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Abstract

Opioid use disorder is a public health crisis that causes tremendous suffering for patients as well 

as substantial social and economic costs for society. There are currently available treatments for 

patients with opioid use disorder, but they remain intolerable or ineffective for many. Thus the 

need to develop new avenues for therapeutics development in this space is great. Substantial work 

in models of substance use disorders, including opioid use disorder, demonstrates that prolonged 

exposure to drugs of abuse leads to marked transcriptional and epigenetic dysregulation in limbic 

substructures. It is widely believed that these changes in gene regulation in response to drugs are 

a key driving factor in the perpetuation of drug taking and seeking behaviors. Thus, development 

of interventions that could shape transcriptional regulation in response to drugs of abuse would 

be of high value. Over the past decade there has been a surge in research demonstrating that 

the resident bacteria of the gastrointestinal tract, collectively the gut microbiome, can have 

tremendous influence on neurobiological and behavioral plasticity. Previous work from our group 

and others has demonstrated that alterations in the gut microbiome can alter behavioral responses 

to opioids in multiple paradigms. Additionally, we have previously reported that depletion of 
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the gut microbiome with antibiotics markedly shifts the transcriptome of the nucleus accumbens 

following prolonged morphine exposure. In this manuscript we present a comprehensive analysis 

of the effects of the gut microbiome on transcriptional regulation of the nucleus accumbens 

following morphine by utilizing germ-free, antibiotic treated, and control mice. This allows 

for detailed understanding of the role of the microbiome in regulating baseline transcriptomic 

control, as well as response to morphine. We find that germ-free status leads to a marked gene 

dysregulation in a manner distinct to adult mice treated with antibiotics, and that altered gene 

pathways are highly related to cellular metabolic processes. These data provide additional insight 

into the role of the gut microbiome in modulating brain function and lay a foundation for further 

study in this area.
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Introduction

Opioid use disorder (OUD) is a chronic psychiatric condition marked by increasing and 

out of control drug intake despite negative consequences, frequent periods of abstinence 

and relapse, and too often, fatal overdose. Despite the tremendous attention that OUD 

has received in recent years from the medical and research communities, the rates of 

overdose and relapse have only continued to increase in recent years (Hedegaard et al., 

2018). While there are currently available pharmacotherapies to reduce the burden of 

OUD, these treatments remain ineffective or intolerable for too many; societal stigma, 

ineffective medical training, and healthcare disparities result in a substantial number of 

patients unsuccessfully abstaining from opioid use (Kreek et al., 2019; Pessar et al., 2021; 

Dydyk et al., 2022). Identification of novel targets for development of therapeutics is a 

critical need for the field.

While the precise neurobiology underlying substance use disorders remains to be fully 

understood, there is a robust body of research demonstrating a key role for transcriptomic 

and epigenetic effects underlying behavioral responses to opioids and other drugs of abuse. 

Prolonged exposure to drugs of abuse leads to transcriptomic changes in key limbic nuclei 

that can persist long after the last drug exposure (McClung and Nestler, 2003; Robison and 

Nestler, 2011; Eipper-Mains et al., 2013). These changes in gene expression are associated 

with functional changes in critical brain regions and can drive drug taking and seeking 

behaviors. Recent work has attributed the persistent effects of drug use to changes in activity 

of transcription factors, as well as epigenetic writers and erasers, which alter the propensity 

of genes to be transcribed in response to a stimulus (Renthal et al., 2009; Walker et al., 

2015; Nestler et al., 2016; Browne et al., 2020). The bulk of this mechanistic work has been 

performed in animal models of OUD and other substance use disorders; however similar 

effects have also been demonstrated in human patients with OUD (Egervari et al., 2017).

Most research examining transcriptional and epigenetic regulation in models of OUD 

and other substance use disorders has focused on the central nervous system (CNS). 
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However, recent research suggests peripheral factors can play a key role in maintaining 

CNS transcriptional homeostasis. Work over the past 10 years has determined that the 

population of bacteria that occupy the intestinal tract, collectively called the gut microbiome, 

is an important regulator of the transcriptional landscape in the brain. Germ-free (GF) mice 

that are raised in a fully sterile environment with no microbiome have markedly altered 

transcriptional patterns in multiple brain regions, including the frontal cortex and amygdala 

(Gacias et al., 2016; Hoban et al., 2016, 2018; Chu et al., 2019). Specifically, the microglia 

of GF mice have significantly different transcriptomic and epigenetic profiles, which are 

at least partially reversible by colonization with a normal microbiome (Erny et al., 2015; 

Thion et al., 2018). This effect is not just seen in mice that have never had a microbiome. 

Adult mice treated with broad spectrum antibiotics (Abx) to reduce the bulk and complexity 

of the microbiome have altered transcriptional regulation in multiple brain regions as well. 

For example, single nucleus sequencing of Abx treated mice shows regulation of numerous 

genes in all neuronal and glial cell types in the prefrontal cortex (Chu et al., 2019).

