

We used Sprague Dawley rats (Rattus norvegicus) SPF grade, which were obtained from Hilltop 

Lab Animals (PA, USA). At postnatal day (PND) 30 (adolescence), 18 rats received chronic 

intermittent ethanol (5g/kg intragastrically (i.g.)) or water (H2O) 10 times across 16 days (Risher 

et al., 2015b).  Rats were anesthetized using isoflurane and then euthanized by decapitation. The 

brains were removed and the hippocampus was rapidly dissected and frozen. Hippocampal tissue 

was collected from 6 rats each at three time points: 1) 24 hours after 4th dose (PND35), 2) 24 

hours after last dose (PND46), and 3) 26 days after last dose (PND70; adult). These timepoints 

correlate with adolescence (PND35 and PND46) and young adulthood (PND70) in humans 

(Sengupta, 2013). 

 

RNA Extraction and Sequencing 

We extracted total RNA from rat hippocampal tissue using RNeasy mini kit (Qiagen, 

Germantown, MD) following the manufacturer’s instructions. RNA sample quantity and quality 

were determined using a NanoDrop 2000 (Thermo Fisher Scientific, Waltham, MA). We used 

the Roche Kapa mRNA Hyper prep kit (Indianapolis, IN) to prepare libraries following the 

manufacturer’s instructions. Purified libraries were quantified using Qubit 2.0 Fluorometer (Life 

Technologies, Carlsbad, CA) and Agilent 2000 Bioanalyzer (Agilent Technologies, Santa Clara, 

CA). Clusters were generated by cBot with the purified library and sequenced on an Illumina 

HiSeq 2000 platform (Illumina, Inc., San Diego, CA). All sequencing was performed at the 

Sequencing and Genomic Technologies Service Center, Duke University, Durham, NC. 
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Differential Expression Analysis 

We processed RNA-seq data using TrimGalore toolkit (Krueger, 2020), a Perl wrapper that 

employs Cutadapt (Martin, 2011) and FASTQC (Andrews, 2010) to reliably trim low quality 

bases and Illumina sequencing adapters from the FASTQ files. Reads that were at least 20 

nucleotides in length were aligned and mapped to the Rnor 6.0v84 version of the rat genome and 

transcriptome (Kersey et al., 2012)  using STAR (Dobin et al., 2013). Only reads that mapped to 

a single genomic location were included in subsequent analyses. Gene counts were compiled 

using HTSeq (Anders et al., 2015) and filtered to retain genes that had at least 10 reads in any 

given library. Normalization and differential expression analysis for comparisons at the three 

time points (PND35, PND46, and PND70) in the presence of EtOH vs. absence of EtOH, i.e., 

PND35 EtOH vs H2O, PND46 EtOH vs H2O, and PND70 EtOH vs H2O, respectively, were 

performed using the DESeq2 Bioconductor package in R (Huber et al., 2015; Love et al., 2014; 

R Core Team, 2020). To control for multiple hypothesis testing, the false discovery rate (FDR) 

was calculated using the Benjamini-Hochbeerg method (Benjamini & Hochberg, 1995). Using 

all of the genes in each of conditions above (i.e., presence or absence of EtOH), genes were 

hierarchically clustered (unsupervised) by correlation distance with complete linkage. Heatmaps 

were generated using the differentially expressed genes (DEGs) with FDR≤0.05. 

 

Pathway-based Enrichment Analyses for Candidate Gene Identification 

Gene Set Enrichment Analysis (GSEA) 

GSEA (Mootha et al., 2003; Subramanian et al., 2005), which computationally assesses whether 

a defined set of genes statistically distinguishes the difference between two biological states, was 

performed to identify differentially regulated pathways and gene ontology (GO) terms by using 
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as input the full rank list of genes from the differential expression analysis as for each of the 

comparisons (PND35 EtOH vs H2O, PND46 EtOH vs H2O, and PND70 EtOH vs H2O). For this 

study, we focused on the part of GSEA that tested pre-defined gene sets from GO that grouped 

genes based on biological process and molecular functions. 

 

Cytoscape pathway and functional enrichment analyses 

To be a bit stringent yet permissive due to the small sample size, genes that reached nominal 

significance (p<0.05) through differential expression analysis at the three comparisons, were 

used as input for Cytoscape pathway analysis (v.3.7.2, Shannon et al. (2003)). To identify 

subnetworks (clusters) of genes that are functionally enriched by higher interaction (with 

minimum cluster size of 10 allowing up to 25 interactors), two Cytoscape apps 

(clusterMaker that implements the Markov CLustering Algorithm (MCL) and 

StringApp) were employed through automation using R (Doncheva et al., 2019; Morris et al., 

2011; Otasek et al., 2019; R Core Team, 2020; Shannon et al., 2003). From these subnetworks, 

(1) we selected those that have at least 15 nodes,  (2) subsequently filtered gene sets, which were 

functionally enriched in GO Processes, KEGG Pathways, or Reactome Pathways within 

Cytoscape (Ashburner et al., 2000; Jassal et al., 2020; Kanehisa, 2019; Kanehisa & Goto, 2000; 

Kanehisa et al., 2019; The Gene Ontology, 2019), and (3) further selected clusters that have 

genes involved in particular topics, i.e., functions, cell types, or diseases, which include: 

astrocytes, addiction, remodeling, immune response, synaptic/signaling, blood brain barrier, 

mitochondria, and aging. Genes that are present in at least three main topics (especially 

remodeling, immune response, and synaptic/signaling) were prioritized.  
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RESULTS 

 

Differential Expression Analysis  

Of the 15,772 genes analyzed, there were 12, 1, 1 differentially expressed genes (DEGs) with 

FDR≤0.05 (for heatmap generation) and 710, 1,076, and 239 DEGs with nominal p<0.05 (input 

for Cytoscape analysis) for PND35 EtOH vs H2O, PND46 EtOH vs H2O, PND70 EtOH vs H2O, 

respectively (Supplementary File 1: S1_Differential_Expression.xlsx).  Since 2 of the 3 

comparisons (PND46 EtOH vs H2O and PND70 EtOH vs H2O) only had 1 DEG each using 

FDR≤0.05 threshold, only one heatmap was generated (Figure 1).  

 

Pathway-based Enrichment Analyses for Candidate Gene Identification 

GSEA 

Here, we focused on the GSEA output involving enriched GO terms. After removal of duplicate 

entries, 15,678 of the 15,772 genes from differential expression analysis were used for GSEA. Of 

the gene sets retrieved from GO, 1,454 contained one or more of these 15,678 genes. Gene sets 

were initially filtered based on the number of members, i.e., gene set size (min=15, max=500), 

which resulted in selecting 935 gene sets (i.e., filtered out 519 gene sets). For each of the three 

comparisons, the top 15 upregulated and top 15 downregulated gene sets were assessed.  

 

GSEA for PND35 EtOH vs H2O (24 hours after the 4th dose): Earliest timepoint 

For PND35 EtOH vs H2O, 358 (38.2%) gene sets are upregulated, 7 (0.7%), 15 (1.6%), and 35 

(3.7%) of which are significant at FDR<0.25, nominal p<0.01, and nominal p<0.05, respectively. 

On the other hand, 577 (61.7%) gene sets are negatively regulated, 25 (2.7%), 29 (3.1%), and 77 
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(8.2%) of which are significant at FDR<0.25, nominal p<0.01, and nominal p<0.05, respectively. 

Plots of top 20 enriched GO terms upregulated and negatively regulated are shown in Figures 2 

and 3, respectively.  

Enrichment in 4 of the top 15 upregulated gene sets involve mitochondrial ribosomal proteins 

(‘mitochondrial ribosome’, ‘organellar ribosome’, ‘ribosomal unit’, ‘ribonucleoprotein 

complex’), while 2 of the top 15 show gene enrichment of endoplasmic reticulum components 

(‘endoplasmic reticulum membrane’ and ‘endoplasmic reticulum part’) and ion channel activity 

(‘auxiliary transport protein activity’ and ‘channel regulator activity’). Within the ‘auxiliary 

transport protein activity’ and ‘channel regulator activity’ gene sets, multiple potassium (K+) 

channel subunits, including the shaker subfamily were enriched (KCNAB2, KCNV1, KCNAB3, 

KCNS3, KCNAB1) (Supplementary Files 2 and 3: S2_PND35_GeneSet_1.txt and 

S3_PND35_GeneSet_2.txt, respectively). Other genes of interest include neuropeptide Y 

receptor 2 (NPY2R) and the FXR1 gene within the ‘ribonucleoprotein complex’ gene set.  

