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Abstract 
Cocaine use disorder represents a public health crisis with no FDA-approved medications for its treatment. A 
growing body of research has detailed the important connections between the brain and the resident 
population of bacteria in the gut, the gut microbiome in psychiatric disease models. Acute depletion of gut 
bacteria results in enhanced reward in a mouse cocaine place preference model, and repletion of bacterially-
derived short-chain fatty acid (SCFA) metabolites reverses this effect. However, the role of the gut microbiome 
and its metabolites in modulating cocaine-seeking behavior after prolonged abstinence is unknown. Given that 
relapse prevention is the most clinically challenging issue in treating substance use disorders, studies 
examining the effects of microbiome manipulations in relapse-relevant models are critical.  Here, Sprague-
Dawley rats received either untreated water or antibiotics to deplete the gut microbiome and its metabolites. 
Rats were trained to self-administer cocaine and subjected to either within-session threshold testing to 
evaluate motivation for cocaine or 21 days of abstinence followed by a cue-induced cocaine-seeking task to 
model relapse behavior. Microbiome depletion did not affect cocaine acquisition on an FR1 schedule. 
However, microbiome-depleted subjects exhibited significantly enhanced motivation for low dose cocaine on a 
within-session threshold task. Similarly, microbiome depletion increased cue-induced cocaine-seeking 
following prolonged abstinence. In the absence of a normal microbiome, repletion of bacterially-derived SCFA 
metabolites reversed the behavioral and transcriptional changes associated with microbiome depletion. These 
findings suggest that gut bacteria, via their metabolites, are key regulators of drug-seeking behaviors, 
positioning the microbiome as a potential translational research target.  
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Introduction 
Psychostimulant use disorder is a recalcitrant neuropsychiatric condition with a relapsing-remitting 

course leading to profound morbidity and mortality1. Although understanding of the cellular and circuit-level 
adaptations in models of psychostimulant use disorders has advanced tremendously, translating these findings 
to the clinical arena has proven difficult2,3. As such, there are currently no FDA-approved medications for 
psychostimulant use disorders. This urgent need has led to increased interest in examining peripheral factors 
beyond the blood-brain barrier, which may serve as useful therapeutic targets or biomarkers4,5. 
 It has become increasingly clear that the resident population of bacteria within the gastrointestinal tract, 
collectively termed the gut microbiome, modulates brain function6,7. Robust literature indicates that connections 
between the brain and the gut microbiome modulate neuropsychiatric disease pathogenesis in animal models 
and clinical studies of autism, depression, anxiety, and substance use disorders5,8–15. Indeed, previously 
published work demonstrates gut microbiome depletion results in significantly altered behavioral and 
transcriptional responses to cocaine and opioids11,16–21. 