Importantly, work from our group and others has identified robust interactions between 

the microbiome and behavioral and transcriptional response to opioids. Numerous reports 

have found that depletion of the microbiome alters development of tolerance to opioids and 

opioid withdrawal symptoms (Lee et al., 2018; Wang et al., 2018; Zhang et al., 2019; 

Jalodia et al., 2022). We recently reported that an Abx cocktail significantly reduces 

locomotor sensitization and conditioned place preference for morphine across a wide 

dose range (Hofford et al., 2021). Depletion of the microbiome with Abx also enhances 

self-administration of both oxycodone and fentanyl (Hofford et al., 2022; Simpson et al., 

2022). In our recent work, we have found significant transcriptional interactions in the 

nucleus accumbens (NAc) between microbiome status and morphine treatment. Microbiome 

depletion without drug exposure only produced modest changes in gene expression in 

the NAc, but combined microbiome depletion and repeated morphine treatment robustly 

dysregulated transcriptome-wide gene expression (Hofford et al., 2021). Behavioral and 

transcriptional effects of microbiome depletion were largely reversible via supplementation 

with a cocktail of microbiome derived metabolites, the short chain fatty acids (SCFAs), 

suggesting these bacterial byproducts as potential mechanisms of this gut-brain signaling.

While our previous study provided critical information about how manipulations of the 

microbiome in adult animals can affect transcriptional regulation in response to opioids, 

mice treated with Abx still have some populations of antibiotic resistant bacteria in the 

gut, and growth of non-bacterial microorganisms can be affected by depletion of colonic 

bacteria. Here, we present an analysis of the NAc transcriptome from GF mice treated 

with saline or morphine for seven days to provide insight into the effects of lifelong 

total depletion of a microbiome on transcriptional regulation in this key limbic reward 

structure. Given our previous findings of robust microbiome-induced transcriptional changes 

in this region (Hofford et al., 2021), and the extensive literature showing the importance 

of the NAc in driving addiction-like behaviors (Robison and Nestler, 2011), the NAc 

seemed an appropriate target for more in depth analysis. These new analyses are integrated 

with the transcriptomic analyses from our previous study to identify patterns of gene 

expression induced by long-term GF status versus depletion of the microbiome in early 

adulthood. We find that there are marked changes in the transcriptome of GF mice compared 
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to conventional mice after saline treatment, but show that GF mice have only modest 

changes in gene expression following morphine. These findings provide critical additional 

information about the role of the microbiome in modulating gene expression in the CNS, 

including across development.

Materials and Methods

Animals

For this analysis, the conventionally raised mice were described in the published manuscript 

by Hofford et al. in 2021, and thus all methods for conventional mice are identical to 

that manuscript (Hofford et al., 2021). The conventionally raised C57BL/6J male mice 

(7–9 weeks old, Jackson Laboratories) were group-housed in a humidity and temperature-

controlled, pathogen-free colony facility on a 24 hour light/dark cycle (lights on at 7AM and 

lights off at 7PM). All studies were performed in accordance with the National Institutes of 

Health Guide for the Care and Use of Laboratory Animals under an approved protocol from 

the Icahn School of Medicine at Mount Sinai Institutional Animal Care and Use Committee.

Germ-free (GF) male C57BL/6J (7–9 weeks old) mice were bred in-house at the Mount 

Sinai Microbiome Translational Center and were maintained in flexible vinyl isolators 

throughout the experiment. Germ-free status was confirmed throughout the study via 

confirmed negative culturing of aerobic and anaerobic bacteria and negative 16S PCR per 

facility protocols. Germ-free mice were age-matched to the conventionally raised mice. Both 

conventionally raised mice and GF mice were provided food and water, ad libitum. All mice 

received the same standardized mouse chow and water from the same source, but food and 

water for germ-free mice were sterilized prior to administration.

Preparation of antibiotic drink solutions

Cages (4–5 mice/cage) were randomly assigned to H2O or Abx. The Abx drink solution 

was comprised of vancomycin (0.5 mg/mL; Chem-Impex International #00315), bacitracin 

(0.5 mg/mL; Research Products International #B3200025), pimaricin (1.2 μg/mL; Infodine 

Chemical #7681-93-8), and neomycin (2 mg/mL; Fisher Scientific #BP266925). Mice were 

administered their respective drink solution (Abx or H2O) for two weeks prior to beginning 

experimental procedures and remained on their respective solution for the duration of the 

experiment.

Morphine

Morphine sulfate was kindly provided by the NIDA drug supply program from the National 

Institute on Drug Abuse. Morphine sulfate was diluted in saline and injected subcutaneously 

at a dose of 20 mg/kg. For GF mice, the morphine solution was 0.2μm filtered to sterilize 

prior to administration.

Morphine ELISA

To ensure morphine concentrations administered were equivalent between conventionally 

raised mice and germ-free mice, the total concentration of morphine used in for all 

experiments was quantified using a morphine ELISA kit (Abnova #KA0935). All samples 
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were run in duplicate per manufacturer’s instructions with the plate being read at 450nm and 

650nm 30 minutes after addition of the reaction stop solution. The values from each solution 

were normalized to the control (unfiltered) injectate.