When assessing negative regulation of genes at PND35, the most robust finding was that 5 of the 

top 15 gene sets downregulated were associated with the extracellular matrix (‘extracellular 

matrix’, ‘extracellular matrix structural constituent’, ‘proteinaceous extracellular matrix’, 

‘extracellular matrix part’, ‘collagen’) and included the downregulation of laminins (LAMA1, 

LAMC1, LAMB1), collagens (COL4A4, COL9A2, COL18A1, COL13A1, COLQ, COL9A3, 

COL7A1, COL9A1, COL3A1, COL5A1, COL4A5), thombospondin (THBS4), tenascin XB 

(TNXB). On the other hand, 2 of the top 15 gene sets negatively regulated involved synaptic 

activity (‘neurological system process’ and ‘system process’) and were negatively regulated with 

regard to multiple K+ channels (KCNMA1, KCNK5, KCNQ3, KCNK3, KCNQ4) 

(Supplementary Files 4 and 5: S4_PND35_GeneSet_3.txt and S5_PND35_GeneSet_4.txt, 
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respectively), glutamate receptors (GIRK2, GIRK1, GRM8), dopaminergic receptors (DRD1 and 

DRD 4), and the adenosine A2a receptor (ADORA2A). A number of genes were also negatively 

regulated within the ‘transforming growth factor β receptor signaling pathway’ and the 

‘transmembrane receptor protein serine threonine kinase signaling pathway’ including 2 genes 

involved in transforming growth factor function (TGFBRAP1 and TGFBR3). 

 

GSEA for PND46 EtOH vs H2O (24 hours after the last dose) 

For PND46 EtOH vs H2O, 478 (51.1%) gene sets are upregulated, 73 (7.8%), 48 (5.1%), and 90 

(9.6%) of which are significant at FDR<0.25, nominal p<0.01, and nominal p<0.05, respectively. 

On the other hand, 457 (48.9%) gene sets are negatively regulated, 146 (15.6%), 73 (7.8%), and 

124 (13.3%) of which are significant at FDR<0.25, nominal p<0.01, and nominal p<0.05, 

respectively. Plots of top 20 enriched GO terms upregulated and negatively regulated are shown 

in Figures 4 and 5, respectively. 

Enrichment in 13 of the top 15 gene sets upregulated involve genes important in receptor and ion 

channel activity. The top 2 gene sets were ‘glutamate receptor activity’ and ‘glutamate signaling 

pathway’. The majority of enriched genes are designated as ionotrophic glutamate receptor 

subunits (GRIN2A, GRIN2B, GRIA2, GRIK3, GRIK2, GRIA1, and GRIK1), 3 of which are 

kainate receptors. However, some metabotrophic glutamate receptors were also enriched 

(GRM5, GRM3, and GRM7) along with gamma-aminobutyric acid (GABA) B receptor 1 

(GABBR1). In the ‘synaptic transmission’ gene set the gene encoding for mGluR5 (GRM5) is 

enriched. This receptor is expressed on neurons and astrocytes in early development and is 

involved in regulation of glutamate availability (Isherwood et al., 2018). Six of the next 8 gene 

sets upregulated involved potassium (‘potassium ion transport’, ‘voltage gated potassium 
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channel activity’, ‘potassium channel activity’, and ‘voltage gated potassium channel complex’), 

voltage gated channels (voltage gated channel activity’ and ‘voltage gated cation channel 

activity’) and ‘synaptic transmission’. In these gene sets, 26 genes involved in K+ ion transport 

were enriched (not shown). KCNC4 was the most enriched and encodes for Kv3.4. This is a K+ 

channel that is involved in cell death mechanisms. KCNJ10 is one particular gene that stands out 

that encodes the astrocyte K+ channel Kir4.1 and is heavily involved in K+ uptake in response to 

synaptic transmission. Dysregulation of Kir4.1 disrupts glutamate uptake by astrocytes 

(Kucheryavykh et al., 2007). KCNQ2 encodes for the protein Kv7.2. This is a slowly activating 

and deactivating potassium channel that plays a critical role in the regulation of neuronal 

excitability. The synaptic transmission gene sets (‘voltage gated channel activity’, ‘voltage gated 

cation channel activity’, ’transmission of nerve impulse’, and ‘monovalent inorganic cation 

transport’) overlap extensively with the K+ channel gene sets. However, they also reflect changes 

in a number of calcium channels (CACNB4, CACNB2, CACNA2D1, CACNB1, CACNA1H), 

chloride channels (CLCN3 and CLCN4), and sodium channels (SCN1B and SCN2B). 

CACNA2D1 gene enrichment is of particular interest since it is involved in astrocyte-induced 

synaptogenesis during development, throughout life, and is involved in aberrant 

synaptic/neuronal remodeling in response to injury. Moreover, previous work demonstrates the 

upregulation of the encoded protein α2δ-1 in response to AIE in CA1 hippocampus, albeit at a 

later time point (PND70) (Risher et al., 2015b; Swartzwelder et al., 2016). Homer homolog 1 

(HOMER1), HOMER2, and neuroligin 1 (NLGN1) were also enriched at this time point. These 

genes are important for synaptogenesis, synaptic stabilization, astrocyte morphogenesis, and 

regulation of Ca2+ homeostasis at synaptic dendritic spines (Sala et al., 2005). ‘Axonogenesis’, 

‘neuron differentiation’ and ‘generation of neurons’ show enrichment overlap in a number of 
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genes that are involved in synaptic and axonal remodeling (NLGN1, NTNG2, ROBO2, NRXN1, 

OPHN1). ROBO2 is involved in axon guidance, while Oligoprenin 1 drives RHOA activity and 

is involved in the growth and stabilization of dendritic spines. Netrin G2 is implicated in synaptic 

and circuit organization and once again is found to be more highly expressed in models of 

epilepsy (Pan et al., 2010). Thy1 is thought to play a role in cell-cell cell-ligand interactions 

during synaptogenesis (Liu et al., 1996). Other genes enriched in both the ‘axonogenesis’ and 

‘transmission of nerve impulse’ are kallikrein 8 (KLK8), adhesion molecule with Ig-like domain 

1 (AMIGO1), synaptotagmin I (SYT1), synapsin I and III (SYN1 and SYN3). Kallikrein 8 is 

intriguing because it is known to regulate long-term potentiation and therefore play a role in the 

regulation hippocampal-dependent memory processes.  

In contrast, 8 of the top 15 gene sets negatively regulated include neuronal and synaptic 

remodeling-related terms (‘proteinaceous extracellular matrix’, ‘extracellular matrix’, 

‘extracellular matrix structural constituent’, ‘extracellular matrix part’, ‘extracellular region’, 

‘collagen’, ‘extracellular region part’, ‘basement membrane’). They include genes associated 

with collagen (COL4A5, COL6A3, COL7A1, COL18A1, COL3A1, COL13A1, COL4A4, 

COLQ, COL9A2, COL5A3, COL9A1, COL5A1, COL4A3) and laminin (LAMA2, LAMAB2, 

LAMC1, LAMB1, LAMA4). Genes similarly regulated within ‘carbohydrate binding’, ‘tissue 

development’, ‘pattern binding’, and ‘skeletal development’ groups also made the top 15 gene 

set list and had significant gene overlap with regard to tissue remodeling. Other genes of interest 

that are negatively regulated in response to AIE are tenascin XB (TNXB) and periostin 

(POSTN), semaphorin 3A (SEMA3A), complement component 1q (C1Q), interleukin 1 beta 

(IL1B), lipopolysaccharide binding protein (LBP), chemokine (C-X-C motif) ligand 9 (CXCL9), 

interleukin 6 receptor (IL6R), tumor necrosis factor receptor 11β (TNFRSF11B), and kallikrein 6 
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(KLK6). Periostin is a neurite outgrowth-promoting factor (Matsunaga et al., 2015) that is 

upregulated in response to cerebral ischemia (Shimamura et al., 2012). Semaphorin 3A is 

involved in axon guidance. CXCL9 and IL6 can mediate activation of inflammatory pathways 

via the JAK/STAT3 pathway, driving astrocyte reactivity. Kallikrein 6 contributes to astrocyte 

reactivity (Scarisbrick et al., 2012), suggesting that negative regulation of these factors may be 

important for limiting cell damage induced by AIE-induced neuroinflammation. The 8th, 9th, 

and 15th on the gene set list of negatively regulated genes are ‘ER-golgi intermediate 

compartment’, ‘cytokine binding’, and ‘I kappa kinase NF-κB cascade’, respectively. The 

