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Abstract

Research focusing on the gut-brain axis is growing, but the interplay of ethanol (alcohol 

molecule), the gut microbiome, the brain and behavior is poorly understood. In the current study, 

we remodeled the gut microbiota by providing adult male C57BL/6J mice with a non-absorbable 

antibiotic cocktail (ABX) in the drinking water and tested ethanol consumption behavior in a 

binge-like “Drinking in the Dark” model. Notably, 2 weeks of ABX pre-treatment significantly 

increased ethanol consumption during the 6 weeks of ethanol exposure in the DID paradigm. ABX 

treatment also appeared to prevent anxiety-like behavior during ethanol withdrawal period. ABX­

treated mice expressed reduced bacterial diversity and modified microbiota compositions within 

cecal samples. There were drastically reduced levels of commensal Firmicutes and increases 

in the Bacteroidetes and Verrucomicrobia populations. Importantly, the relative abundance of 

Firmicutes inversely correlated to ethanol intake levels regardless of antibiotic treatment, whereas 

Bacteroidetes and Verrucomicrobia populations positively correlated to ethanol intake levels. This 

is the first report demonstrating that ABX-induced disruption of the gut commensal microbiota 

leads to increased ethanol consumption in mice. This work reveals an important relationship 

between the gut microbiota and ethanol consumption behavior and supports the use of microbial­

targeted approaches to study gut-brain interactions during alcohol use disorder.
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Introduction

Alcohol use disorder (AUD) is a common and complex disease that is a major contributor 

to economic and health problems across the world. The cost of excessive alcohol use nears 

$250 billion, with the majority (~77%) being due to binge drinking (Sacks et al., 2015). 

The World Health Organization’s Global Status on alcohol and health reported that 5.9% of 

all global deaths were attributable to alcohol exposure (WHO, 2014). There are also more 

than 17 million people in the US suffering from AUD, yet only 4% of individuals diagnosed 

are currently being prescribed any pharmacotherapy (Franck and Jayaram-Lindstrom, 2013). 

Moreover, among these treated individuals, there is up to a 70% relapse rate within the first 

year of treatment (Moos and Moos, 2006), partially due to insufficient pharmacotherapies 

for AUD. These findings illustrate the need for studies identifying mechanisms linked to 

early signs of excessive use and enhanced susceptibility to alcohol abuse. This information 

will enable the development of more effective options for preventative and intervention­

based AUD treatment strategies.

Building evidence links the commensal microbiota ecosystem to healthy functioning 

of several host activities, including immune system development and function, mood 

regulation, and behavior (Foster et al., 2017; Thion et al., 2018). Consequently, disruption 

to the dynamic balance of the microbiome (dysbiosis) has been related to numerous 

neuropathologies including Parkinson’s disease and Alzheimer’s disease (Cox and Weiner, 

2018; Minter et al., 2016). Individuals who excessively drink alcohol have also been shown 

to express altered bacterial compositions compared to moderate and non-drinkers (Couch et 

al., 2015; Dubinkina et al., 2017; Mutlu et al., 2012). Although these studies have shown 

connections between AUD and the microbiome, there is insufficient information describing 

how changes in the microbiome may influence alcohol abuse behavior. Chronic exposure 

to alcohol has been related to microbial dysbiosis, intestinal permeability (“leaky gut”) and 

changes in immune responses (Engen et al., 2015; Leclercq et al., 2017a). Notably, release 

of gut bacterial fragments such as endotoxins into circulation and subsequent increases 

in inflammatory cytokines have been observed in those who consume alcohol excessively 

and within animal models of ethanol exposure (Mutlu et al., 2012; Qin et al., 2008). 

Systemic inflammation can lead to depression-like symptoms and sickness behavior, major 

factors that contribute to self-medication and increased voluntary ethanol consumption and 

seeking behavior in rodent models (Asatryan et al., 2015; Blednov et al., 2011). Changes 

in metabolites linked to gut microbiota may also have an influence on ethanol consumption 

behavior. As such, the plasma levels of short-chain fatty acids (SCFAs), i.e. propionate, 

acetate and butyrate, were shown to be associated with AUD (Bjorkhaug et al., 2019; 

Mostafa et al., 2017). Collectively, these findings highly suggest the gut microbiome plays 

an important role in behaviors and pathologies related to AUD.

Investigations are beginning to utilize microbiome manipulation to modify neuropathology 

and behavior. For example, studies using sterile-bred, germ-free animals observed 

reduced anxiety-like symptoms typical for major depressive disorder (Neufeld et al., 

2011). Additional studies report that germ-free mice exhibit altered behaviors in models 

of Parkinson’s disease and Alzheimer’s disease (Cox and Weiner, 2018; Minter et 

al., 2016; Sampson et al., 2016b). Unfortunately, germ-free animal models are often 
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complicated due to aberrant development of immune systems and other host functions. 

They insufficiently represent the conditions of bacteria-host interactions. Alternatively, 

antibiotic-based strategies to reduce and modify the gut microbiota in adult animal subjects 

have provided insights into gut-brain interactions without compromising normal host 

development. Antibiotic treatment has been shown to ameliorate neuroinflammation and 

motor deficits in Parkinson’s disease and anxiety behavior in rodent models of avoidance 

(Foster et al., 2017; Sampson et al., 2016b). Furthermore, the anthelmintic ivermectin and 

antibiotics, such as ceftriaxone and tigecycline, have been observed to reduce ethanol 

intake in animal models (Asatryan et al., 2014; Bergeson et al., 2016; Sari et al., 2011). 

Most of these studies did not explore connections to changes in the gut microbiome 

and its possible causative role in mediating observed behaviors. However, a few studies 

have been investigating the causal link between changes in microbial populations and 

neuropathology. For example, Sampson et al. established the ability of gut microbiome fecal 

matter transplantation to enhance motor deficits in a mouse model of Parkinson’s disease 

(Sampson et al., 2016a), pointing to the importance of considering the gut microbiome as a 

causal player in contributing to pathological host behavior.