Morphine treatment and tissue processing

H2O, Abx, and GF mice were given daily injections of 20 mg/kg morphine or saline (s.c.) 

(n=5–6/microbiome status/treatment) for seven days. Twenty-four hours following the final 

injection, mice were rapidly decapitated. Germ free mice were removed from their isolator 

in a sterile filtered cage immediately prior to dissection. Brains were removed from mice 

and the nucleus accumbens (NAc) was identified by the anterior commissure. Punches of the 

NAc were obtained using a 14-gauge blunt needle and snap-frozen on dry ice. Samples were 

stored at −80°C until RNA extraction. RNA was extracted using TRIzol reagent (Thermo 

Fisher #15596026) according to manufacturer’s instructions. RNA integrity and purity was 

determined using an Agilent Bioanalyzer 2100 instrument and Nanodrop (OD 260/280 

ratio). cDNA was generated using the SMARTer cDNA kit (Clonetech Laboratories # 

634925) from total RNA. cDNA was fragmented using Bioruptor (Diagenode) and illumina-

ready, indexed sequencing libraries were made using SPRIworks HT Reagent Kit (Beckamn 

Coulter, Inc. # B06938). Library quality and quantity were determined using an Agilent 

Bioanalyzer 2100. Samples were pooled and run on two lanes of an Illumina HiSeq 2500 

using the PE100 rapid-mode setting. Data quality were checked using FASTQC (Babraham 

Institute, Cambridge, UK).

Differential expression analysis of H2O, Abx, and GF NAc samples

The raw FASTQ file for each sample was aligned to the Mus musculus 10 reference 

genome (NCBI) with the STAR package v2.4.0 (Dobin et al., 2013). Estimation of transcript 

abundance measures as fragments per kilobase mapped (FPKM) was then performed using 

Cufflinks from the Tuxedo protocol. Z-scored FPKM values were used for the generation of 

all heatmaps. For pairwise comparisons aligned read counts were analyzed for differential 

gene expression using the Biojupies analysis package with default settings (Torre et al., 

2018). Statistical significance was set at a threshold of FDR-corrected p value of less than 

0.05. Lists of significantly differentially expressed genes were analyzed for gene ontology 

pathways using G:Profiler (Raudvere et al., 2019).

Raw and processed RNAseq data files can be accessed using the Gene Expression Omnibus 

(GEO: GSE229978).

Weighted gene co-expression network analysis (WGCNA)

We performed weighted correlation with individual sample weights determined with the 

‘signed hybrid’ network (where negatively correlated genes are assumed not connected). 

The soft thresholding power was determined using scale-free topology of each sample as a 

fit index. From the determined scale of independence and mean connectivity calculated, 

we used a soft thresholding power of eight to perform WGCNA. To identify unique 

modules, a one-step network was constructed using blockwise modules constructed with 

unsigned topological overlap matrices. To identify distinct modules, we utilized the 

Dynamic Tree Cut method. Of note, only module eigengenes that reached a threshold of 
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0.99 or above were included for subsequent network analysis. The edge and node data 

for all modules were exported to the external R package cytoHubba (Chin et al., 2014) to 

determine significant hub objects. Topological analysis methods, including Degree, Edge 

Percolated Component, Maximal Neighborhood Component (MNC), Density of Maximum 

Neighborhood Component (DMNC), Maximal Clique Centrality (MCC), and six centralities 

(Bottleneck, EcCentricity, Closeness, Radiality, Betweenness, and Stress). The top 25 

eigengenes with the (MCC) scores for a specific module were visualized using Cytoscape 

software to highlight important hubs and for ease of visualization (Shannon et.al. 2003).

To determine the relationship between modules, the Pearson correlation coefficients between 

module eigengenes was calculated. Similarly, the relationship between individual eigengenes 

and microbiome status with treatment (H2O / Abx / GF + Saline / Morphine) were 

calculated using a Pearson correlation. Heatmaps and pathway analyses for WGCNA figures 

included all genes assigned to a specific module.

Figure Preparation

Individual panel graphs were created using GraphPad Prism. Two-way ANOVAs were 

also performed utilizing Graphpad Prism with post-hoc tests to perform additional 

pairwise comparison for any measures with significant main effects or interactions. 

Heatmaps were made utilizing Morpheus software from the Broad Institute (https://

software.broadinstitute.org/Morpheus). All heatmaps have rows and columns clustered with 

unsupervised Euclidean distance hierarchical clustering with samples grouped by treatment. 

Color values for all heatmaps are z-scored FPKM values for the associated genes. Venn 

diagrams were made using BioVenn (Hulsen et al., 2008). Topological network diagrams 

were made as described above. The schematic in Figure 1 was made using BioRender with 

full permission to publish.