‘cytokine binding’ gene set shows negative regulation of a number of interleukin receptors (ILR) 

and tumor necrosis factor receptors (TNFR) that are particularly important for 

neuroinflammatory processes, these include: IL12RB2, IL15R, IL9R, IL3RA, IL6R, IL10RB, 

IL2RG, IL13RA2, IL1R1, IL2RA, TNFRSF1B, TNFRSF1A, TNFRSF4, along with 3 genes for 

interferon gamma receptors (IFNGR2, IFNAR2, IFNAR1) (Supplementary File 6: 

S6_PND46_GeneSet_1.txt). The ‘I kappa kinase NF-κB cascade’ gene set shows some overlap 

with the ‘cytokine binding’ genes along with the addition of TRADD, TRAF2, CASP8, 

CARD10, TNFRSF1A, TNFRSF10B, TICAM2, CASP1, LITAF, that are all involved in the 

regulation of neuroinflammation and neuronal death cascades. Contrary to the negative 

regulation of neuroinflammation-related genes, RHOA is also negatively regulated within the ‘I 

kappa kinase NF-κB cascade’ group. Deletion of RHOA from microglia activates a pro-

inflammatory cascade, disrupts neuronal function, and results in neurodegeneration (Socodato et 

al., 2020). However, its more well-known role is in dendritic remodeling (Fox et al., 2020). 
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GSEA for PND70 EtOH vs H2O (26 days after the last dose) 

For PND70 EtOH vs H2O, 408 (43.6%) gene sets are upregulated, 16 (1.7%), 22 (2.4%), and 39 

(4.2%) of which are significant at FDR<0.25, nominal p<0.01, and nominal p<0.05, respectively. 

On the other hand, 527 (56.4%) gene sets are negatively regulated, 3 (0.3%), 16 (1.7%), and 69 

(7.4%) of which are significant at FDR<0.25, nominal p<0.01, and nominal p<0.05, respectively. 

Plots of top 20 enriched GO terms upregulated and negatively regulated are shown in Figures 6 

and 7, respectively. 

The negative regulation of tissue remodeling genes at PND46 (24 hour after the 10th dose) is 

almost completely reversed by PND70 (26th day washout). At PND70, 9 out of the top 15 gene 

sets upregulated are related to tissue remodeling (‘contractile fiber part’, ‘extracellular matrix 

part’, ‘extracellular matrix structural constituent’, ‘collagen’, ‘proteinaceous extracellular 

matrix’, ‘extracellular matrix’, integrin binding’, ‘tissue development’, ‘’myofibril’) and involve 

the collagens (COL4A5, COL16A1, COL18A1, COL13A1, COL6A3, COL5A3, COL3A1, 

COL5A1, COL4A3, COL5A2, COL7A1, COL4A2, COLQ, COL9A2, COL9A3, COL8A1), 

laminins (LAMC1, LAMB2, LAMA2, LAMA3), and tenascin XB (TNXB), thrombospondins 

(THBS4), ADAM metallopeptidase with thombospondin type motifs (ADAMTS 13, 23, 9), 

intercellular adhesion molecules (ICAM2), and Janus kinase 2 (JAK2). Also included in the top 

15 genes sets enriched following washout involve ‘exopeptidase activity’, ‘endonuclease 

activity’, and ‘transmembrane receptor protein tyrosine kinase activity’. Of particular interest is 

the enrichment of ephrin A4 (EFNA4), EPH receptor B2 (EPHB2), and neuropilin 1 (NRP1) 

within the ’transmembrane receptor protein tyrosine kinase activity’ gene set. Neuropilin 1 is 

involved in cell migration. Ephrins are a group of receptor kinases that are anchored to the cell 
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membrane by glycosylphosphatidylinositol (GPI) or by a transmembrane domain. They are most 

commonly associated with synaptic development and synaptic remodeling.  

Calcium/calmodulin-dependent protein kinase (CaM kinase) IIα (CAMK2A) was enriched in the 

‘regulation of transcription factor activity’ and the ‘regulation of DNA binding’ gene sets. This 

gene is part of the serine/threonine protein kinases family and the Ca(2+)/calmodulin-dependent 

protein kinases subfamily. It is involved in the regulation of NMDAR-dependent potentiation of 

AMPAR, dendritic spine development, and mediates numerous downstream second messenger 

processes. The single immunoglobulin and toll-interleukin 1 receptor (TIR) domain (SIGIRR) 

was enriched within the ‘regulation of transcription factor activity’ and the ‘regulation of DNA 

binding’ gene sets. The Toll/IL-1 receptor (TIR) domain is involved in the regulation and 

activation of transcription factors that regulate proinflammatory cytokines (Narayanan & Park, 

2015). Receptor (TNFRSF)-interacting serine-threonine kinase 1 (RIPK1), tumor necrosis factor 

superfamily, member 1A, 10, and 10B (TNFRSF1A, TNFRSF10 and TNFRSF10B), 

lipopolysaccharide-induced TNF factor (LITAF), caspase 8 (CASP8), Ras homolog gene family 

member A and C (RHOA and RHOC), and mindbomb homolog 2 (MIB2) were all enriched in 

the ‘positive regulation of I kappa kinase NF-κB cascade’ gene set and are all involved in 

neuroinflammation and/or cell death pathways.  

On the other hand, 2 of the top 3 gene sets that are negatively regulated at PND70 are associated 

with neurotransmitter function (‘neurotransmitter receptor activity’ and ‘neurotransmitter 

binding’). Most highly downregulated genes include a number of cholinergic (CHRNA7, 

CHRM3, CHRNA5, CHRNA4, CHRNE) and GABAergic receptors (GABRA3, GABRG2, 

GABRA4, GABRA2). Other receptor genes found to be significantly downregulated include 

CCKBR, BRS3, and DRD1. Moreover, 2 of the top 15 gene sets negatively regulated are 
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involved in potassium channel function (‘voltage gated potassium channel activity’ and ‘voltage 

gated potassium channel complex’) (Supplementary Files 7 and 8: S7_PND70_GeneSet_1.txt, 

and S8_PND70_GeneSet_2.txt, respectively). The potassium-related channels downregulated 

include: KCNH3, KCNJ5, KCNC4, KCNC1, KCNC1, KCNJ15, KCNJ4, KCNJ4, KCNA3, 

KCNA5, KCNH4, KCNA5, KCNMA1, and KCNB2.  Voltage-gated potassium (Kv) channels 

represent the most complex class of voltage-gated ion channels from both functional and 

structural standpoints. Their diverse functions include regulating neurotransmitter release, heart 

rate, insulin secretion, neuronal excitability, epithelial electrolyte transport, smooth muscle 

contraction, and cell volume. They are present in both excitable and non-excitable cells. A 

number of channel protein genes within the delayed rectifier class that are known to mediate 

voltage-dependent potassium ion permeability of excitable membranes are negatively regulated 

and include: KCNC4 (Kv3.4), KCNA3 (Kv1.3), KCNA5 (Kv1.5), KCNA5 (Kv1.5), KCNB2 

(Kv2.2) and KCNA3 (Kv1.3). KCNH3 (Kv12.2) is also downregulated. This is important 

because KCNH3 encodes for a protein that is involved in hippocampal excitability and epilepsy 

(Zhang et al., 2010). KCNJ5 (Kir3.4), KCNJ15 (Kir4.2) and KCNJ4 (Kir2.3) are inwardly 

rectifying potassium channels that are also important for neuronal signaling and membrane 

excitability. KCNC1 (Kv3.1) a gene that mediates the voltage-dependent potassium ion 

permeability of excitable membranes is also downregulated at this late timepoint. KCNMA1 

(KCa1.1) encodes a BKCa channel that has a large conductance. It is a voltage and calcium-

sensitive potassium channel which is fundamental for neuronal excitability. Loss of BKCa 

channel function results in neuronal hyperexcitability (N'Gouemo, 2014). Interestingly, it is also 

involved in the regulation of β1-integrin function and cell adhesion (Tanner et al., 2017). 
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Combined with the enrichment of many ECM genes provides additional evidence that AIE 

drives dysregulation of neuronal remodeling processes.  