In this study, we set forth a hypothesis that antibiotic-induced alterations in the gut 

microbiome could affect host ethanol consumption behavior. To test this hypothesis, we 

remodeled the gut microbiome using ad libitum administration of non-absorbable antibiotics 

in male C57BL/6J mice and measured drinking behavior in a “Drinking in the Dark” (DID) 

binge-like model of voluntary ethanol intake. In addition, we identified correlations between 

changes in specific microbial populations and drinking levels.

Results

ABX treatment did not affect liquid/food intake or body weights but affected cecal and 
adipose tissue

We treated adult male mice with an antibiotic cocktail (ABX), which has previously been 

shown to reduce gut microbiome diversity with minimal systemic effects to host tissue 

(Bercik et al., 2011). ABX was administered ad libitum in the drinking water 2 wks prior to 

the start of DID exposure (Fig. 1). Additionally, ABX treatment was continued throughout 

the 6 wk duration of DID to maintain microbiota dysbiosis (Fig. 1). Liquid intake, either 

water or ABX, did not significantly differ between any of the groups (Fig. 2A; two-way RM 

ANOVA: F(3,28)=1.1, p=0.35). Food consumption remained similar (Fig. 2B; two-way RM 

ANOVA: F(3,28)=1.2, p=0.35), and although all mice steadily gained weight throughout the 

study, average weight did not differ between groups at each week (Fig. 2C; two-way RM 

ANOVA: F(3,28)=2.5, p=0.08).

Mice with prolonged 8 wks ABX treatment, with and without 20E exposure, were observed 

to have engorged ceca and less prominent adipose tissue compared to untreated mice (Fig. 

2D, Top). ABX-treated mice had significantly heavier ceca compared to controls (Fig. 2D, 

Bottom; Kruskal-Wallis test: **p<0.01)
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ABX treatment increased ethanol consumption in a binge-like ethanol intake model

There was a significant combined effect of ABX treatment and 20E consumption for the 

total 6 wk duration of 20E consumption (Fig. 3A; two-way RM ANOVA, F(1,14)=59.81, 

p<0.01; ABX-20E compared to H2O-20E). After 2 wks of ABX treatment alone, ABX-20E 

mice immediately and consistently consumed significantly higher amounts of 20E, range 

of 6.1±0.5 – 8.21±1.2 g/kg/2hrs, compared to untreated mice that consumed 4.7±0.5 – 

7.24±1.3 g/kg/2hrs (Fig. 3, FDR-Benjamini and Hochberg, *p<0.05, **p<0.01; n=8/group). 

We also performed daily (Mon-Fri) statistical analysis of ethanol drinking throughout 6 wks 

of DID. Two-way RM ANOVA tests showed no effect of “Day of Week” or combined 

“Day of Week” and “Treatment (ABX or untreated); p=0.22 and p=0.93, respectively. 

Main effect of treatment was found at p<0.01. Post hoc Benjamini-Hochberg tests did not 

find significant day-to-day (Mon-Friday) differences in 20E intake levels within treatment 

groups, either within week of DID or between weeks of DID.

We addressed the possibility that the dark-phase time frame chosen (3 pm - 5 pm) may 

be linked to general increases in liquid intake of ABX mice. Liquid intake, either H2O or 

ABX, did not significantly differ between non-20E exposed mice (H2O, ABX) during the 

2 hrs of DID (Fig. 3B; two-way RM ANOVA, F(1,14)=3, p=0.11; ABX compared to 20E, 

n=8/group). This suggests the increase in 20E consumption was due to enhanced ethanol 

seeking behavior rather than a general increase in liquid intake during the 2 hr DID exposure 

period of the nocturnal mouse model.

There was no apparent effect of ABX on alcohol dehydrogenase (ADH) activity in the 

liver and no significant differences in ADH activity between treatment groups after DID 

exposure (Fig. 3C; One-way ANOVA, p=0.65; n=4/group). Additionally, 2 wks of ABX 

treatment did not appear to have an effect on serum blood ethanol concentrations (BECs) 

after intraperitoneal injections with a single dose of ethanol at 3.5 g/kg per mouse weight. 

Following 45 min after ethanol injections, BECs were not significantly different between 

ABX-treated mice and untreated controls (Fig. 3D; Mann-Whitney test, p=0.64; n=5–7/

group).

ABX treatment prevented anxiety-like behavior during ethanol withdrawal

We conducted the elevated plus maze (EPM) behavioral test in a separate experimental 

cohort in order to test whether the higher ethanol consumption levels with ABX treatment 

were related to increased anxiety-like phenotypes. At baseline and following 2 wks of ABX 

treatment or H2O control, there were no significant differences in the duration of time spent 

in the open arms between H2O and ABX (Fig. 4A; two-way RM ANOVA, Baseline p=0.03 

and q=0.06, Week 2 p=0.74 and q=0.74; n=11–13/group). Similarly, there were also no 

significant differences in the duration of time spent in the closed arms between H2O and 

ABX at baseline and following 2 wks of treatment (Fig. 4B; two-way RM ANOVA, Baseline 

p=0.27 and p=0.55, Week 2 p=0.70 and q=0.70; n=11–13/group). Of note, we observed 

significant reduction in the duration spent in both open and closed warms when comparing 

baseline and 2 wks of ABX treatment or H2O control within groups (Fig. 4A,B; two-way 

RM ANOVA, **p<0.01 and **q<0.01 for each treatment group between baseline and wk 2 
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for open and closed arm durations). These changes are likely increased habituation effects 

due to mice becoming familiar with the behavioral test apparatus (Schrader et al., 2018).