Although the exact mechanisms underlying gut-brain signaling are unclear, evidence suggests that 
neuroactive metabolites produced by the microbiome play a signaling role in neuropsychiatric diseases10,12,22. 
The microbiome is a highly metabolically active ecosystem that produces hundreds of metabolites that are 
absorbed into the circulation23–25. Short-chain fatty acids (SCFA), metabolites produced by the bacterial 
fermentation of dietary fiber, are key gut-brain signaling mediators26,27. The three primary SCFA (butyrate, 
acetate, and propionate) have widespread effects on brain function, rescuing effects of microbiome depletion 
at the behavioral and transcriptional level across neuropsychiatric disease models27–31. Repletion of SCFA 
reverses the behavioral effects of microbiome depletion in mouse models of cocaine and morphine conditioned 
place preference11,16. 
 Microbiome manipulations also affect animal models of opioid tolerance and hyperalgesia20,32,33, and 
more complex effects of the microbiome on cocaine place preference and sensitization18,19. Importantly, these 
early studies have focused on shorter-term experimenter-administered drug treatments. Although these studies 
have advanced understanding of the effects of microbiome manipulations on animal models of substance use 
disorders, there is a need to examine microbiome effects on models of drug self-administration, which are the 
most translationally-relevant animal models of substance use disorders34. These models provide critical 
information on both drug-taking and drug-seeking after abstinence, a model for drug relapse35,36. Relapse-type 
behavior arises in part due to incubation of drug craving, a phenomenon seen in both human subjects and 
animal models in which the desire to administer drugs increases with longer periods of abstinence34,37,38. Given 
that relapse prevention is the most difficult challenge in treating patients with psychostimulant use disorder, 
understanding microbiome effects in these models is critical for future translational insight. 
 Here, we leveraged our established antibiotic microbiome depletion model to examine the effects of 
microbiome manipulations on drug-seeking behavior in a translationally-relevant self-administration model for 
cocaine intake and relapse-like behavior. Antibiotic-induced depletion of the gut microbiome in male rats 
markedly alters the rewarding effects of cocaine and motivation to seek cocaine after withdrawal. Furthermore, 
animals with altered microbiomes have altered expression of synaptic plasticity genes following cocaine self-
administration. To assess the mechanistic contribution of microbial metabolites, repletion experiments utilizing 
SCFA were also performed. Crucially, repletion of bacterially-derived SCFA metabolites reversed the 
behavioral and molecular changes associated with microbiome depletion. This study provides unprecedented 
mechanistic insight into the role of the microbiome and its metabolites on striatal gene expression in a 
translationally-relevant model of cocaine use disorder and relapse. 
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Materials & Methods 
Animals 
 Adult male Sprague-Dawley rats (ENVIGO-Harlan, 300-320g) were pair-housed under specific-
pathogen free conditions in a room with constant 22-25ºC and humidity of 55%. Subjects were maintained on a 
reverse 12-hr light-dark cycle (lights on at 1900 hours) with food and water available ad libitum. All animal 
protocols were approved and conducted in accordance with the policies of the Institutional Animal Care and 
Use Committee at Mount Sinai.  
 
Antibiotic and Short-Chain Fatty Acid Treatments 
 Animals were randomly assigned and given ad libitum access to non-absorable antibiotics administered 
in the drinking water at concentrations of neomycin 2 mg/ml, vancomycin 0.5 mg/ml, bacitracin 0.5 mg/ml, and 
pimaricin 1.2 μg/ml (all from Fisher Scientific), in an adaption of prior studies11,39. For short-chain fatty acids 
(SCFA) experiments, the three principle bacterially-derived SCFA were dissolved in the drinking water at 
physiological levels (67.5mM acetate, 40mM butyrate, 25.9mM propionate, all from Sigma Aldrich) as 
described previously11,40,41. Animals were treated with antibiotics and/or SCFA for two weeks prior to any 
testing and were maintained on this treatment for the duration of the study. 
  
Cocaine Self-Administration: Acquisition 

Cocaine self-administration was performed in standard operant conditioning chambers (MED-
Associates) as described previously42. Subjects were food restricted throughout the duration of training with 
18g food/subject delivered once daily following session completion. Sessions were daily for 3 hours. Subjects 
were trained to respond for cocaine on the “active” lever on an FR1 schedule of reinforcement where one lever 
press resulted in the delivery of a 5.9s infusion of 0.8mg/kg/infusion (0.1ml) cocaine paired with concurrent 
illumination of the cue light located above the active lever.  
 
Experiment 1: Within Session Threshold Testing 

Following acquisition of FR1 administration, a within session threshold test was performed to assess 
differences in cocaine motivation and consumption between groups. In this behavioral economics task, rats are 
given continuous access to cocaine while increasing the effort requirement to obtain the same amount of 
drug42,43. Importantly, this measure allows for assessment of both motivation and dose-response within a single 
session. Full details are included in Supplemental_Materials_and_Methods.  
 
Experiments 2 and 3: Cue-Seeking After Abstinence 
 These experiments were performed in separate groups of rats from the threshold tasks. Following 
acquisition, rats were returned to their home cages for 21 days of abstinence. Food restriction was lifted during 
this abstinence period and resumed 1 day before behavioral testing. For the cue-seeking task, subjects were 
returned to the operant chamber for 30 minutes where active lever pressing resulted in the illumination of the 
previously drug-paired cue light without a cocaine infusion.  
 