Results

For these experiments mice were grouped into three distinct microbiome status groups 

(Fig. 1). These were conventionally raised mice on control water (H2O), conventionally 

raised mice treated with broad spectrum antibiotics for two weeks prior to the start of 

morphine treatment and continued on antibiotics throughout (Abx), and a third group that 

was germ-free from birth (GF). Mice in all groups were treated with daily injections of 

saline or high dose (20mg/kg) morphine for seven days. Germ-free mice were injected daily 

inside the gnotobiotic isolator, and their germ-free status was monitored throughout. Twenty 

four hours after the final injection the nucleus accumbens core (NAc) was dissected and 

processed for RNA sequencing. Of note, an analysis comparing the data from the H2O and 

Abx groups was previously published by our group (Hofford et al., 2021). As such, the focus 

of this manuscript will be analyses of germ-free animals compared to conventionally raised 

+/− Abx, as well as a more holistic gene coexpression network analysis.

Pairwise differential expression analysis

To assess effects of chronic germ-free status on gene expression in the nucleus accumbens 

we first compared saline injected germ-free mice (GF-Sal) to conventionally raised standard 
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H2O treated mice (H2O-Sal). Baseline gene expression in germ-free mice, was markedly 

different from conventionally raised control mice (Fig. 2A - left), with ~4,000 genes being 

differentially expressed in the germ-free group. To determine molecular pathways that were 

altered by germ-free status we then performed gene ontology analysis using the G:Profiler 

software package (Raudvere et al., 2019). In Fig. 2A – right we highlight some pathways 

of interest demonstrating that germ-free mice have marked alterations in genes related to 

cellular metabolism (protein metabolic process & biosynthetic process) as well as robust 

changes in genes related to nuclear and cytosolic function. The full list of significantly 

altered GO terms is available as Table S1.

We next compared gene expression patterns of Abx treated conventionally raised mice 

(Abx-Sal) with those of GF-Sal mice. As we showed in multiple previous studies, this Abx 

treatment regimen dramatically reduces both the amount and diversity of colonic bacteria 

(Kiraly et al., 2016; Hofford et al., 2021). This analysis thus allowed us to compare the 

effects of robust, though incomplete microbiome depletion in adult mice compared to the 

effects of lacking any microbiome throughout development. Interestingly, we find that NAc 

gene expression patterns of GF-Sal mice are also markedly different from Abx depleted 

mice with thousands of differentially expressed genes in this comparison as well (Fig. 2B 

– left). Pathway analysis demonstrated significant regulation of similar pathways in this 

comparison with robustly significant changes in genes in metabolic, nuclear, and cytosolic 

pathways (Fig. 2B – right & Full list in Table S2). Additionally, findings of specific 

genes of interest to OUD are presented as Fig. S1 which finds effects on genes related 

to glutamatergic and GABAergic signaling, transcription factors, and markers of multiple 

glial cell types.

Overlap of significantly altered genes between groups was then analyzed using BioVenn 

(Hulsen et al., 2008). While the largest subset of differentially expressed genes was unique 

to the H2O vs GF comparison, there was marked overlap with Abx vs GF differentially 

expressed genes (Fig. 2C – center). We then performed a correlation analysis with all genes 

that were regulated by depletion of the microbiome, using fold change in gene expression in 

Abx and GF mice compared to H2O controls. There was a significant positive correlation of 

fold change in gene expression between Abx and GF mice, with a larger average fold change 

seen in the GF mice (Fig. 2D – r2 =0.21, p < 0.0001). This suggests that while GF status was 

the largest driver of gene expression changes in this analysis, depletion of the microbiome in 

adulthood altered gene expression in a similar, though less pronounced, manner.

In our previous study, Abx and morphine treated mice (Abx-Mor) had the most robust 

changes in gene expression relative to H2O controls (Hofford et al., 2021). So here we 

compared gene expression patterns in GF morphine treated mice (GF-Mor) to the H2O and 

Abx morphine groups. Compared to H2O-Mor mice we saw fewer changes in GF-Mor mice 

than were noted with Abx-Mor previously, but still several hundred differentially regulated 

genes after false discovery rate (FDR) correction (Fig. 2E – left). Gene ontology analyses 

showed that these effects were in similar pathways as the other comparisons, but less robust 

(Fig. 2E – right, note altered x-axis scale compared to other panels; full list in Table S3). 

Comparison of Abx-Mor to GF-Mor mice showed more robust differential gene expression 

(Fig. 2F – left) and significant effects in numerous gene ontology pathways, with a marked 
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effect in cell junction proteins and again in cellular metabolism (Fig. 2F – right & Table 

S4). BioVenn analysis to look at overlap of differentially expressed genes demonstrated 

greater transcriptomic differences between Abx and GF mice than H2O and Abx mice when 

the mice are treated with morphine (Fig. 2G). So GF mice treated with morphine show a 

different pattern of gene expression changes than morphine-treated mice with microbiome 

depletion in adulthood.