To further asses anxiety-like behavior due to ethanol withdrawal, we tested mice in 

EPM after 2 wks of 20E exposure during DID (with and without ABX treatment). The 

behavioral testing in ethanol-exposed groups (H2O-20E, ABX-20E) occurred during the 

ethanol withdrawal period, i.e. 16–20 hrs after the last acquisition of 20E. Non-DID groups 

(H2O, ABX) were tested in parallel to the 20E groups. Mice in the ABX and ABX-20E 

groups spent similar time in the open as well as closed arms compared to the mice in the 

H2O group (Fig. 4C,D). H2O-20E mice were observed not to spend any time within the open 

arms compared to H2O controls and ABX-treated groups. The difference between H2O-20E 

and H2O mice was statistically significant using the unpaired t-test (Fig. 4C, $p=0.04 for 

H2O-20E compared to H2O) but did not reach significance according to one-way ANOVA 

(Fig. 4C). Consequently, mice in the H2O-20E group spent significantly more time in the 

closed arms compared to H2O mice (Fig. 4D; One-way ANOVA, *p=0.019; n=4–7/group).

Cecal microbiome is significantly altered in ABX-treated mice

We analyzed the microbiome isolated from cecal samples at the end of DID exposure. 

As expected, ABX significantly altered the microbiome composition, whereas changes due 

to ethanol alone were much less pronounced. According to several α-diversity measures 

(Chao1, Shannon, Simpson indices), ABX treatment drove the observed reductions in 

diversity. Chao1 index (more emphasis on low abundance species) was significantly altered 

in ABX-treated groups (ABX and ABX-20E compared to H2O and H2O-20E treated groups, 

Fig. 5A; Kruskal-Wallis test, *p<0.05, n=4–5/group). Similarly, α-diversity indicating taxa 

richness and evenness were significantly different between the ABX exposed groups and 

controls according to Shannon and Simpson indices (Fig. 5B,C; Kruskal-Wallis tests, 

*p<0.05 for both measures, n=4–5/group). We further compared microbiome β-diversity, the 

similarities and dissimilarities between different treatment groups, visualized by Principal 

Coordinates Analysis (PCoA – Fig. 5D). ABX and ABX-20E mice groups clustered together 

and were significantly dissimilar from both H2O and H2O-20E groups which also clustered 

together (Fig. 5D; PERMANOVA, F(15.704), p<0.001, r2=0.771, n=4–5/group).

As in the β-diversity clustering of H2O groups (H2O and H2O-20E) and ABX groups 

(ABX and ABX-20E), similar pairings were observed when investigating specific cecal 

microbiota taxa differences and relative abundances (%) (Fig. 6). As presented in Fig. 

6A, the main phyla constituting the majority for microbiome in H2O and H2O-20E mice 

were Bacteroidetes (47.4%, 43.3), Firmicutes (38.6%, 37.6%) and Verrucomicrobia (11.5%, 

13.62%). ABX and ABX-20E mice also had phyla predominated by Bacteroidetes (67.2%, 

64.0% ) and Verrucomicrobia (31.0%, 34.1%) though the relative abundance of these phyla 

were significantly higher than in H2O groups (Fig. 6A; two-way ANOVA, *p<0.05; n=4–

5/group). Additionally, compared to the H2O groups there was a significant reduction of 

Firmicutes phyla in ABX groups (<1% for both ABX-treated groups) (Fig. 6A). Other 

phyla such as Proteobacteria and Actinobacteria were present in lower levels in all treatment 

groups (Fig. 6A).
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There were also family-level differences between H2O and ABX groups (Fig. 6B). 

Families within H2O groups consisted of dominating families, Porphyromonadaceae 
(45.4%, 42.0%) and Lachnospiraceae (20.9%, 24.6%), Verrucomicrobiaceae (11.5%, 

13.6%) and minor constituents (Clostridiales-unclassified, Coriobacteriaceae). Whereas, 

microbiota in ABX groups largely were comprised of two families, Bacteroidaceae (66.9%, 

63.8%) and Verrucomicrobiaceae (31.0%, 34.1%). Lower abundances of the other minor 

families were found in ABX groups. Compared to H2O groups, profound reductions 

were observed in the abundances of Porphyromonadaceae and Lachnospiraceae and 

increases in Bacteroidaceae and Verrucomicrobiaceae families (Fig. 6B; two-way ANOVA, 

*p<0.05; n=4–5/group). Finally, when comparing relative abundances of butyrate-producing 

bacteria, ABX and ABX-20E treated groups had significantly reduced genus numbers 

of Lachnospiraceae_unclassified, Clostridium Cluster IV, and Clostridium Cluster XIVa 
populations (Fig. 6C–E; Kruskal-Wallis tests, *p<0.05; n=4–5/group). Table 1 further 

describes significant differences between treatment groups when considering absolute 

number of bacteria for each taxa group in 25 ng of DNA sample (Table 1; two-way ANOVA 

multiple comparisons, FDR Benjamini and Hochberg corrections, *p<0.05 and q<0.05; 

n=4–5/group).

Correlations between total ethanol consumption and relative abundances of cecal 
microbiome phyla

The total 20E intake data (g/kg/60 hrs) was analyzed per mouse over the 6 wks of DID 

exposure from H2O-20E and ABX-20E groups and correlated to the relative abundance 

(%) of Firmicutes, Bacteroidetes, and Verrucomicrobia phyla (Fig. 7A–C; Spearman r 

correlation, *p<0.05, **p<0.01; relative abundance (%) of bacterial population compared 

to total ethanol consumption 20E g/kg/60 hrs; n=4–5/group). Total 20E intake was found 

to be significantly inversely correlated with Firmicutes relative abundance (%) levels (Fig. 

7A; Spearman r correlation, *p=0.02). Total 20E intake was also found to be significantly 

positively correlated with Bacteroidetes levels, and, though not reaching significance, 

showed a positive trend towards enhancement of Verrucomicrobia levels (Fig. 7B,C; 

Spearman r correlation, *p=0.03 and p=0.07, respectively).

Discussion

The present investigation tested the hypothesis that remodeling the commensal microbiota 

using antibiotics will significantly influence ethanol consumption levels. In agreement, we 

found that non-absorbable, oral antibiotic treatment significantly increased voluntary ethanol 

consumption levels in a binge-like drinking model (DID) in adult male C57BL/6J mice. 