16S sequencing & SCFA Metabolomics 

Thirty minutes following completion of the cue-induced cocaine-seeking task, rats were sacrificed by 
rapid decapitation, and cecal contents were removed and flash frozen on dry ice. Samples were processed 
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for 16S sequencing and SCFA metabolomics as described previously with full details in 
Supplemental_Materials_and_Methods.  
 
RNA-sequencing analyses 

Rats were euthanized as above, and the 
nucleus accumbens core was rapidly dissected on 
ice using the anterior commissure as an anatomical 
guide. RNA was isolated and cDNA libraries were 
prepared according to standard protocols. Libraries 
were sequenced with 150 nucleotide paired-end 
reads. Filtered reads were mapped to the mouse 
genome using STAR, and differential gene 
expression was performed using the DeSeq2 
package with significantly regulated genes identified 
with the predetermined criteria of an FDR adjusted p 
value <0.2. Full methodological details in 
Supplemental_Materials_and_Methods.  
 
Statistical Analysis / Figures 
 For analysis of self-administration acquisition 
and within-subject dose-response, repeated 
measures ANOVA or mixed effects analyses were 
utilized as appropriate. For PICRUSt, abundances 
were z-scored and analyzed using an ANOVA with a 
Tukey post-hoc. For pairwise behavioral 
comparisons, two-tailed Student’s t-tests were used. 
Analysis of RNA-sequencing and pathway data are 
as above. Figures were created using 
BioRender.com with permission to publish.  
 

Results  
Experiment 1: Microbiome depletion increases 
responding for low dose cocaine 
 To assess the effects of microbiome 
manipulation on drug self-administration, our 
previously established protocol of control (H2O) or 
non-aborsborable antibiotic-treated (Abx) animals 
(Fig. 1A) was used. Following the initial treatment 
period, rats were trained to self-administer cocaine on 
a fixed ratio 1 (FR1) reinforcement schedule at a dose 
of 0.8mg/kg/infusion. Initial studies found that 
microbiome manipulation affected the development of 
conditioned place preference and locomotor 

Fig. 1 – Abx effects on cocaine taking behaviors. (A) Schematic 
diagram of experimental procedures. (B) Acquisition of FR1 cocaine 
self-administration. Both H2O and Abx groups demonstrated robust 
and equal acquisition of active lever pressing (Main effect of day: p < 
0.0001). (C) Dose-response curve for within-session threshold task 
demonstrated significant price x treatment interaction (p = 0.006) with 
Abx rats pressing more for lower doses. (D) Calculation of maximal 
effort animals will exert for cocaine, as measured by the Pmax 
calculation, was increased in Abx rats (p = 0.048). (E) Drug intake at 
minimally constraining price (Q0) was not significantly different 
between groups. All data presented as mean ± SEM; * p < 0.05; ** p < 
0.01. 
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sensitization to low but not high dose cocaine11, so this higher training dose was selected to allow for equal 
acquisition of the response and to allow for subsequent testing of drug-seeking at different doses. 
 Both the H2O and Abx groups acquired self-administration with a significant main effect of day (Fig. 1B; 
F(6,87)=30.79; p<0.0001), but no effect of treatment (F(1,15)=0.36 p=0.56) or any interaction (F(6,87)=0.53; p=0.79). 
Similarly, there were no treatment effects for inactive lever pressing (F(1,17)=0.009, p=0.93). Building from this 
foundation of equal administration between groups, animals were then tested on the within-session threshold 
task42 to assess motivation for cocaine43,44. Figure 1C shows the dose-response curve in which the cocaine 
dose delivered per lever press decreases over the session – on the x-axis increases in “price” are the number 
of presses required per mg of cocaine. There was a significant effect of price within these sessions, as was 
expected (F(10,150)=16.91; p=0.006). There was no significant main effect of antibiotic treatment (F(1,15)=2.61; 
p=0.13), but there was a significant price_x_treatment interaction owing to the fact that Abx-treated animals 
showed more robust responding for higher prices (i.e. lower dose/infusion) of cocaine (F(10,150)=2.596; 
p=0.006).  
 The power of the threshold task is that it assesses motivation and dose-response intake within a single 
session. Animals will maintain a preferred level of drug when the cost of drug intake is low. As price increases, 
animals are unable to maintain this dose and reduce their intake42,43. The inflection point at which this happens 
is Pmax, the maximal price that the animal is willing to pay to maintain a chosen concentration of drug. Abx-
treated animals exhibited a significant increase in Pmax_(Fig. 1D; t=2.153, p=0.048). We also measured drug 
intake at a minimally constraining price, Q0 (Fig. 1E;_p=0.25). There was no significant change, likely owing to 
similar drug intake between groups at higher doses when low effort was required to maintain intake. 