Furthermore, 18 out of 50 genes in the ‘CAMP mediated signaling’ gene set were negatively 

regulated whereas, 78 genes out of 240 were negatively regulated in the ‘G protein coupled 

receptor protein signaling pathway’ gene set. They span a plethora of overlapping GPCR-related 

genes that include GABAergic receptors (GABBR2, GABBR1, GABRA2, GABRE, GABRA4, 

GABRG2, GABRB2, GABRA1, GABRA3), cholinergic receptors (CRHR2, CHRM3), 

glutamatergic receptors (GRM5, GRM8, GRM2), adrenergic receptors (ADRA1B, ADRA2A), 

opioid receptors (OPRM1, OPRK1, OPRL1), neuropeptide Y receptors (NPY1R, NPY5R), and 

one dopamine receptor (DRD1). Also, 2 of the top 15 gene sets downregulated involve 

neuropeptide activity (‘neuropeptide binding’ and ‘neuropeptide receptor activity’). Genes 

specifically impacted include tachykinin receptors (TACR2, TACR3), bombesin-like receptor 3 

(BRS3), and somatostatin receptor 1 (SSTR1). In addition to many changes in receptor 

regulation, ‘RNA binding’ and ‘structural constituent of ribosome’ are negatively regulated 

along with 3 gene sets related to translation: ‘translation initiation factor activity’, ‘translation 

factor activity nucleic acid binding’, and ‘translation’ along with the final gene set ‘cellular 

respiration’ (ranked 15).  

 

Cytoscape Pathway and Functional Enrichment Analyses 

Out of the 710, 1,076, and 239 DEGs with nominal p<0.05 from differential analysis, Cytoscape 

generated networks with 672 nodes (2,450 edges), 1,000 nodes (5,254 edges), and 226 nodes 

(543 edges) for PND35 EtOH vs H2O, PND46 EtOH vs H2O, PND70 EtOH vs H2O, 

respectively, where the number of nodes correspond to the genes in each of the networks. Using 
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clusterMaker and StringApp within Cytoscape, 7, 10, and 4 subnetworks with cluster 

sizes of at least 10 nodes were identified where 2, 3, and 2 subnetworks met the criteria of 

having: (1) at least 15 nodes (i.e., enriched genes), (2) genes that belong to the top 15 enriched 

functions based on their presence in GO Processes, KEGG Pathways, or Reactome Pathways, 

and (3) genes involved in particular topics, such as remodeling, immune response, and 

synaptic/signaling for PND35 EtOH vs H2O, PND46 EtOH vs H2O, PND70 EtOH vs H2O, 

respectively. 

 

Cytoscape analyses for PND35 EtOH vs H2O (24 hours after the 4th dose): Earliest 

timepoint  

For PND35, the top 2 clusters (from 3 subnetworks with at least 15 nodes) met all criteria 

previously described. In Cluster 1 (PND35), for the Reactome Pathways, the top enriched 

functions identified are ‘adaptive immune system’ (Figure 8), ‘immune system’ (Figure 9), 

‘VEGFA-VEGFR2 pathway’, and ‘class I MHC mediated antigen processing and presentation’, 

respectively. ‘Antigen processing: ubiquitination & proteasome degradation’ was the 6th most 

significant function under Reactome Pathways. Interestingly, other functions included genes that 

are also associated with neurodevelopmental processes. These include ‘RHO GTPase Effectors’ 

(Figure 10), ‘Signaling by NOTCH’ (Figure 11), ‘Axon guidance’, ‘Integrin αIIb β3 signaling’ 

(Figure 12), ‘Developmental Biology’, and ‘L1CAM interactions’. For the GO Processes, the 

functions enriched vary greatly, from ‘cellular response to hormone stimulus’ (1 of 15), 

‘regulation of anatomical structure morphogenesis’ (5 of 15), to ‘positive regulation of 

phosphorylation’ (11 of 15). For in KEGG pathways, 10 of the top 15 enriched gene sets include 

genes involved in cancer pathways, where the top two are ‘breast cancer’ and ‘glioma’, 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted November 3, 2020. ; https://doi.org/10.1101/2020.11.02.365841doi: bioRxiv preprint 

https://doi.org/10.1101/2020.11.02.365841


respectively, but also include pancreatic, colorectal, and prostate cancer pathways indicative of 

cellular remodeling. Cellular senescence is 3rd in the top 15 enriched gene sets.    

In Cluster 2 (PND35), Reactome Pathways’ GPCR ligand binding (1 of 15) and all 15 of the top 

enriched functions involve G-proteins. For GO Processes, the top significantly enriched pathway 

is ‘G protein-coupled receptor signaling pathway’ all other enriched pathways involve cell 

signaling and cellular response to stimulus. KEGG Pathways involve serotonergic (1 of 15), 

endocannabionoid (2 of 15), cholinergic (3 of 15), GABAergic (4 of 15), glutamatergic (7 of 15), 

and dopaminergic pathways (8 of 15). Other functions of interest include ‘circadian entrainment’ 

(5 of 15), ‘chemokine signaling pathway’ (6 of 15) (Figure 13), morphine addiction (10 of 15), 

and alcoholism (12 of 15).   

 

Cytoscape analyses for PND46 EtOH vs H2O (24 hours after the last dose; 10th dose) 

For PND46, the top 3 clusters (from 5 subnetworks with at least 15 nodes) met all criteria. In 

Cluster 1 (PND46), for the Reactome Pathways, ‘immune system’ (1 of 15) and ‘innate immune 

system’ (3 of 15) (Figures 14 and 15) had the highest number of enriched genes in this cluster 

(36 and 21, respectively). Genes encoding for Rho GTPases were also significantly enriched in 4 

of the top 15 functions (Signaling by Rho GTPases’ (Figure 16), ‘RHO GTPases Activate 

WASPs and WAVEs’, ‘Rho GTPase cycle’, and ‘RHO GTPase Effectors’) while 3 of the top 15 

functions were involved in cell death pathways, namely: ‘Regulation of actin dynamics for 

phagocytic cup formation’, ‘Class I MHC mediated antigen processing & presentation’, and 

‘Antigen processing: Ubiquitination & Proteasome degradation’. GO Processes showed 

enrichment of functions involved in ‘cell differentiation’ (1 of 15) and immune activation 

(‘immune system process’ (2 of 15) (Figure 17) and ‘cellular response to cytokine stimulus’ (10 
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of 15)) (Figure 18). Other functions involved neurodevelopment, neuronal and synaptic 

remodeling genes (‘regulation of cytoskeleton organization’ (5 of 15) (Figure 19), ‘regulation of 

plasma membrane bounded cell projection organization’ (6 of 15), ‘regulation of protein 

polymerization’ (7 of 15), ‘positive regulation of actin filament polymerization’ (12 of 15), 

‘regulation of dendrite development’ (14 of 15) (Figure 20), and ‘neurogenesis’ (15 of 15)). 

KEGG Pathways also demonstrate enrichment of functions involved in neuronal and synaptic 

development and remodeling (regulation of actin cytoskeleton (1 of 15) (Figure 21), focal 

adhesion (4 of 15), adherens junction (8 of 15), and axon guidance (10 of 15)). 2 functions 

associated with neuroimmune and cell death pathways are enriched (Fc gamma R-mediated 

phagocytosis (3 of 15) and T cell receptor signaling pathway (5 of 15)) (Figure 22).  

In Cluster 2 (PND46), Reactome Pathways are dominated by remodeling pathways that account 

for 10 of the top 15 enriched functions (‘extracellular matrix organization’ (1 of 15) (Figure 23), 

‘collagen formation’ (2 of 15), ‘collagen biosynthesis and modifying enzymes’ (3 of 15), 

‘assembly of collagen fibrils and other multimeric structures’ (5 of 15), ‘degradation of the 

extracellular matrix’ (6 of 15), ‘laminin interactions’ (7 of 15) (Figure 24), ‘collagen chain 

trimerization’ (10 of 15), ‘elastic fibre formation’ (12 of 15), ‘integrin cell surface interactions’ 

(13 of 15) (Figure 25), and ‘collagen degradation’ (14 of 15). For the GO Processes, pathways 

contain a high number of remodeling pathways, including ‘response to stress’ (2 of 15) (Figure 

26), ‘response to wounding’ (3 of 15), ‘wound healing’ (5 of 15), ‘regulation of cell migration’ 

(6 of 15), ‘positive regulation of biological process’ (7 of 15), and ‘positive regulation of cellular 

process’ (15 of 15). KEGG Pathways also contain a number of remodeling pathways (‘focal 

adhesion’ (3 of 15), ‘ECM-receptor interaction’ (6 of 15) (Figure 27), ‘Ras signaling pathway’ 

(14 of 15) and neuroimmune pathways (‘PI3K-Akt signaling pathway’ (1 of 15) (Figure 28), 
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‘cytokine-cytokine receptor interaction’ (11 of 15) (Figure 29), and ‘AGE-RAGE signaling 

pathway in diabetic complications’ (15 of 15)).  