Given our specific interest in effects of the microbiome on transcriptional regulation 

following morphine treatment, we performed additional analysis looking at overlap of 

significantly altered gene ontologies among the morphine groups. As shown in Fig. 3, we 

found that each pairwise comparison resulted in multiple unique pathways, but there was 

significant overlap between the three comparisons, with the most robust overlap between the 

H2O vs Abx and Abx vs GF differentially expressed gene pathways (Fig. 3 – Center). In 

looking at the unique pathways in each comparison, we see that H2O vs GF mice had unique 

effects on mRNA processing and hormone secretion pathways (Fig. 3 – Left), H2O vs Abx 

had effects on protein transport, cell morphology, and sodium transport (Fig. 3 – Top). Abx 

vs GF yielded the most unique pathways with robust effects on cell metabolism, presynaptic, 

and transferase enzyme related pathways (Fig. 3 – Right).

Effects of morphine in germ-free mice

As shown in Fig. 2, germ-free mice have a significantly altered transcriptome at baseline 

relative to conventionally raised animals. We next compared gene expression patterns 

of germ-free mice treated with saline or morphine. Interestingly, when the results were 

analyzed and FDR-corrected there were no significantly differentially expressed genes 

between the groups. There were approximately 300 genes that had a nominal p value < 

0.05 which are presented in Fig. 4A. As can be seen from the patterns of expression, there 

are effects of morphine in GF mice, but the variability within groups is marked enough that 

the effects do not meet stricter criteria for statistical correction. This is in marked contrast 

to Abx treated mice, which exhibited marked differences compared to saline controls in our 

previously published work (Hofford et al., 2021). Given that the morphine solution for the 

germ-free mice had to be sterile filtered prior to injection, we wanted to ensure that the 

filtering process was not removing significant amounts of active compound. To test this, 

aliquots of the solutions used for injecting conventional mice and germ-free mice were 

analyzed via morphine ELISA. The sterile filtration did not result in any significant change 

in morphine concentration (Fig. 4B – t(6) = 0.38; p = 0.72). While we were not able to obtain 

serum samples from germ-free mice with acute morphine treatment for this study, we did 

previously find that Abx treated mice had no alterations in serum or brain distributions of 

morphine (Hofford et al., 2021).

Another potential explanation for the blunted transcriptional response to morphine in germ-

free mice would be altered expression of opioid receptors in the NAc. Using FPKM values 

from our sequencing analyses, we performed targeted pairwise comparisons of opioid 

receptor subtypes. Interestingly, there was a main effect of microbiome group on mu opioid 

receptor (Oprm1) with germ-free mice expressing higher levels at baseline and without 

morphine response (Fig. 4C – main effect of microbiome group: F(2,27) = 5.65; p = 0.009). 
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There was also a main effect of morphine (F(1,27) = 6.85; p=0.014) and a trend toward a 

morphine x microbiome interaction (F(2,27) = 3.33; p=0.051). Post-hoc testing comparing 

other groups to H2O-saline showed an increase in expression in morphine treated control 

animals, and increased expression in both GF groups. Analysis of the kappa opioid receptor 

gene (Oprk1) also showed a main effect of microbiome status with a decrease seen in the 

germ-free group (Fig. 4D – main effect of microbiome group: F(2,27) = 3.83; p =0.034), 

and while there was no main effect of morphine (p = 0.59), there was a significant group x 

morphine interaction (F(2,27) = 3.79; p = 0.035). There were no main effects or interactions 

on two-way analysis of the delta opioid receptor (Oprd1 – Fig. 4E; p > 0.1 for all).

Weighted gene coexpression network analysis (WGCNA)

Given the complexity of our experimental groups and the interrelated effects of microbiome 

status on gene expression patterns, we next performed WGCNA using data from all 

experimental groups as input to provide a threshold-free means of analyzing expression 

changes across multiple groups (Langfelder and Horvath, 2008). This method uses complex 

hierarchical clustering techniques to identify modules of highly correlated genes and allows 

for analysis of how these modules correspond with group variables. The first step in this 

process is identification of correlated modules of gene expression. Figure 5A shows our 

gene dendrogram obtained with the average linkage hierarchical clustering. The color row 

below each branch shows the module assignment as identified with dynamic tree cut. Figure 

5B shows a topological outline of genes assigned to each of the modules. Only modules 

that had a weight of 0.99 were included in the graphic representation. Cytoscape ver 3.9.1 

was used to generate network images. Modules and individual eigengenes are colored and 

labeled based on module assignment. Cytoscape software performed unsupervised clustering 

of individual eigengenes and nodes. All genes assigned to modules with this analysis can be 

found in Table S5.

To assess how individual microbiome groups and treatments related to gene expression 

patterns we then performed module trait correlation analysis with each individual treatment 

group used as a trait (Fig. 6A). Data in this plot represent positive or negative correlations of 

each trait with the module eigengene with the r correlation value on top of each significant 

module and the p value in parentheses below. As it is challenging to fit all these data 

in a single figure panel, the full table with r and p values is available as Table S6. As 

would be predicted from our previous pairwise comparison analyses, we see that patterns of 

gene expression are most significantly associated with germ-free status, and with Abx-Mor 

treatment – as these were the treatment groups with by far the most statistically significant 

gene effects in pairwise analyses (Fig. 2).