  
Experiment 2: Microbiome depletion increases cue-induced drug-seeking after abstinence 
 We examined whether antibiotic treatment would affect cocaine-seeking behavior in a seeking model of 
cocaine use disorder. A new cohort of rats was split into two groups, receiving either control (H2O) or 
antibiotics (Abx) for the duration of the study (Fig. 2A). For these experiments animals were trained to self-
administer cocaine for 2_weeks. They Next underwent 21 days of home cage abstinence followed by a cue-
induced cocaine-seeking task. Consistent with findings from Experiment 1, no group differences were 
observed in active (Fig. 2B; F(1,11)=3.39, p=0.09) or inactive (Fig. 2B; F(1,11)=0.28, p=0.61) lever pressing 
between subjects that received either antibiotics or control. A main effect of time was observed, indicating that 
both groups acquired cocaine self-administration (Fig. 2B active_lever F(3,33)=6.98, p<0.001). No significant time 
by treatment interaction was observed (Fig. 2B active_lever F(13,138)=0.42, p=0.96; Fig. 2B inactive lever; 
F(13,137)=0.92, p=0.53). 
 On the cue induced seeking task, while both groups showed robust preference for the previously active 
lever (Fig. 2C; F(1,22)=69.60; p<0.0001), there was a main effect of antibiotics (F(1,22)=8.72; p=0.007), and a 
treatment x lever interaction (F(1,22)=10.42; p=0.004). Tukey’s post-hoc analysis demonstrated that this 
interaction was due to Abx-treated subjects pressing at much higher levels for the previously active lever (Fig. 
2C Red asterisks; p≤0.001) compared to H2O-treated controls, with no treatment effect on the inactive lever 
(Fig. 2C;_p=0.99). Post-hoc analysis further demonstrated that both Abx-treated (Fig. 2C;_p<0.0001) and 
control subjects (Fig. 2C;_p=0.012) exhibited increased responding for the previously active lever compared to 
the inactive lever, as expected.  

As an additional measure of drug-seeking, we analyzed the latency to first lever press in response to a 
return to the chamber. Abx-treated subjects showed decreased latency to their first active lever press relative 
to H2O-treated controls (Fig. 2D;_t(10)=2.24,_p=0.049). Examination of responding over the duration of the 
session was performed by analysis of cumulative responding for the previously active lever in five-minute bins 
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for the duration of the 30 minute session. Abx-
treated rats exhibited significantly increased 
sampling of the active lever at all time bins 
throughout the duration of the session (Fig. 2E; 
p<0.01_for_all_bins).  

To assess for underlying molecular effects 
of microbiome depletion, we also quantified the 
three most abundant short-chain fatty acids 
(SCFA). We found that as expected antibiotic 
treatment robustly reduced levels of all three 
SCFA tested (Fig. 2F; Effect_of_treatment: 
F(1,30)=161.3, p<0.0001; Effect_of_analyte: 
F(2,30)=88.87, p<0.0001; Interaction: F(2,30)=38.87, 
p<0.0001). 
 
Experiment 3: SCFA repletion reverses the 
effects of antibiotics on cocaine-seeking after 
abstinence. 