The increase in ethanol intake was not likely due to differences in ethanol metabolism 

or absorption. ADH activity measured in liver samples at the end of the ABX and DID 

exposure was similar between ABX-treated mice and water controls. In addition, BECs 

measured after a single high dose ethanol challenge did not differ between ABX and water 

treated mice.

It is important to emphasize that the increase in ethanol intake in ABX treated mice was 

evident immediately from the first week of ethanol exposure and was maintained throughout 
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the 6 wks of DID procedure. Absence of time-dependent effects of DID suggests the 

differences between ABX-treated and H2O control mice, with respect to ethanol intake, were 

not due to plasticity changes that may have been caused by longer ethanol exposure. This 

effect is likely related to the changed gut microbiome at the start of ethanol exposure due 

to the prior 2 wks of ABX treatment. We found large reductions in microbiome diversity 

and shifts in specific microbial populations in ABX-treated mice. Similar changes in gut 

microbiome diversity and compositions were found in other antibiotic cocktail-based studies 

(Bercik et al., 2011). In fact, our microbiome analysis findings revealed that ABX treatment, 

not ethanol exposure, was the main factor affecting changes in microbial populations. 

Moreover, changes in specific microbial phyla significantly correlated with total ethanol 

intake. These findings indicate that changes in microbiome diversity and composition may 

mediate the observed elevated baseline ethanol consumption.

We show that ethanol consumption remained consistent throughout 6 wks of ethanol 

exposure. There are other studies which have found gradual increases in ethanol intake 

over time (Hwa et al., 2011). This could be due to variations of the DID procedure that 

includes differences in ethanol concentration, the length of time into the dark cycle when 

ethanol was offered and mouse age (Rhodes et al., 2005). The DID procedure adopted in this 

study was similar to the one previously used by our group, which included access to 20E 

for 2 hrs in the dark cycle for 5 consecutive days a week. Using this approach, the previous 

work from our group reported a stable drinking pattern in adult C57BL/6J mice which is 

consistent with our findings and others (Crabbe et al., 2012; Huynh et al., 2017). In addition, 

we believe that animal age is another factor in the observed stable drinking pattern. In fact, 

it has been demonstrated that 8 wks old adult C57BL/6J mice consume stable 20E amounts 

in the DID model compared to 4 wks old adolescent mice of the same strain (Becker and 

Lopez, 2004). At the start of our DID study, C57BL/6J mice were 8–10 wks old, which may 

explain the low fluctuations in ethanol consumption in both ABX-treated and water control 

mice.

Currently, mechanisms underlying gut-brain associations are not fully established, especially 

regarding alcohol consumption behavior and AUD. People with alcohol dependence 

demonstrate shifts in microbiota compositions compared to non-dependent individuals 

(Leclercq et al., 2017b). Furthermore, anxiety and depression are known risk factors 

underlying AUD and have been linked to changes in the gut microbiome. Leclercq et al. 

observed that alcohol-dependent patients with altered microbiome compositions also had 

increased intestinal permeability, which was linked to higher scores of craving, anxiety, 

and depression (Leclercq et al., 2014). Another study demonstrated significant correlations 

between the gut microbiome and behavioral and neurophysiological traits defining AUD, 

such as impulsivity measures and augmentations in striatal dopamine receptor expressions 

(Jadhav et al., 2018). Ketamine treatment in rats has also been shown to have microbiome­

associated effects on depression and inflammation (Getachew et al., 2019), both of which 

are implicated in alcohol abuse. The anti-depressive action of ketamine may be related to 

its ability to enhance Lactobacillus populations known to be significantly reduced in animal 

models of depression (Zheng et al., 2016).
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We investigated the possibility that ABX-induced changes to the gut microbiome could 

enhance anxiety in mice leading to increased ethanol intake. In a separate cohort, we 

assessed anxiety-related behavior in an established EPM test. ABX alone did not affect 

anxiety-related behavior after 2 weeks of treatment. Moreover, ABX treatment appeared 

to reduce anxiety-like behaviors during ethanol withdrawal after DID exposure. These 

findings support the increase we observed in ethanol consumption with ABX treatment 

is not caused by ethanol withdrawal-related anxiety. Other studies support our findings 

suggesting that antibiotic treatment has been observed to reduce ethanol-related anxiety. For 

example, treatment with the antibiotic tigecycline reduced the severity of handling-induced 

convulsions during periods of acute ethanol withdrawal (Martinez et al., 2016). In addition, 

fecal matter transplantation from ethanol-exposed donor mice transferred behavioral signs of 

ethanol withdrawal-induced anxiety in alcohol-naïve mice (Xiao et al., 2018). Collectively, 

these studies and our initial data of modified withdrawal-induced anxiety-related behaviors 

support the notion that the gut-brain axis is implicated in alcohol consumption and related 

withdrawal behaviors in ABX-treated mice.

More extensive studies using ABX treatment approach are needed to elucidate the 

relationship between changes in microbiota and ethanol-induced anxiety and stress-related 

behaviors. However, our current studies are beginning to shed light into the gut-brain 

relationship regarding the observed increases in ethanol intake behavior. Although it has 

been difficult to pinpoint what distinguishes a healthy microbiome from a dysbiotic 

composition, a reduction in diversity within the population has been regarded as an 

indication of an unhealthy microbiome. Within the current study, we found shifts in 

commensal microbiota populations that clustered according to ABX-treated groups (ABX 

and ABX-20E) compared to non-ABX controls (H2O and H2O-20E). Both ABX-treated 

groups expressed lower population richness and decreased diversity compared to controls 

indicated by multiple measures, such as Chao1, Shannon index, and Simpson index, 

suggesting ABX-induced dysbiosis may play an important role in determining levels of 

ethanol intake.