To examine how these modules are associated with functional patterns of gene expression, 

we first performed detailed analysis of the turquoise module, which is both the largest 

module, and the only one in which significant correlations with both Abx-Mor and both 

germ-free groups were noted (Fig. 6A). Figure 6B is a topological network diagram of 

the interrelation between the top 25 heaviest weighted genes within this module. Graphical 

representation of networks was performed in Cytoscape. Individual eigengenes were colored 

based on module assignment and sized based on the weight of that eigengene within its 
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assigned module. Eigengene layout was performed using Cytoscape’s default unsupervised 

clustering tool. We next mapped the relative expression of the genes assigned to this network 

using their FPKM values. Here, we see a clear pattern in which nearly half of the genes 

are decreased in Abx-Mor and up in the GF groups, and the remainder are increased in 

Abx-Mor, but decreased in GF groups (Fig. 6C). Given this disparate expression between 

the two largest drivers of gene expression, and the stark difference between microbiome 

depleted Abx mice and constitutively germ-free mice, we analyzed these two groups of 

genes in greater detail. The subset of genes that were down in Abx-Mor but increased in 

the GF groups were significantly enriched for genes coding for vesicles and membrane 

functions among others (Fig. 6D & Table S7). The larger subset, which were decreased in 

GF groups but increased in Abx-Mor mice, were robustly enriched for nuclear function, 

transcription, and regulation of RNA metabolism among others (Fig. 6E & Table S7).

Given that germ-free status was the factor with the strongest effect on gene expression, we 

also performed more detailed analysis on two modules with the strongest associations with 

germ-free groups. The first was the Blue module which had positive eigengene correlation 

with both germ-free groups (Fig. 6A). A topological network diagram showing relationships 

between the top 25 genes is presented as Figure 7A. Gene ontology analysis showed 

that this module was enriched for factors related to macromolecule metabolism, cellular 

localization, and intracellular transport among others (Fig. 7B & Table S8). The red module, 

which showed negative module correlation with germ free status, is shown in Fig. 7C, 

and gene ontology analysis in Fig. 7D & Table S9 which demonstrates alterations in gene 

pathways related to nervous system development, and metabolic processes. Taken together, 

our pairwise comparison analyses and coexpression network analyses demonstrate robust 

bi-directional effects of germ-free status on gene expression related to metabolism and 

transcription regulation in the nucleus accumbens.

Discussion

There are a growing number of studies examining the contribution of the gut microbiome 

to cellular and molecular responses to drugs of abuse (Kiraly et al., 2016; Lee et al., 2018; 

Zhang et al., 2019; Hofford et al., 2021, 2022; Simpson et al., 2022; García-Cabrerizo et 

al., 2023). Of the available tools used to alter the microbiome, two of the most common 

are administration of oral Abx and the use of GF animals. Both methods have advantages 

and appropriate applications in research. However, a full comparison of how the two 

manipulations alter the brain is not known and not often examined. In this study, we directly 

compared NAc gene expression of conventionally raised mice with intact or depleted with 

broad spectrum Abx microbiomes to GF animals with and without repeated morphine 

treatment. We found that mice that are GF from birth have markedly different transcriptomic 

profiles at baseline compared to conventionally raised microbiome intact and microbiome 

depleted mice. However, we also saw that these mice had a blunted transcriptional response 

to chronic morphine compared to conventionally raised Abx treated mice, which have 

an exaggerated transcriptional response to morphine (Hofford et al., 2021). These data 

provide important insight into potential developmental effects of microbiome content on 

brain signaling and how it affects plasticity in response to external stimuli.
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In this study, we show that the complete lack of a microbiome found in GF mice 

significantly changes gene expression in the NAc at baseline when compared to both H2O 

and Abx treated conventionally raised mice (Fig. 2A–D). This contrasts with the effects 

of limited microbiome knockdown achieved in the Abx treated group — very few genes 

are differentially regulated in conventional mice on Abx compared to H2O (Hofford et al., 

2021). Interestingly, morphine exposure significantly decreased the number of differentially 

regulated genes between GF and H2O groups; essentially, morphine made gene expression 

more similar between groups (Fig. 2E–G). This is unlike the results found in Hofford 2021, 

where there were more than 2,000 genes differentially regulated between H2O-Mor and 

Abx-Mor mice, demonstrating that disruption of an existing microbiome alters morphine-

induced gene expression more profoundly than GF rearing, even though GF status has a 

large effect on gene expression in the absence of morphine. Similarly, morphine did not 

significantly alter gene expression in GF mice: direct comparison of the transcriptional 

profiles of GF-Sal and GF-Mor mice showed no significantly regulated genes after FDR 

correction (Fig. 3A). The blunted transcriptional response to morphine observed in GF 

mice could be a consequence of the marked alterations in gene expression at baseline. If 

gene expression is markedly disordered at baseline, the response to robust environmental 

stimuli, such as high dose morphine, may not appropriately induce transcriptional changes. 