Given that SCFA were decreased 
following antibiotic treatment and that prior 
studies demonstrate SCFA repletion reverses 
effects of antibiotic treatment on mouse 
conditioned place preference for cocaine and 
morphine11,16, we hypothesized that SCFA 
repletion would likewise reverse the effects of 
antibiotic treatment on cocaine-seeking. The 
experimental design was similar to Experiment 2 
except subjects received either SCFA alone or a 
combination of SCFA+Abx in their drinking water 
(Fig. 3A). 

Again, during acquisition no group 
differences were observed in either active (Fig. 
3B; F(1,11)=0.29, p=0.60) or inactive (Fig. 3B; 
F(1,11)=0.02, p=0.89) lever pressing between 
subjects that received either SCFA or 
SCFA+Abx. Both groups acquired cocaine self-
administration, as indicated by a main effect of 
time (Fig. 3B active F(2.6,27.6)=21.03, p<0.0001; 
inactive F(2.7,28.8)=3.09, p=0.048). Time by treatment interaction was not observed (Fig. 3B active F(13,139)=0.32, 
p=0.98; inactive F(13,139)=0.83, p=0.63).  

After 21 days of abstinence, both groups exhibited cocaine-seeking with a main effect of active lever 
pressing (Fig. 3C; F(1,22)=72.63, p<0.0001). As hypothesized, SCFA repletion attenuated the effects of 
antibiotics on cue-induced cocaine-seeking. There was no main effect of antibiotic treatment (Fig. 3C; 
F(1,22)=0.85, p=0.37), nor was there a significant interaction (Fig. 3C; F(1,22)=0.027, p=0.87). Tukey’s post-hoc 

Fig. 2 – Abx increases on cocaine-seeking after abstinence. (A) 
Schematic diagram of experimental procedure for this experiment. (B) 
Acquisition of FR1 self-administration. Both H2O and Abx groups showed 
robust acquisition of active lever pressing (Main effect of day: p < 0.0001). 
(C) On a cue-induced cocaine seeking task, both treatment groups showed 
robust lever pressing on the previously active lever – but pressing on the 
previously active lever was markedly increased in Abx-treated rats (red 
asterisks, p = 0.001). (D) The latency to first previously active lever press 
was significantly lower in Abx-treated rats (p = 0.049). (E) Analysis of 
cumulative active lever pressing across the session in five-minute bins 
shows Abx-treated rats had higher lever pressing in each bin measured. (F) 
Antibiotic treatment led to robust depletion of all three major SCFA in cecum. 
All data presented as mean ± SEM; * p < 0.05; ** p < 0.01; *** p < 0.001; **** 
p < 0.0001 
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analysis demonstrated no differences in 
responding for either the previously active lever 
(Fig. 3C; p=0.87) or the inactive lever (Fig. 3C; 
p=0.95). Post-hoc analysis further demonstrated 
that both SCFA+Abx-treated (Fig. 3C; p<0.0001) 
and SCFA-treated subjects (Fig. 3C; p<0.0001) 
exhibited increased responding for the previously 
active lever compared to the inactive lever, as 
expected.  

No differences were observed in latency 
to first active lever press (Fig. 3D; t(11)=1.73, 
p=0.11). Cumulative responding analysis 
revealed that SCFA+Abx rats exhibited increased 
responding for the previously active lever only 
during the first five minutes of the session (Fig. 
3E; F(1,3896)=289.0, p<0.0001). No differences in 
responding were observed for the other time bins 
across the 30-minute session. 
 
Microbiome depletion decreases microbial 
diversity and predicted SCFA metabolism 

To explore the effects of antibiotic-
treatment and SCFA repletion microbial diversity, 
we performed 16S sequencing on cecal contents 
from subjects that underwent behavioral testing 
for cue-induced cocaine-seeking following 
abstinence (Figs. 2A_&_3A). As expected, there 
was a robust main effect of antibiotics on alpha 
diversity (Fig. 4A; F(1,20)=3194, p<0.0001). 
Interestingly, there were main effects of SCFA 
treatment (F(1,20)=23.38,_p=0.0001) and an 
antibiotics x SCFA interaction (F(1,20)=23.03, 
p=0.0001). On post-hoc testing there were 
between group differences for Abx-treated and 
non-Abx-treated groups. While there was no 
difference between control H2O-treated and 
SCFA-treated rats (p=0.98), there was a modest but significant difference between Abx-treated and 
Abx+SCFA-treated rats for alpha diversity (Fig. 4A red/purple_comparison; p<0.0001).  