Our current studies also identified shifts in specific bacterial populations within the ceca of 

higher ethanol drinking, ABX-treated mice, compared to water-control counterparts. ABX­

treated mice had drastically reduced Firmicutes populations and enriched Bacteroidetes and 

Verrucomicrobia phyla. Firmicutes and Bacteroidetes represent the large majority of the 

microbiota, with both phyla representing up to 90% of bacteria containing both beneficial 

members and pathogenic species (Rinninella et al., 2019). Verrucomicrobia represent 

important mucin-degrading bacteria within the gastrointestinal tract and may account for the 

decreased adipose tissue observed during necropsy (Belzer and de Vos, 2012). Changes in 

these microbial populations correlated with total ethanol consumption levels, with negative 

correlations for the Firmicutes populations and positive correlations for Bacteroidetes and 

Verrucomicrobia phyla. Changes in these microbial populations with ABX treatment in 

our study parallel microbiome changes observed in mice after ethanol exposure (Engen 

et al., 2015). It is interesting to speculate the possibility that ABX treatment caused a 

microbiome phenotype that resembles the microbiome of ethanol-exposed mice, which 

could have primed the immediate high ethanol intake found in ABX treated mice.

Reyes et al. Page 8

Brain Res. Author manuscript; available in PMC 2021 November 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Despite the several changes found in different microbial taxa, the most dramatic changes 

were found within the Firmicutes population with ABX treatment. There was a near absence 

for Firmicutes bacteria including family and genus members (Clostridiales_unclassified, 
Lachnospiraceae, Ruminococcaceae, Clostridium cluster IV and Clostridium cluster XIVa). 

Firmicutes phylum contains known beneficial commensal bacteria dominant in healthy 

populations (Lopetuso et al., 2013). For example, patients with irritable bowel syndrome 

have been shown to have significant reductions in the abundance of Lactobacillus and other 

Firmicutes members (Carroll et al., 2010). Reductions in Firmicutes have been shown in 

pathologies which appear to be unrelated to the gastrointestinal tract, including Alzheimer’s 

disease (Vogt et al., 2017) and autism spectrum disorder (Kang et al., 2017). These studies 

support the importance of Firmicutes populations and their involvement within the gut-brain 

axis in determining potential relationships between microbiota and host health and behavior.

In order to study the role of the microbiome in neuropathologies and behavior, antibiotic 

treatment strategies have been gaining popularity as seen within models of Parkinson’s 

disease (Sampson et al., 2016b) and rodent models of avoidance and anxiety-like behaviors 

(Foster et al., 2017). In another example, Kiraly et al. used an antibiotic approach to 

manipulate gut microbiota in a study of cocaine seeking behavior (Kiraly et al., 2016). 

These models have the advantage of observing animals with normally developed immune 

systems in contrast to germ-free animals that have major developmental issues (Kennedy 

et al., 2018). However, similar to germ-free animals, antibiotic-treated mice demonstrate 

some physiological aberrations, such as cecal engorgement (due to water retention) and 

reduced adipose tissue deposits (Reikvam et al., 2011). Consistent with these findings, the 

ABX-treated mice in our study demonstrated similar features of larger and heavier ceca and 

reduced adipose. Even though it was not within the scope of the current study to determine 

the consequences of these physiological changes and how they may relate to ethanol intake, 

we found no significant differences in food consumption between treatment groups. This 

suggests the differences in adipose tissue did not affect normal nutrition; however, it may 

be interesting to further look into the possibility that lower adipose mass could affect 

higher-caloric or sucrose-seeking feeding behaviors related to ethanol intake.

The function of gut bacteria and their metabolites on host activities may give insight 

into their links to alcohol abuse and related behaviors. Some members of the microbiota 

are important for fermenting undigested dietary materials to produce metabolites, which 

interact with the host to modulate health (Sharon et al., 2014). A major metabolic pathway 

involved in health modulation is the production of SCFAs, fatty acids with less than six 

carbon atoms such as butyrate and acetate. SCFAs can affect colonocytes, energy storage, 

metabolism, gut-barrier function, and the immune system (Chambers et al., 2018). SCFAs 

were also shown to modulate levels of free dopamine and norepinephrine (Asano et al., 

2012) and impact behavior such as stress-responsivity, anxiety, and depression (van de 

Wouw et al., 2018). Specifically, butyrate is the major energy source for colonocytes and 

is linked to the maintenance of intestinal health and host metabolism (Chakraborti, 2015). 

Our findings demonstrate reductions in concentrations of butyrate-producing bacteria, such 

as Lachnospiraceae_unclassified, Clostridium Cluster IV, and Clostridium Cluster XIVa 
populations in ABX and ABX-20E treated groups (van de Wouw et al., 2018). Therefore, we 

are currently investigating potential changes in butyrate levels as a result of the decreases in 
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the levels of Firmicutes populations and the possibility that these changes may contribute to 

the observed ABX-induced increases in ethanol intake behavior in our voluntary binge-like 

drinking model.

Collectively, our findings support the hypothesis that there is a link between specific 

gut microbial populations and voluntary alcohol consumption behavior. Further work is 

necessary to uncover potential mechanisms between the gut-brain interactions and effects on 

alcohol abuse and related behaviors such as withdrawal-induced anxiety. This knowledge 

would allow for the discovery and development of less invasive, microbiome-targeted 

strategies to address alcohol abuse and mood disorders, such as anxiety and depression, 

commonly associated with AUD.

Methods and Materials

Animals and antibiotic treatment

Adult male C57BL/6J mice, aged 6–8 weeks (wks), were purchased from Jackson 

Laboratories (JAX, USA) and housed under a reversed 12 hour (hr) light/dark cycle (lights 

on 12:00 am-12:00 pm). All animals were single-housed and allowed to acclimate to the 

facility for at least 2 wks before being randomly assigned to a specific treatment group. 

In order to determine the effects of continuous disruption to the microbiome on ethanol 

consumption levels, an antibiotic-cocktail (ABX), comprised of 0.5 mg/ml bacitracin 

(Sigma, USA), 2.0 mg/ml neomycin (GoldBio, USA), 0.2 mg/ml vancomycin (Thermo 

Fisher, USA) and 1.2 μg/ml pimaricin (Molekula, USA), was provided to mice ad libitum 
in the drinking water for the duration of the experiment. We changed the antibiotic mixture 

every two days to ensure consistent concentrations. Animals were weighed 5 days a week 

during the light cycle to monitor body weight and normal feeding was maintained. We chose 

this ABX treatment as it has been shown to significantly alter commensal gut microbiota 

composition in adult rodents while having low absorbance and minimal direct effects on 

host tissues when given orally (Bercik et al., 2011; Foster et al., 2017; Kiraly et al., 2016). 