Additionally, at least one study has identified changes in epigenetic regulation in the brain in 

GF mice (Thion et al., 2018). It is possible that baseline differences in epigenetics alters the 

propensity of genes to be expressed in response to an external stimulus. Similarly, alterations 

in blood-brain barrier integrity could explain the blunted transcriptional response in GF 

mice, but previous work has shown these mice have a more permeable blood-brain barrier 

(Braniste et al., 2014), which would likely not explain the effects seen here. While we did 

examine levels of morphine in the injectate in these experiments, we did not specifically 

measure levels of morphine in the brain of GF mice.

The blunted transcriptional response to morphine in GF mice could also be attributed to 

baseline opioid receptor transcript expression. Levels of Oprm are elevated at baseline in 

GF-Sal mice and remain high after morphine (Fig. 3C), and levels of Oprk decrease after 

morphine (Fig. 3D), although this didn’t reach significance. This is in contrast to mice in the 

H O group, where Oprm levels increase after morphine and levels of Oprk remain the same. 

These two receptors influence reward behavior in opposite directions, with mu agonism 

increasing reward and kappa agonism decreasing reward (Le Merrer et al., 2009; Fields and 

Margolis, 2015). There are other possible explanations for the reduced morphine response 

in GF mice, including attenuation of peripheral immune responses that could be unique to 

GF rearing, or altered morphine metabolism. Treatment with Abx does not produce changes 

in serum or brain levels of morphine (Hofford et al., 2021), but this might not be true for 

GF mice. More work is needed to determine why GF mice have a reduced transcriptional 

response to morphine.

There are multiple other published works that have evaluated the effects of germ-free rearing 

and microbiome status on the transcriptome and epigenome in the brain Previous work from 

the Cryan lab has identified effects of GF status on transcription in the amygdala (Hoban et 

al., 2018; Stilling et al., 2018). A number of groups have identified effects of microbiome 

composition in the prefrontal cortex (Stilling et al., 2015; Gacias et al., 2016; Hoban et al., 
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2016; Chu et al., 2019). In fact, Chu et al. performed single cell sequencing of the prefrontal 

cortex and found significant gene expression changes in all expressed neuronal and glial cell 

types (Chu et al., 2019). We and others have identified changes in striatal gene expression 

in response to antibiotics or other manipulations in conventionally raised mice(Jadhav et al., 

2018; Hofford et al., 2021; Chivero et al., 2022; Cuesta et al., 2022; Lai et al., 2022), but 

the current study seems to be the first study examining effects of germ-free status on the 

striatal transcriptome. Another study by Simpson and colleagues found brain-wide patterns 

in expression of genes related to neuronal activation (Simpson et al., 2020). Additionally, a 

number of studies have examined isolated microglial populations from GF or Abx treated 

mice and found gene expression and chromatin accessibility to be particularly sensitive to 

microbiome status in these resident immune cells (Erny et al., 2015; Thion et al., 2018).

In the present study, pathway analysis from the list of differentially expressed genes and 

from threshold-free WGCNA identified terms associated with cellular metabolism, such as 

“protein metabolic process,” “regulation of metabolic process,” and “cellular macromolecule 

metabolic process,” as being highly regulated in GF mice compared to other groups both 

with and without morphine. Holistic analysis using WGCNA found the turquoise module 

to be of particular interest, as genes in this module showed significant relation to Abx-

Mor, GF-Sal, and GF-Mor groups. Interestingly, genes within this module were altered 

in different directions between Abx-Mor and both GF groups (Fig. 5). Genes that were 

downregulated in Abx-Mor and upregulated in GF groups were associated with vesicles 

and the cell membrane, while genes that were upregulated in Abx-Mor and downregulated 

in GF groups were associated with the nucleus and gene transcription. Additional analysis 

of the blue and red modules, which were strongly correlated with GF status, identified 

terms related to metabolism in both modules and “nervous system development” within the 

red module. Given the known role of the microbiome in regulating the host metabolome, 

the findings that GF mice have markedly dysregulated genes related to multiple metabolic 

pathways suggests that this may be a key mechanism of gut-brain signaling.

Our previous work examining behavioral and transcriptional changes in conventionally 

raised mice determined that a reduction in SCFAs caused by Abx treatment likely 

contributed to the reduction in morphine conditioned place preference we observed, since 

SCFA replenishment was sufficient to reverse the behavior (Hofford et al., 2021). SCFAs are 

the byproducts of bacterial fermentation of soluble fiber, and are normally almost entirely 

derived from the microbiome (Koh et al., 2016). They are necessary for several cellular 

functions and are well-known histone deacetylase inhibitors (Waldecker et al., 2008; Koh et 

al., 2016; Dalile et al., 2019) with peripheral SCFAs shown to regulate histone acetylation 

and gene expression in the brain (Mews et al., 2019). Additionally, SCFAs can have direct 

effects on the activity of transcription factors (Rabelo et al., 2003; Mally et al., 2004; 

MacFabe et al., 2007; Nankova et al., 2014). As GF mice are well known to be deficient 

in SCFAs, as well as many other potential neuroactive metabolites, these metabolites may 

account for the robust baseline transcriptional differences seen in GF mice.