Beta diversity analysis using a weighted UniFrac dissimilarity matrix showed that the primary driver of 
diversity was antibiotic treatment (Fig. 4B x-axis accounts for 76.26% of variability); within these groups the 
control and SCFA treatment groups largely co-clustered. Antibiotic treatment resulted in significant decreases 
in the relative abundance of Actinobacteria, Deferribacteres, Firmicutes, Patescibacteria and Tenericutes, and 
additional unclassified phyla (Fig. 4C). SCFA treatment groups looked similar to their control counterparts, but 

Fig. 3 – SCFA repletion reverses effects of microbiome depletion on 
drug-seeking. (A) Schematic diagram of experimental procedure. (B) SCFA 
and SCFA+Abx rats both acquires FR1 cocaine self-administration (Main 
effect of time: p < 0.0001). (C) On a cue-induced seeking task both groups 
showed robust responding on the previously active lever. However, in this 
case, rats treated with SCFA+Abx show equal total active responding to 
SCFA controls. (D) SCFA+Abx rats showed a trend toward increased latency 
to first response, but the effect was not significant. (E) Cumulative lever 
pressing over time shows parallel trajectories of responding between the two 
groups aside from the first five minutes. All data presented as mean ± SEM; 
**** p < 0.0001 
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with SCFA+Abx displaying some shifts in Proteobacteria, Bacteroidetes, and Firmicutes relative to Abx-treated 
subjects.   

To gain more granular insight into the relative changes induced by antibiotics and SCFA treatment, we 
performed PICRUSt2 analysis. PICRUSt2 predicts the functional potential of bacterial communities based on 
sequencing profiles. These predictions are supported by integration into the Kyoto Encyclopedia of Genes and 
Genomes (KEGG) 
orthologs (KO) and 
Enzyme 
Commission 
numbers (EC) to 
explore related 
functional changes. 
A high-level 
overview of 
abundance of 
KEGGs categorized 
by metabolic 
function is shown in 
Fig. 4D - left as a 
chipped donut plot 
of KEGG 
abundance 
categorized by 
KEGG mapper. To 
further explore 
relevant pathways, 
we evaluated KOs 
related to fatty acid 
biosynthesis and 
metabolism as well 
as essential amino 
acids required for 
neurotransmitter 
production. 
Significant 
differences in 
abundance 
following antibiotic 
treatment were 
observed in the 
KOs for Fatty Acid Biosynthesis (Fig. 4D- Top Middle; F(3,18)=73.86; p<0.001), Fatty Acid Metabolism (Fig. 
4D – Top Right; F(3,17)=218.8; p<0.001), Phenylalanine, Tyrosine, and Tryptophan Metabolism (Fig. 4D -
Bottom Middle F(3,18)=64.18; p<0.001), and D-Glutamate and D-Glutamine Metabolism (Fig. 4D -Bottom 
Right; F(3,18)=91.43; p<0.001), respectively. Post-hoc analysis for each of the aforementioned KOs revealed 