To maintain microbiome dysbiosis, we continued to administer ABX throughout the 6 wk 

duration of DID while observing ethanol intake behaviors (Fig. 1). All animals were treated 

in accordance with the National Institutes of Health Guide for Care and Use of Laboratory 

Animals and protocols approved by the USC Institutional Animal Care and Use Committee.

“Drinking in the Dark (DID)” ethanol intake model

The DID model is widely used to assess differences in binge-like drinking behaviors. A 

modified version of this procedure was utilized in the current study where mice had daily 

limited access (2 hr) to one bottle containing 20% ethanol (20E) beginning at 3 hrs into 

the circadian dark phase, which we have previously shown to maintain consistent ethanol 

intake levels during the 5 consecutive days of 20E exposure (Huynh et al., 2017). Ethanol 

intake was recorded for the 2 hr drinking period for 5 consecutive days with 2 days off 

(Saturdays and Sundays) for the duration of 6 wks. Vivarium-provided rodent chow was 

available at all times, and a single bottle of water (H2O) or ABX was continuously available 

between ethanol access periods. This paradigm was shown to result in high blood ethanol 

concentrations (BECs) in C57BL/6J mice in a short period of time (>100 mg/dL; Thiele and 
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Navarro, 2014). As this was our first study, we chose 6 wks of DID exposure to determine 

the effects of prolonged ethanol exposure.

Alcohol dehydrogenase (ADH) activity

Following ABX treatment and DID exposure, liver tissues were processed and analyzed 

for ADH activity according to the standard ADH activity kit (catalog no. MAK053; Sigma­

Aldrich). Total protein concentrations in the samples for standardization were determined 

using the Pierce BCA protein assay kit and an albumin standard calibration curve (Thermo 

Scientific, USA). ADH activity was measured according to the manufacturer’s specifications 

using 50 ul of liver tissue supernatant standardized to a concentration of 3 mg/ml per mouse, 

n=4/group.

Blood ethanol concentrations (BECs)

In a separate cohort, control mice (H2O, n=5) and mice treated with ABX for 2 wks 

(ABX, n=7), were given an intraperitoneal injection of ethanol at a concentration of 3.5 

g/kg per mouse weight. At 45 minutes (min) after each injection, mice were euthanatized, 

blood collected, and serum prepared immediately for BEC analysis. Serum samples were 

processed on the ANALOX AM1 machine according to manufacturer’s instructions (Analox 

Instruments Ltd., UK).

Elevated plus maze (EPM)

Anxiety-like behavior was assessed in a separate cohort of mice using EPM at 3 separate 

phases: at baseline, after 2 wks of ABX treatment (3rd wk), and after 5 wks of ABX 

treatment with 2 wks of DID exposure (6th wk). Anxiety-related parameters were measured 

for 4 consecutive days during behavior-testing weeks. The test was conducted by individuals 

who were blind to the treatments received by each mouse. Mice were handled daily for 

at least one week for several mins before initial behavioral test started in order to allow 

acclimation to more frequent handling during the behavioral trial. Mice were transferred in 

their home cage to the behavioral room and allowed to acclimate for at least 30 mins prior to 

behavior testing.

The EPM apparatus was shaped like a plus sign and consisted of two opposite open-arms 

(30 cm × 5 cm) with no walls, two opposite closed-arms (30 cm × 5 cm) surrounded by 

20 cm black high walls, and a central area (5 cm × 5 cm). The maze was elevated 50 

cm above the ground and illuminated by dim light. The experiment started by placing the 

mouse in the center of the maze and allowing free exploration for 5 mins. Arm entries were 

recorded when all four paws were inside any individual arm. The individual trials were 

recorded for 5 mins using a video camera, and the frequency and time of closed/open arm 

entries were measured. Time spent in open arms suggest possible reductions in anxiety-like 

behaviors, because it indicates mice exploratory inclination is stronger than the tendency to 

avoid vulnerable environments, such as those of the open arms.

Cecal tissue collection and DNA isolation

Cecum samples were immediately excised during necropsies, flash frozen, and stored in 

−80°C until further processing. Cecal DNA was extracted using the E.Z.N.A. ®Stool DNA 
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Kit (D4015, Omega, Inc., USA) according to the manufacturer’s instructions. Ultrapure 

nuclease-free water was used as the blank to prevent contamination. The total DNA was 

eluted in 50 μL of elution buffer and stored at −80°C until sequencing.

16S rRNA gene sequence processing

16S rRNA gene sequencing of ceca samples was performed at LC Sciences (Houston, 

TX). Modified versions of primers 338F (5’-ACTCCTACGGGAGGCAGCAG-3’) and 806R 

(5’-GGACTACHVGGGTWTCTAAT-3’) were used to target the variable V3-V4 region of 

the prokaryotic (bacterial and archaeal) ribosomal small-subunit (16S) rRNA gene. The 5’ 

ends of the primers were tagged with sequencing universal primers and barcodes specific to 

each sample.

PCR amplification reaction mixtures (25 μL total) contained 25 ng of template DNA, 12.5 

μL PCR premix, 2.5 μL of each primer, and PCR-grade water to adjust the volume. To 

amplify the prokaryotic 16S fragments, PCR conditions consisted of initial denaturation 

at 98°C for 30 seconds; 35 cycles of denaturation at 98°C for 10 seconds, annealing at 

54°C/52°C for 30 seconds, and extension at 72°C for 45 seconds; with a final extension at 

72°C for 10 mins. The PCR products were confirmed with 2% agarose gel electrophoresis. 