In Cluster 3 (PND46), G protein signaling and ligand binding events represent the top 4 of 15 

enriched Reactome Pathways. Genes involved in Ca2+ signaling are also enriched (‘Ca2+ 

pathway’ (8 of 15)). ‘G protein-coupled receptor signaling pathway’ also represents the most 

significantly enriched gene pathway within the GO Processes with ‘cellular Ca2+ ion 

homeostasis’ (12 of 15) also showing enrichment. Six other groups involved in cell-cell 

communication and response to stimulus are enriched (signal transduction’ (2 of 15), response to 

stimulus’ (3 of 15), ‘cellular response to stimulus’ (4 of 15), ‘regulation of cell communication’ 

(10 of 15), ‘regulation of signaling’ (11 of 15), and ‘positive regulation of signal transduction’ 

(14 of 15)). Related to cell communication, KEGG Pathways demonstrate enrichment of multiple 

classes of neurons that include 5HT (1 of 15), ACh (6 of 15), Glut (7 of 15), DA (8 of 15), and 

GABA (11 of 15). Once again as seen at the previous time point (PND35), ‘circadian 

entrainment’ (4 of 15) is enriched along with ‘morphine addiction’ (5 of 15), ‘alcoholism’ (14 of 

15), and ‘chemokine signaling pathway’ (12 of 15) (Figure 30).  

 

Cytoscape analyses for PND70 EtOH vs H2O (26 days after the last dose) 

For PND70, the top 2 clusters (from 3 subnetworks with at least 15 nodes) met all criteria. In 

Cluster 1 (PND70), the Reactome Pathways and GO Processes top gene sets were dominated by 

pathways involved in metabolic processes. For the Reactome Pathways, the enriched functions 

include ‘the citric acid (TCA) cycle and respiratory electron transport’ (1of 5), ‘respiratory 

electron transport, ATP synthesis by chemiosmotic coupling, and heat production’ (2 of 5), 

‘complex I biogenesis’ (3 of 5), ‘formation of ATP by chemiosmotic coupling’ (4 of 5), and 
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‘cristae formation’ (5 of 5). For the GO processes, all top 15 enriched pathways involved 

metabolic processes with the top 3 being ‘electron transport chain’ (1 of 15), ‘respiratory 

electron transport chain’ (2 of 15), and ‘cellular respiration’ (3 of 15). For the KEGG Pathways, 

metabolic pathways accounted for 3 of the top 9 enriched pathways (‘oxidative phosphorylation’ 

(1 of 9), ‘thermogenesis’ (3 of 9), and ‘metabolic pathways’ (6 of 9)). Degenerative disease gene 

sets account for another 3 top enriched pathways (‘Parkinson’s disease’ (2 of 9), ‘Alzheimer’s 

disease’ (4 of 9), and ‘Huntington’s disease’ (5 of 9)). ‘Non-alcoholic fatty liver disease 

(NAFLD)’ (7 of 9), ‘retrograde endocannabinoid signaling’ (8 of 9), and ‘cardiac muscle 

contraction’ (9 of 9) represent the final 3 enriched pathways within the KEGG Pathways at this 

time point.  

In Cluster 2 (PND70), only 1 Reactome Pathways gene set had a significant FDR value (0.029), 

which was the ‘AKT phosphorylates targets in the nucleus’ but only two genes were enriched 

(Akt1 and Foxo4). For the GO Processes, 6 of the top 15 enriched functions were related to 

cellular response, where the top 2 included ‘response to endogenous stimulus’ (1 of 15) and 

‘cellular response to endogenous stimulus’ (2 of 15). 5 of the top 15 enriched functions were 

involved in negative regulation of ‘negative regulation of cellular process’ (3 of 15), ‘negative 

regulation of signal transduction’ (6 of 15), ‘negative regulation of cellular macromolecule 

biosynthetic process’ (8 of 15), ‘negative regulation of macromolecule metabolic process’ (14 of 

15), and ‘negative regulation of gene expression’ (15 of 15). The KEGG Pathways showed 

enrichment of 5 cancer pathways (‘breast cancer’ (1 of 15), ‘proteoglycans in cancer’ (3 of 15), 

‘pathways in cancer’ (5 of 15), ‘gastric cancer’ (13 of 15), ‘hepatocellular carcinoma’ (14 of 15), 

and enrichment of ‘p53 signaling pathway’ (4 of 15). Cellular apoptosis gene sets were enriched 
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in 3 pathways (‘FoxO signaling pathway’ (7 of 15), ‘apoptosis’ (8 of 15), and ‘mTOR signaling 

pathway’ (12 of 15) (Figure 31).    
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DISCUSSION 

 

Differential Expression Analysis 

Among the three timepoints, only the earliest timepoint (PND35) had 12 DEGs with FDR≤0.05, 

which allowed generation of a heatmap. The latter timepoints (PND46 and PND70) only had 1 

DEG each, which are Wfs1 and Klra2, respectively. At the earliest timepoint only 2 genes stood 

out, period circadian regulator 3 (Per3) and cadherin 9 (Cdh9). Per3 is important because, as 

suggested by the name, it is involved in the regulation of circadian rhythm and higher 

homeostatic sleep drive (Dijk & Archer, 2010). Dysregulation of Per3 is important because 36-

72% of patients with AUD report sleep disturbances that usually occur in the form of insomnia 

and that can persist into sobriety (Brower, 2003). Severity of sleep disturbance is suggested to 

correlate with likelihood of relapse (Brower et al., 2001). Another gene of interest is Cdh9, 

shown to selectively regulate synapse development between dentate gyrus (DG) and CA3 

neurons within the hippocampus (Williams et al., 2011). Dysregulation of Cdh9 results in 

disruption of DG-CA3 synapse formation. Whether changes in Cdh9 also contribute to ectopic 

hippocampal neurogenesis (McClain et al., 2014) or subsequent changes in neuronal connectivity 

within the DG-CA3 region is yet to be determined but may be important in the context of spatial 

learning and memory processes. 
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Pathway-based Enrichment Analyses for Candidate Gene Identification 

GSEA 

Neuronal and Synaptic Remodeling 

At the 4th dose (PND35), 5 of the top 15 gene sets downregulated were associated with the 

extracellular matrix. Gene families strongly regulated included laminins, collagens, 

thrombospondin4, and tenascin XB. One gene that stood out was FXR1, which is associated with 

mental retardation and is characterized by abnormal increased density of dendritic spines and the 

persistence of an immature dendritic spine phenotype. This is interesting since previous work in 

CA1 hippocampus has demonstrated the persistence of immature dendritic spines into adulthood 

following AIE (Risher et al., 2015a) suggesting a possible role for this gene in the dysregulation 

of dendritic spine development following AIE. By 24 hours after the 10th dose (PND46), 8 of the 

top 15 gene sets negatively regulated included genes associated with the extracellular matrix 

demonstrating continued negative regulation of many proteins involved in neuronal remodeling. 