Importantly, the study as presented also has limitations that should be recognized. For these 

studies we utilized conventionally raised mice and GF mice, but did not have a group 

of mice born GF that were subsequently conventionalized. Thus, we cannot determine 
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the critical phase of development for gene expression changes driven by GF status. In 

future studies, it would be informative to examine GF mice colonized shortly before 

opioid treatment to determine how this affects baseline and opioid induced transcriptional 

regulation. Additionally, we cannot directly account for the possibility that our GF mice 

have some altered level of morphine metabolism. While we know that the same amount 

of morphine was delivered to all mice, the logistics of getting timed serum samples in the 

gnotobiotic isolator precluded direct pharmacokinetic assessments. We do know that Abx 

treated mice have normal cocaine and opioid metabolism from our previous manuscripts 

(Kiraly et al., 2016; Hofford et al., 2021), but cannot definitively say this is the case for GF 

mice.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Gene expression in the nucleus accumbens is markedly different in germ-free 

and conventionally raised mice.

• Microbiome depletion in adulthood leads to altered patterns of gene 

expression in the nucleus accumbens compared to constitutively germ-free 

mice.

• Germ-free mice have minimal transcriptional response in the nucleus 

accumbens in response to chronic morphine.

• Weighted gene coexpression network analysis identifies unique signatures 

of gene coexpression amongst microbiome status groups and morphine 

treatment groups.

• Germ-free mice have altered patterns of gene expression that suggest marked 

changes in cellular metabolism.
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Figure 1 –. Schematic for experimental design.
Mice for these experiments were conventionally colonized and maintained on untreated 

water (H2O), conventionally raised and treated with broad spectrum antibiotics for two 

weeks prior to injections (Abx), and those that were born and maintained fully germ-free 

throughout their lifespan (GF). Mice from each group received seven daily injections of 

saline or morphine (20mg/kg) and were euthanized 24 hours after the final injection, and the 

nucleus accumbens (NAc) dissected out for RNA isolation and transcriptional profiling.
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Figure 2 –. Comparisons of conventionally raised mice with germ-free.
To ascertain effects of germ-free status on gene expression in the nucleus accumbens (NAc) 

we first compared saline treated groups. (A/B) Volcano plots and gene ontologies of interest 

for H2O-Sal and Abx-Sal compared to GF-Sal mice. (C) Venn diagram of significantly 

differentially expressed genes in all groups with proportions relative to the number of genes 

in each area. (D) Correlation analysis of all significant genes in the GF-Sal and Abx-Sal 

groups with Log2 fold change relative to H2O-Sal on each axis. (E/F) Volcano plots and 

gene ontologies of interest for H2O-Mor and Abx-Mor mice compared to GF-Mor mice. (G) 

Venn diagram of overlap between morphine treated groups.
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Figure 3 –. Overlap of gene ontology pathways between morphine groups.
Venn diagram showing overlap of significant gene ontologies between all pairwise 

comparisons in morphine groups (center). Top significant pathways from H2O vs GF (left), 
H2O vs Abx (top), and Abx vs GF (right) groups are highlighted.
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Figure 4 –. Effects of morphine treatment in germ-free mice.
(A) Heatmap of relative expression of all genes with nominal p value < 0.05 between GF-Sal 

and GF-Mor groups. Scale is of z-scored FPKM values. (B) Concentration of morphine 

solutions used to inject conventionally raised mice (Control) and germ-free mice (Sterile 

filtered). (C-E) Between group comparisons of mu (Oprm1), kappa (Oprk1), and delta 

(Oprd1) receptor transcript levels for all groups. All data are presented as mean ± S.E.M.; ** 

p < 0.01 on Holm-Sidak post-hoc test.
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Figure 5 –. WGCNA module identification.
To identify modules of coexpressed genes in our sample groups WGCNA hierarchical 

clustering analyses were performed followed by branch cutting based on variance to separate 

samples into coexpressed modules. (A) Clustering dendrogram with the height represented 

as 1 – r for the correlation and the colored rows along the bottom representing the assigned 

modules. (B) Graphical representation of gene modules as topological network diagram of 

all modules and their contained genes and interactions.
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Figure 6 –. Initial WGCNA analysis.
(A) Correlation matrix of module eigengene relationship with individual treatment groups. 

Significant cells are labeled with r value and p value. (B) Topological network diagram of 

the top 25 weighted genes in theTurquoise module, which is the largest gene module and the 

only one with significant effects in Abx-Mor and GF mice. (C) Heatmap of z-scored FPKM 

expression data for all genes in turquoise module followed by unsupervised hierarchical 

clustering. (D) Select significant gene ontologies from subset of Turquoise module genes 

decreased in Abx-Mor and increased in GF groups. (E) Select GO pathways for subset of 

Turquoise genes decreased in GF and increased in Abx-Mor.
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Figure 7 –. Analysis of modules associated with germ-free status.
Detailed analysis of WGCNA modules with the strongest correlations with germ-free status. 

(A) Network diagram of the Blue module and interrelationships between genes in this 

module. (B) Significant gene ontologies of interest associated with genes in the Blue 

module. (C) Network diagram of genes expressed in the Red module. (D) Ontologies of 

interest associated with genes in the Red module.
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