Throughout the DNA amplification process, ultrapure water was used as a negative control 

to exclude the possibility of false-positive PCR results. The PCR products were purified 

using AMPure XT beads (Beckman Coulter Genomics, Danvers, MA, USA) and quantified 

by Qubit (Invitrogen, USA). The amplicon pools were prepared for sequencing, and the 

size (Agilent 2100 Bioanalyzer; Agilent, USA) and quantity (Library Quantification Kit for 

Illumina; Kapa Biosciences, Woburn, MA, USA) of the amplicon library were assessed. 

The PhiX Control library (v3) (Illumina) was combined with the amplicon library (expected 

30%) in order to improve quality of the sequencing reads. The libraries were sequenced on 

Illumina MiSeq platform (300bp, pair-ended).

Taxonomic analysis of the gut microbiome metagenomes

Samples were sequenced on the Illumina MiSeq platform according to the manufacturer’s 

recommendations (Illumina, Inc. San Diego, CA). Paired-end reads were assigned to 

samples based on their unique barcode and truncated by cutting off the barcode and primer 

sequence. Paired-end reads were merged using FLASH. Quality filtering on the raw tags 

were performed under conditions to obtain the high-quality clean tags according to the 

Fqtrim (Version 0.94). Chimeric sequences were filtered, and sequences with at least 97% 

similarity were assigned to the same operational taxonomic unit (OTU) by Vsearch (Version 

2.3.4). Representative sequences were chosen for each OTU and assigned taxonomic data 

using the RDP (Ribosomal Database Project) classifier. Approximately 75,000 valid reads 

per sample were obtained. In order to determine the differences in dominant species of 

distinct groups, multiple sequence alignments were conducted using the Mafft software 

(Version 7.310) to study phylogenetic relationships of different OTUs. Rarefaction was 

standardized based on the sample with the least number of valid reads, determining OTU 

abundance.
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Different indices of diversity were calculated using QIIME software (Version 1.8.0). Alpha 

diversity analyzes the complexity of species diversity within a sample through Chao1, 

Shannon, and Simpson measurements. Principal Coordinates Analysis (PCoA) enables beta 

diversity to be visualized between treatment groups.

Data analyses

For DID, ethanol intake was calculated as g/kg [g of pure ethanol per kg of body weight; 

20% ethanol (20E) intake = (volume of 20E consumed in mL x 0.15786 g/mL)/body 

weight in kg]. The dependent variables included ethanol intake (g/kg), ABX (mL), H2O 

(mL), food intake (g), and change in mouse weight (g), compared using two-way repeated 

measures (RM) ANOVA. Two-way RM ANOVA was used to assess the main effect of daily 

ad libitum antibiotic cocktail administration on 20E consumption between ABX mice and 

control mice. One-way ANOVA, Kruskal-Wallis test, and non-parametric Mann-Whitney 

tests were performed to determine differences in ADH and BEC activity, respectively. For 

anxiety-like behavioral trials, two-way ANOVA and Benjamini-Hochberg tests were used to 

determine the differences between baseline time point and second week of behavior tests. 

One-way ANOVA with Dunnett’s multiple comparison and t-tests were used in analyzing 

the behavioral parameters after DID, significance was set at *p<0.05 (indicating q<0.05 for 

two-way ANOVA tests), **p<0.01 and $p<0.05 for t-tests.

In order to determine significant differences in microbiome composition between groups, 

post hoc multiple comparisons False Discovery Rate (FDR q-values) was determined 

using the Benjamini-Hochberg correction set at 5% (q<0.05). Treatment comparisons 

on 16S rRNA gene sequencing data were performed using two-way ANOVA and non­

parametric, one-way ANOVA, Kruskal-Wallis tests, for individual microbiota phylum and 

species. Significance was set at p<0.05. OTU-level β-diversity significance was analyzed by 

permutational multivariate ANOVA (PERMANOVA) of distance between treatment groups 

measured as Bray Curtis Index. Data are presented as Mean ± Standard Error of Mean 

(SEM) for each group with post hoc multiple comparisons as *p<0.05 and **p<0.01 after 

confirming FDR q<0.05. Non-parametric Spearman r correlations, two-tailed with 95% CI, 

between microbiota phyla populations (p_Firmicutes, p_Bacteroidetes, p_Verrucomicrobia) 

and total ethanol consumption, 6 wks DID (20E g/kg/60 hrs) were also performed. Graphs 

and statistical analyses were generated using GraphPad Prism (GraphPad Software Inc., San 

Diego, CA) and MicrobiomeAnalyst (Dhariwal et al., 2017).
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HIGHLIGHTS

• First report on oral antibiotic (ABX) treatment causing increased voluntary 

ethanol intake

• ABX treatment appeared to prevent anxiety-like behavior during ethanol 

withdrawal

• ABX-treated mice expressed reduced bacterial diversity within cecal samples

• Changes in Firmicutes, Bacteroidetes and Verrucomicrobia correlated with 

ethanol intake
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Figure 1. Schematic representation of the animal treatment procedures.
Single-housed mice had access to water (H20) or were treated ad libitum in drinking water 

with an antibiotic cocktail (ABX) for 2 wks prior to DID ethanol exposure and throughout 

the 6-wk duration of DID. This generated the following treatment groups: Water groups – 

H2O; H2O-20E; ABX groups – ABX; ABX-20E.
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Figure 2. ABX treatment did not alter liquid/food intake and body weight but affected cecum 
and adipose tissues.
A) Liquid (H2O or ABX) and B) food intake, as well as C) body weight did not significantly 

differ between any of the four groups at any point during the study: H2O, ABX, H2O-20E, 

ABX-20E. D) (Top panel) Post-mortem necropsy images demonstrating antibiotic-induced 

cecum enlargement (arrows) and reduction in white adipose tissue (stars). (Bottom panel) 

Bar graph demonstrating analyzed cecum weights. ABX-treated mice exhibited significantly 

increased cecum weights compared to untreated controls. Data are presented as Mean ± 

SEM, n=8/group; **p<0.01.
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Figure 3. ABX-treated mice exhibited higher levels of ethanol consumption.
A-C) For these experiments, single-housed mice were treated 24 hrs ad libitum with 

antibiotics (ABX) or H2O for 2 wks prior to and throughout the 6 wks of DID except 

during the 2 hrs of ethanol exposure. Daily 20E consumption was measured and compared 

between groups. A) ABX-20E mice consumed significantly more ethanol than H2O-20E 

mice consistently throughout the 6 wks of the study. B) H2O and ABX groups that were 

not exposed to 20E did not significantly differ in the amount of H2O or ABX consumed 

during the 2 hrs of DID, and C) liver alcohol dehydrogenase (ADH) activity did not different 

between any of the groups at the conclusion of this experiment. D) In a separate cohort, 2 

wks of ABX treatment did not significantly affect serum blood ethanol concentration (BEC) 

45 mins following IP injection of ethanol (3.5 g/kg per mouse weight). Data are presented as 

Mean ± SEM, n=4–8/group; *p<0.05, **p<0.01.