Interestingly, there was a subset of genes that were specifically involved in axonogenesis, 

neurogenesis, and neuronal differentiation that were upregulated. A few other genes of 

importance were homer homolog 1 (HOMER1) and HOMER2 and neuroligin 1 (NLGN1). In 

thalamocortical synapses astrocyte secreted hevin was demonstrated to play a pivotal role in 

bridging neurexin-1α and neuroligin-1β for the assembly of glutamatergic synapses (Stogsdill et 

al., 2017). More recently, neuroligins were shown to play a role in regulating astrocyte 

complexity and morphogenesis (Stogsdill et al., 2017). HOMER1 has been shown to contribute 

to the regulation of Ca2+ dynamics in normal and reactive astrocytes (Buscemi et al., 2017). They 

have also been shown to regulate Ca2+ homeostasis at synaptic dendritic spines (Sala et al., 

2005). These data may suggest that while key genes necessary for neuronal remodeling are 
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negatively regulated during AIE, select genes involved in synaptogenesis are starting to show 

enrichment. This is reflected by previous work in which increased synaptogenesis at the 10th 

dose time point (PND46) has been reported (Risher et al., 2015b). By PND70, 9 out of the top 15 

enriched gene sets are related to neuronal and synaptic remodeling. Of particular interest are the 

genes that regulate neuropilin 1, CamKII, ephrin A4, and EPH receptor B2. Neuropilin 1 is 

involved in cell migration. Interestingly, ectopic hippocampal adult neurogenesis following 

adolescent alcohol exposure has been reported following repeated ethanol exposure (McClain et 

al., 2014). Given the role that neuropilin 1 plays in cell migration, disruption of this gene 

regulation may contribute to the development of aberrant adult neurogenesis (McClain et al., 

2014). CaM kinase II is involved in many functions including dendritic spine development 

(Cornelia Koeberle et al., 2017). Ephrins are most commonly associated with synaptic 

development and synaptic remodeling. Ephrin A4 mimetics that target the EphA receptor impair 

the formation of long-term fear memory (Dines & Lamprecht, 2014). While EphB2 has been 

associated with stress vulnerability and the modulation of fear extinction in adolescent rats (Cruz 

et al., 2015; Zhang et al., 2016). Combined with the enrichment of numerous ECM-related 

proteins involved in neuronal remodeling these data suggest that there is heightened plasticity 

that could result in the development of aberrant circuitry specifically associated with memory 

processes within the CA1 that persists into adulthood. 

  

Neuroinflammation 

At PND35 (24 hours after the 4th dose), none of the gene sets within the top 15 enriched or 

negatively regulated included genes involved in neuroinflammation. By PND46 (24 hour after 

the 10th dose), there were indications of a reduction in neuroinflammation gene activation as 
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demonstrated by negative regulation of C1q and IL1β. These are two of the three proteins 

necessary for microglia induced A1 astrocyte activation (the other being TNFα). A1 astrocyte 

activation results in a loss of neuronal support and induction of neurotoxicity that can result in 

neuronal death. Negative regulation of these two genes only occurring at PND46 (24 hours after 

the 10th dose) and not at PND35 (24 hours after the 4th dose) would suggest that M1 microglial 

activation does not take place immediately following AIE and that repeated ethanol exposure 

may be critical for inducing glial activation at this particular dose of ethanol. Lack of microglial 

induced reactivity is supported by the downregulation of the gene that encodes the 

lipopolysaccharide binding protein (LBP) which is typically upregulated via the M1 activation 

pathway. Further evidence that glial reactivity pathways are downregulated comes from the 

negative regulation of Kallikrein-6 (KLK6). Kallikrein-6 upregulation contributes to astrocyte 

reactivity (Scarisbrick et al., 2012), and is suggested to modulate astrocyte morphogenesis via 

proteinase activated receptors (PARs) (Yoon et al., 2018). In addition to negative regulation of 

select neuroimmune genes there is also negative regulation of the genes involved in neuronal 

death cascades. Loss of genes that encode for neuronal death processes may explain the 

proliferative burst of adult neurogenesis that has been observed in the dentate gyrus following 

repeated ethanol exposure (Hayes et al., 2018) that is then followed by delayed adult newborn 

neuron cell loss (Liu & Crews, 2017).  

By 26 days after the last dose (PND70), neuroinflammatory genes previously negatively 

regulated have recovered to baseline levels. However, a select few important genes and gene sets 

involved in regulating neuroinflammatory cascades are enriched. These include the single 

immunoglobulin and toll-interleukin 1 receptor (TIR) domain (SIGIRR). The phylogenetically 

conserved Toll/IL-1 receptor (TIR) domain plays a central role in Toll-like receptor (TLR) 
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signaling by recruiting adaptor proteins such as MyD88, Mal, TRIP, and TRAM. It is also 

involved in the activation of transcription factors that regulate proinflammatory cytokines such 

as, IL-1, IL-6, IL-8 and TNF-α (Narayanan & Park, 2015). Receptor (TNFRSF)-interacting 

serine-threonine kinase 1 (RIPK1), tumor necrosis factor superfamily, member 1A, 10, and 10B 

(TNFRSF1A, TNFRSF10 and TNFRSF10B), lipopolysaccharide-induced TNF factor (LITAF), 

caspase 8 (CASP8), Ras homolog gene family member A and C (RHOA and RHOC), and 

mindbomb homolog 2 (MIB2) were all enriched and are all involved in neuroinflammation 

and/or cell death pathways. LITAF encodes a DNA-binding protein that mediates TNFα 

expression (Myokai et al., 1999). The TNFRSF gene family itself is involved in the regulation of 

neuroinflammation and induction of apoptosis through the activation of caspase 8 (Wang et al., 

2008) while RIPK1, a gene that encodes a member of the receptor-interacting protein (RIP) 

family of serine/threonine protein kinases, is involved in regulating neuroinflammation and cell 

death through apoptotic and necrotopic pathways (Lalaoui et al., 2020; Weinlich & Green, 

2014). Together these data suggest that the protracted upregulation of neuroinflammatory genes 

could contribute to the presence of chronic neuroinflammation and induction of astrocyte 

reactivity that has previously been described in a rat model of adolescent binge drinking (Liu et 

al., 2020; Risher et al., 2015b). 

 

Addiction 

Tachykinin receptors (TACR2, TACR3) encode for tachykinin neuropeptide substance K (NK2 

and NK3). Huang et al. (2018) showed that low-anxiety mice have a greater preference for 

ethanol when compared to the high-anxiety mouse group. Low-anxiety mice also had higher 

levels of NK1 receptor (NKR1) in the hippocampus when compared to the high-anxiety group. 
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In addition, Ribeiro and De Lima (2002) demonstrated that NKR2 antagonists can block the 

anxiogenic effects of pentylenetetrazol. Combined, these data may suggest a role for NKRs in 

anxiety and alcohol reward in adolescent mice (Huang et al., 2018) that may also be important in 

this rat model of adolescent binge drinking.  

 

Receptor Function 

At PND35 (24 hour after the 4th dose), there was select downregulation of a number of genes 

encoding for glutamate receptors (GRIK2/GluR6, GRIK1/GluR5, GRM8/mGluR8), 

dopaminergic receptors (DRD1 and DRD4), and the adenosine A2a receptor (ADORA2A). At 

PND46 (24 hour after the 10th dose), genes encoding for GluR5 and GluR6 became enriched 

along with protracted enrichment of genes encoding for GluN2A, GluN2B, GluA2, GluR7, 

GluA1, mGluR5, mGluR3, and mGluR7. By PND70, gene expression returned to normal 

baseline levels or were negatively regulated. Genes encoding for mGluR5, mGluR8, and DRD1 

were upregulated at PND46 but by PND70 were significantly downregulated. These are 

important changes since mGluR5 receptors are found on astrocytes and are important for 

maintaining glutamate homeostasis within the synaptic cleft. Changes in receptor expression 

could profoundly impact the clearance of glutamate by astrocytes and therefore influence 

neuronal excitability. The dopamine receptor D1 (DRD1) is involved in the reward pathway and 

is heavily involved in substance and alcohol use disorder emergence and relapse. Most recently, 

D1R-expressing neurons within the DG have been implicated in the extinction of cocaine-

associated contextual memories (Burgdorf et al., 2020) suggesting that downregulation of DRD1 

may play a role in the permanence of reward-associated memories.    
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Most impacted through negative regulation were genes encoding for cholinergic receptors 

CHRNA7/nACh7, CHRM3/M3, CHRNA5/nACh5, CHRNA4/nACh4, CHRNE and the 

GABAergic receptors GABBR2/GABA-BR2, GABBR1/GABA-BR1, GABRA2/GABA-A2, 

GABRE/GABA-E, GABRA4/GABA-A4, GABRG2/GABA-AG2, GABRB2/GABA-B2, 

GABRA1/GABA-A1, GABRA3/GABA-A3. Negative regulation of cholinergic receptors occurs 

in parallel to a loss of cholinergic neurons that has been reported in the basal forebrain following 

AIE (Fernandez & Savage, 2017; Vetreno & Crews, 2018) suggesting that AIE results in 

cholinergic neuronal loss and prolonged dysregulation that could be critical for modulation of 

neuronal circuitry and learning and memory processes. Negative regulation of numerous genes 

that encode for GABAergic receptors, while many genes encoding for glutamatergic receptors 

remain at control levels or are downregulated, bolsters the previously proposed hypothesis that 

AIE results in dysregulation of inhibitory:excitatory balance (Spear & Swartzwelder, 2014a) 

with a shift towards less inhibition, driving increased excitation. Increased excitation or reduced 

inhibition has been demonstrated in a number of studies that show lowered threshold for LTP in 

CA1 (Risher et al., 2015a), reduction in tonic inhibition in dentate gyrus (Fleming et al., 2011), 

and changes in interneuron firing rate in inhibitory interneurons of the CA1 (Yan et al., 2009).    