Reyes et al. Page 21

Brain Res. Author manuscript; available in PMC 2021 November 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. Elevated plus maze (EPM) behavioral test revealed reduced anxiety-related behavior in 
ABX-20E mice.
(A,B) EPM baseline compared to after 2 wks ABX, (C,D) EPM after 2 weeks DID, with 

or without ABX treatment. The duration of time spent in the A) open arms and B) closed 

arms at baseline compared to after 2 wks of ABX treatment. The duration spent within 

C) open arms and D) closed arms after 2 weeks of DID. Data are presented as Mean ± 

SEM, two-way RM ANOVA (A,B; n=4–7/group), one-way ANOVA (C,D; n=11–13/group; 

*p<0.05, **p<0.01) and unpaired t-test (C; $p=0.04).
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Figure 5. ABX treatment significantly reduced gut microbiome diversity.
Microbiome αdiversity compared from cecal samples of untreated and ABX-treated mice 

(with and without prolonged ethanol exposure) using A) Chao1, B) Shannon, and C) 

Simpson Indices. D) β-diversity is measured by Principal Coordinates Analysis (PCoA) of 

cecal samples at the OTU (observational taxonomic unit: unique species) level and identifies 

treatment groups which cluster together according to community compositions based on 

treatment group. Data are presented as Median and Min/Max, Kruskal-Wallis test, n=4–5/

group; *p<0.05.
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Figure 6. ABX treatment had a greater effect on the gut microbiome of male C57BL/6J mice 
than ethanol (20E) exposure.
A) Phylum-level (“p_”) and B) Family-level (“f_”) relative abundance (%) of gut microbiota 

taxa recovered in cecal samples of untreated mice and Abxtreated mice (8 wks) with 

and without prolonged 20E exposure (6 wks). C-E) At the genus-level, butyrate-producing 

bacteria (Lachnospiraceae_unclassified, Clostridium Cluster IV, and Clostridium Cluster 
XIVa) were significantly reduced in ABX-treated mice compared to untreated controls. Data 

are presented as Median and Min/Max, Kruskal-Wallis test, n=4–5/group; *p<0.05.
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Figure 7. Total ethanol intake correlated with differences in phyla microbiome populations.
Accumulated 20E consumption was calculated per mouse (H2O-20E and ABX-20E data 

shown together) across the 6 wks (60 hrs) of DID exposure. ABX-20E mice (red dots) 

clustered similarly and separately from H2O-20E mice (blue triangles). Total 20E intake 

significantly correlated with relative abundances (%) of phyla A) Firmicutes reductions and 

B) Bacteroidetes enhancement. C) Though not significant, total 20E intake trended towards 

an increase in Verrucomicrobia. Spearman r correlation, n=4–5/group; *p<0.05, **p<0.01.
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Table 1.

Phyla and families significantly different in H2O, H2O-20E, ABX, ABX-20E adult male C57BL/6J mice 

(FDR, *p>0.05 and q<0.05)

Phylum Family p value q value
Bacterial counts per 25 ng (DNA)

H2O H2O-20E ABX ABX-20E

Bacteroidetes* 0.0033 0.0126 25815.8 23545.8 36649 34903.5

Bacteroidaceae* 0.0047 0.0160 927 624.4 36536.75 34798

Porphyromonadaceae* 0.0038 0.0160 24717.4 22817.6 107.75 98

Firmicutes* 0.0053 0.0126 21089.2 20570.4 343 465.75

Clostridiales_unclassified* 0.0044 0.0160 1969.8 2275.4 14.5 157.75

Lachnospiraceae* 0.0054 0.0176 11376.8 13498.8 96.75 95.75

Ruminococcaceae* 0.0030 0.0160 6809.4 3306.6 42.5 23.25

Actinobacteria* 0.0048 0.0126 299.4 1798.4 167 207.75

Coriobacteriaceae* 0.0019 0.0160 123.2 1526.4 1.25 3.75

Verrucomicrobia 0.0531 0.0579 6223.2 7436 16851.5 18553

Verrucomicrobiaceae 0.0531 0.0748 6223.2 7436 16851.5 18553

Proteobacteria* 0.0367 0.0490 811.2 871.4 468.25 343

Brain Res. Author manuscript; available in PMC 2021 November 15.


	Abstract
	Introduction
	Results
	ABX treatment did not affect liquid/food intake or body weights but affected cecal and adipose tissue
	ABX treatment increased ethanol consumption in a binge-like ethanol intake model
	ABX treatment prevented anxiety-like behavior during ethanol withdrawal
	Cecal microbiome is significantly altered in ABX-treated mice
	Correlations between total ethanol consumption and relative abundances of cecal microbiome phyla

	Discussion
	Methods and Materials
	Animals and antibiotic treatment
	“Drinking in the Dark (DID)” ethanol intake model
	Alcohol dehydrogenase (ADH) activity
	Blood ethanol concentrations (BECs)
	Elevated plus maze (EPM)
	Cecal tissue collection and DNA isolation
	16S rRNA gene sequence processing
	Taxonomic analysis of the gut microbiome metagenomes
	Data analyses

	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Figure 6.
	Figure 7.
	Table 1.