 

Potassium Channels 

At PND35 (24 hours after the 4th dose), genes encoding for ion channel activity were selectively 

enriched for a subset of potassium ions (KCNAB2, KCNV1, KCNAB3, KCNS3, KCNAB1), 

while others were downregulated (KCNMA1, KCNK5, KCNQ3, KCNK3, KCNQ4). At PND46 

(24 hours after the 10th dose), there was a rebound in K+ channel genes (26 of 50 genes were 

enriched) suggesting unique profiles of K+ channel gene regulation that are dependent on the 
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duration of ethanol exposure. Three genes in particular transitioned from negative regulation to 

positive regulation across the dosing paradigm, they include: KCNMA1 (KCa1.1), KCNQ3 

(Kv7.3), KCNC4 (Kv3.4). Enrichment of these genes, combined with enrichment of other genes 

such as KCNJ10 that encodes for Kir4.1, an astrocyte K+ channel that is involved in ion 

homeostasis of the synaptic cleft during neuronal activity could suggest that there is a 

compensatory increase in K+ channel expression in an attempt to dampen neuronal excitability 

following AIE. Interestingly, by PND70, following the washout period, K+ channel activity is 

again negatively regulated. This is reflected in 2 of the top 15 gene sets. KCNMA1 (KCa1.1) and 

KCNC4 (Kv3.4) once again received opposing regulation at this later time point along with 

KCNH2 (Kv11.1), KCNA3 (Kv1.3), KCNH4 (Kv12.3), and KCNH3 (Kv12.2). Kv channels are 

voltage dependent K+ channels that play an important role in regulating neuronal excitability and 

stabilizing the membrane potential. KCNMA1 (KCa1.1) channels are activated by membrane 

depolarization and increased cytosolic Ca2+ and contribute to membrane repolarization thus 

contributing to the regulation of neuronal excitability. KCNC4 (Kv3.4) channels are delayed 

rectifiers that mediate voltage-dependent potassium ion permeability of excitable membranes. 

The KCNH2 (Kv11.1) is a pore forming (α) subunit of the voltage-gated inwardly rectifying 

potassium channel. KCNA3 (Kv1.3) channels. KCNH4 (Kv12.3) is another pore forming subunit 

of the voltage-gated K+ channel, whereas KCNH3 (Kv12.2) is an important regulator of 

excitability in hippocampal pyramidal cells. Genetic deletion and/or pharmacological blockade 

of this K+ channel in mice has been shown to result in neuronal hyperexcitability that include the 

emergence of spontaneous seizures (Zhang et al., 2010). While it is common knowledge that K+ 

channels play a critical role in the regulation and homeostasis of neuronal excitability, little work 
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has been conducted to explore their role in the development of neuronal excitability in the 

hippocampus following AIE.  

 

Cytoscape Pathway and Functional Enrichment Analyses 

The stringent yet a bit permissive cut-off (p<0.05) used allowed us to capture the stronger signals 

(i.e., a subset) in terms of functional enrichment. Use of a higher cut-off may allow inclusion of 

other functions, such as the K+ channels as discussed below. 

  

Neuronal and Synaptic Remodeling 

At PND35 (24 hours after the 4th dose), ‘RHO GTPase effectors’, ‘signaling by NOTCH’, ‘axon 

guidance’, ‘Integrin αIIb β3 signaling’, ‘Developmental Biology’, ‘L1CAM interactions’, 

‘regulation of anatomical structure morphogenesis’, and ‘anatomical structure morphogenesis’ 

are enriched. While the list of effected pathways remains small at this timepoint, it may indicate 

that enrichment of neuronal and synaptic remodeling is beginning. At PND46 (24 hours after the 

10th dose), ‘signaling by Rho GTPases’, ‘RHO GTPases Activate WASPs and WAVEs’, ‘Rho 

GTPase cycle’, and ‘RHO GTPase Effectors’ were enriched but all enrichment returned to age-

matched controls by PND70. These changes at PND46 (24 hours after the 10th dose) appear to 

be associated with cytoskeletal reorganization as indicated by enrichment of at least 18 

individual pathways that are associated with these processes. While many genes are enriched 

there are two that are particularly interesting, i.e. RHOA and Rac1, which are involved in the 

regulation of dendritic branch complexity and spine morphology (Nakayama et al., 2000). 

Moreover specifically, Rac1 has been implicated in thrombospondin-induced synaptogenesis 

(Risher et al., 2018). And, previous work has demonstrated that astrocyte secreted 
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thrombospondins are upregulated following AIE at this timepoint at the protein level. This 

coincided with an increase in synaptogenesis (Risher et al., 2015b). Whether these new synapses 

represent aberrant synaptogenesis that could contribute to the strengthening of memory circuits 

associated with reward is yet to be determined. In addition to enrichment of pathways that 

involve cytoskeletal and extracellular matrix organization, pathways involved in wound healing 

were also enriched. These changes could be indicative of the release of signaling factors 

involved in remodeling in an attempt to restore damaged circuitry after insult. 

 

Neuroinflammation 

Contrary to the gene expression analysis in which there was no enrichment or negative regulation 

of neuroinflammatory genes, at PND35 (24 hours after the 4th dose), adaptive and innate 

neuroimmune pathway activation were enriched using pathway analysis. Enriched pathways 

included chemokine-related pathways, antigen presentation and processing, and apoptotic 

processes. At PND46 (24 hours after the 10th dose), the number of enriched pathways associated 

with neuroimmune processes and cell death pathways (including phagocytosis) were increased.  

New pathways included ‘cytokine-cytokine receptor interaction’ and ‘AGE-RAGE signaling 

pathway in diabetic complications’. The majority of genes within these pathways do not have 

exclusive functions only within neuroinflammatory cascades, however some functions converge 

upon these inflammatory pathways. Some of the more interesting genes activate the JAK-STAT 

pathway, these include IFNAR1, IL6, and CRLF2. The JAK-STAT pathway is important 

because it is involved in a variety of signaling processes that can stimulate cell proliferation, 

differentiation, and apoptosis, and plays a pivotal role in immune processes (Rawlings et al., 

2004). Most recently, it has been suggested to play a role in astrocyte reactivity (Park et al., 
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2003; Van Wagoner & Benveniste, 1999) Another indication that astrocyte reactivity could be 

occurring is due to the enrichment of IL1R1 which encodes for IL-1α and IL-1β one of the 

activators of A1 astrocyte reactivity. However, by PND70, all enriched pathways associated with 

neuroinflammatory processes returned to baseline in the pathway analysis despite upregulation 

of key select genes in the GSEA that are typically associated with neuroinflammatory processes 

(THBS4, JAK2, numerous TNFR subtypes, SIGIRR, LITAF, CASP8, and RIPK1).   

 

Addiction 

At PND35 (24 hours after the 4th dose), pathways associated with morphine addiction and 

alcoholism were enriched. Enrichment of these pathways coincided with activation of 

neuroimmune pathways and enrichment of pathways involved in neuronal and synaptic 

remodeling. At PND46 (24 hours after the 10th dose), these two addiction-related pathways 

remained enriched (‘morphine addiction’ and ‘alcoholism’) and consisted mainly of G Protein 

subunits.  

 

Receptor Function 

At PND35 (24 hours after the 4th dose), many of the enriched pathways involved neuronal 

subtypes that include 5HT, endocannabionoid, ACh, GABA, Glut, and DA pathways. This is 

somewhat consistent with GSEA results in which Glut and DA receptors were enriched at this 

early timepoint. At PND46 (24 hour after the 10th dose), enrichment of multiple classes of 

neurons persisted (5HT, ACh, Glut, DA, GABA) but by PND70, functional enrichment returned 

to age-matched control levels.  
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Potassium Channels 

In the GSEA involving GO terms, select K+ channel enrichment was beginning to emerge at 

PND35 (24 hours after the 4th dose). By 24 hours after the 10th dose (PND46), K+ enrichment 

was highly prominent but became negatively regulated by PND70. This was not reflected in the 

Cytoscape pathway analysis in which K+ channels did not reach the top pathways impacted by 

AIE at any timepoint.   
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CONCLUSION 

GSEA and Cytoscape pathway and enrichment analyses, in which whole dataset and subset 

(p<0.05) were used as input, respectively, provide detailed insight into how hippocampal gene 

expression changes across adolescence and into adulthood (Figure 32). Our findings also provide 

a comprehensive screening of the acute and long-term effects of adolescent ethanol exposure on 

gene expression. Some of the findings presented here support our previous work demonstrating 

long-term upregulation of proteins that are involved neuronal remodeling. These data also 

uncover novel pathways that will be an invaluable guide to understanding the mechanisms 

underlying the acute and long-term effects of adolescent ethanol exposure. 
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Figure 1. Heatmap of the differentially expressed genes (DEGs) with FDR≤0.05 for PND35 
EtOH vs H2O. 
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Figure 2. Top 20 enriched GO terms upregulated for PND35 EtOH vs H2O. 
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Figure 3. Top 20 enriched GO terms negatively regulated for PND35 EtOH vs H2O. 
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Figure 4. Top 20 enriched GO terms upregulated for PND46 EtOH vs H2O. 
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Figure 5. Top 20 enriched GO terms negatively regulated for PND46 EtOH vs H2O. 
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Figure 6. Top 20 enriched GO terms regulated for PND70 EtOH vs H2O. 
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Figure 7. Top 20 enriched GO terms negatively regulated for PND70 EtOH vs H2O. 
 

 
 
 
 
 
Figure 8. Adaptive immune system is one of top enriched functions under Reactome Pathways 
in cluster 1 for PND35 EtOH vs H2O. The clusterMaker app (Morris et al., 2011) identified 16 
genes associated with the adaptive immune system (FDR=2.91x10-6). 
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Figure 9. Immune system is one of top enriched functions under Reactome Pathways in cluster 1 
for PND35 EtOH vs H2O. The clusterMaker app (Morris et al., 2011) identified 23 genes 
associated with the immune system (FDR=2.91x10-6). 
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Figure 10. RHO GTPase effectors is one of top enriched functions under Reactome Pathways in 
cluster 1 for PND35 EtOH vs H2O. The clusterMaker app (Morris et al., 2011) identified 8 genes 
associated with the RHO GTPase effectors (FDR=2.5x10-4). 
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Figure 11. Signaling by NOTCH is one of top enriched functions under Reactome Pathways in 
cluster 1 for PND35 EtOH vs H2O. The clusterMaker app (Morris et al., 2011) identified 4 genes 
associated with Signaling by NOTCH (FDR=5.8x10-4). 
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Figure 12. Integrin alphaIIb beta3 signaling is one of top enriched functions under Reactome 
Pathways in cluster 1 for PND35 EtOH vs H2O. The clusterMaker app (Morris et al., 2011) 
identified 3 genes associated with the integrin alphaIIb beta3 signaling (FDR=1.9x10-3). 
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Figure 13. Chemokine signaling pathway is one of top enriched functions under Reactome 
Pathways in cluster 2 for PND35 EtOH vs H2O. The clusterMaker app (Morris et al., 2011) 
identified 15 genes associated with the chemokine signaling pathway (FDR=1.42x10-16). 
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Figure 14. Immune system is one of top enriched functions under Reactome Pathways in cluster 
1 for PND46 EtOH vs H2O. The clusterMaker app (Morris et al., 2011) identified 16 genes 
associated with the immune system (FDR=1.18x10-16). 
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Figure 15. Innate immune system is one of top enriched functions under Reactome Pathways in 
cluster 1 for PND46 EtOH vs H2O. The clusterMaker app (Morris et al., 2011) identified 21 
genes associated with the innate immune system (FDR=2.48x10-9). 
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Figure 16. Signaling by Rho GTPases is one of top enriched functions under Reactome 
Pathways in cluster 1 for PND46 EtOH vs H2O. The clusterMaker app (Morris et al., 2011) 
identified 17 genes associated with the signaling by Rho GTPases (FDR=2.19x10-11). 
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Figure 17. Immune system process is one of top enriched functions under GO Processes in 
cluster 1 for PND46 EtOH vs H2O. The clusterMaker app (Morris et al., 2011) identified 15 
genes associated with the immune system process (FDR=6.58x10-5). 
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Figure 18. Cellular response to cytokine stimulus is one of top enriched functions under GO 
Processes in cluster 1 for PND46 EtOH vs H2O. The clusterMaker app (Morris et al., 2011) 
identified 11 genes associated with the cellular response to cytokine stimulus (FDR=7.34x10-5). 
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Figure 19. Regulation of cytoskeleton organization is one of top enriched functions under GO 
Processes in cluster 1 for PND46 EtOH vs H2O. The clusterMaker app (Morris et al., 2011) 
identified 10 genes associated with regulation of cytoskeleton organization (FDR=6.58x10-5). 
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Figure 20. Regulation of dendrite development is one of top enriched functions under GO 
Processes in cluster 1 for PND46 EtOH vs H2O. The clusterMaker app (Morris et al., 2011) 
identified 7 genes associated with regulation of dendrite development (FDR=9.25x10-5). 
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Figure 21. Regulation of actin cytoskeleton is one of top enriched functions under KEGG 
Pathways in cluster 1 for PND46 EtOH vs H2O. The clusterMaker app (Morris et al., 2011) 
identified 11 genes associated with regulation of actin cytoskeleton (FDR=3.77x10-7). 
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Figure 22. T cell receptor signaling pathways is one of top enriched functions under KEGG 
Pathways in cluster 1 for PND46 EtOH vs H2O. The clusterMaker app (Morris et al., 2011) 
identified 7 genes associated with T cell receptor signaling pathways (FDR=1.21x10-5). 
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Figure 23. Extracellular matrix organization is one of top enriched functions under Reactome 
Pathways in cluster 2 for PND46 EtOH vs H2O. The clusterMaker app (Morris et al., 2011) 
identified 23 genes associated with extracellular matrix organization (FDR=7.93x10-25). 
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Figure 24. Laminin interactions is one of top enriched functions under Reactome Pathways in 
cluster 2 for PND46 EtOH vs H2O. The clusterMaker app (Morris et al., 2011) identified 7 genes 
associated with laminin interactions (FDR=1.19x10-10). 
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Figure 25. Integrin cell surface interactions is one of top enriched functions under Reactome 
Pathways in cluster 2 for PND46 EtOH vs H2O. The clusterMaker app (Morris et al., 2011) 
identified 8 genes associated with Integrin cell surface interactions (FDR=1.34x10-9). 
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Figure 26. Response to stress is one of top enriched functions under GO Processes in cluster 2 
for PND46 EtOH vs H2O. The clusterMaker app (Morris et al., 2011) identified 33 genes 
associated with response to stress (FDR=3.02x10-14). 
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Figure 27. ECM-receptor interactions is one of top enriched functions under KEGG Pathways in 
cluster 2 for PND46 EtOH vs H2O. The clusterMaker app (Morris et al., 2011) identified 10 
genes associated with ECM-receptor interactions (FDR=8.39x10-12). 
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Figure 27. PI3K-Akt signaling pathway is one of top enriched functions under KEGG Pathways 
in cluster 2 for PND46 EtOH vs H2O. The clusterMaker app (Morris et al., 2011) identified 22 
genes associated with PI3K-Akt signaling pathway (FDR=1.52x10-19). 
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Figure 29. Cytokine-cytokine receptor interactions is one of top enriched functions under KEGG 
Pathways in cluster 2 for PND46 EtOH vs H2O. The clusterMaker app (Morris et al., 2011) 
identified 9 genes associated with cytokine-cytokine receptor interactions (FDR=1.4x10-6). 
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Figure 30. Chemokine signaling pathway is one of top enriched functions under KEGG 
Pathways in cluster 3 for PND46 EtOH vs H2O. The clusterMaker app (Morris et al., 2011) 
identified 8 genes associated with chemokine signaling pathway (FDR=4.95x10-9). 
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Figure 31. mTOR signaling pathway is one of top enriched functions under KEGG Pathways in 
cluster 2 for PND70 EtOH vs H2O. The clusterMaker app (Morris et al., 2011) identified 3 genes 
associated with mTOR signaling pathway (FDR=1.9x10-3). 
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Figure 32. Summary of pathway and enrichment analyses (GSEA and Cytoscape) exhibit 
temporal upregulation or downregulation of genes involved in remodeling, neuroimmune, 
receptor function, and K+ channels. Blue arrows represent consistent results while red arrows 
represent contrasting results. 
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