Fig. 4 – Effects of Abx and SCFA on microbiome composition and function. (A) Using the Shannon measure of 
alpha diversity, a measure of within sample diversity, there are marked reductions in diversity with antibiotictreatment 
in both groups (Main effect of Abx p < 0.0001), and also a less robust but statistically significant main effect of SCFA 
treatment (p = 0.0001). (B) Weighted UniFrac dissimilarity analysis of beta diversity demonstrates antibiotic treatment 
is the main driver of between subjects diversity changes. (C) Donut plots of relative phylum composition show unique 
changes in bacterial composition between groups. Importantly, these plots show percentage of total, not absolute 
quantification. (D) High-level overview of PICRUSt data highlights KEGG abundances between treatment groups. 
KEGG pathway relative abundance is represented in a chipped-donut plot with group labels at the top of the plot. 
Highly differential pathways involved in fatty acid biosynthesis, fatty acid metabolism, phenylalanine and tyrosine 
metabolism, and glutamate metabolism are shown as z-scores ± SEM to the right. All plots demonstrate a down 
regulation in the Abx and Abx+SCFA groups compared to H2O and SCFA groups.  
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significantly decreased biosynthesis and metabolism in the Abx and SCFA+Abx groups compared to the H2O 
and SCFA groups. Further analysis of microbiome data is available as Supplemental Figures 2-4.  
 
Microbiome depletion alters gene expression in the nucleus accumbens 
 Although many brain regions contribute to drug reward and the development of substance use 
disorders, the nucleus accumbens (NAc) is the most heavily implicated as a primary reward center in the brain, 
playing key roles in drug-seeking after abstinence45,46. Previous work demonstrates that manipulations of the 
microbiome can markedly affect transcriptional regulation in the brain11,16,31,47,48. To explore the impact of 
microbiome depletion and SCFA repletion on gene expression in brain reward circuitry, we performed full 
transcriptomic RNA sequencing on NAc punches from subjects that underwent behavioral testing for cue-
induced cocaine-seeking following abstinence (Fig. 2A & 3A). When compared to the H2O controls, we find 
that all three treatment groups exhibited altered gene expression with 551 DEGs in the Abx group, 262 in the 
SCFA+Abx group, and 149 in the SCFA group (Fig. 5A). Significant gene ontologies of interest from each 
group are provided as Supplemental Fig. 5; full list of significant GO terms from each is available as 
Supplemental Tables 1-3. To dissect the individual differences and overlap between the treatment groups, we 
created an UpSet 
plot49 (Fig. 5B). The 
number of 
statistically 
significant genes in 
each group is 
shown on the lower 
left horizontal bar 
graph. Intersections 
between groups are 
demonstrated in the 
right side of the 
graphic with filled in 
circles in the dot 
plot representing 
the genes found in 
each individual 
group or 
combination of 
groups. This 
analysis 
demonstrates that 
Abx-treated mice 
have the highest 
number of 
differentially 
expressed genes 
relative to controls 
(Fig. 5 - right) – 

Figure 5 – RNA sequencing analysis of NAc after drug seeking. (A) Volcano plots of gene expression in all three 
treatment groups relative to H2O controls. Colored points in each panel are statistically significant after FDR 
correction. (B) UpSet plot of unique and overlapping gene expression patterns between each group. Left bar 
graphrepresents the number of significant genes in each treatment category. Right graph shows the number of genes 
in each treatment or treatment combination as indicated by filled circles. (C) Significant GO terms of interest from the 
unique “Abx Signature” gene list. (D) Predicted protein-protein interactions among genes from synapse and cell 
junctions gene lists. (E) Heatmap showing z-scored FPKM values of genes from the Abx signature list demonstrating 
moderation of SCFA+Abx compared to Abx only. 
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and importantly that the majority of these significant genes are unique to the Abx-treatment group (Fig. 5B -
right, red bar, 421 for Abx). Animals treated with SCFA+Abx have a significant difference of only 123 unique 
genes, suggesting that addition of the SCFA to animals with depleted microbiomes led to normalization of 
transcriptional regulation as well as drug-seeking behaviors.  
 A detailed analysis of these “Abx Signature” genes that were uniquely altered in Abx-treated rats 
revealed marked alterations in genes related to synaptic pathways, nervous system development, and 
membrane function (Fig. 5C & Supp. Table_4). STRING analysis of predicted protein-protein interactions 
amongst these gene products in the synapse and cell junction pathways predicted changes in a highly 
interactive group of pre- and post-synaptic functions (Fig. 5D). Finally, heatmap analysis of the genes from this 
antibiotic signature shows that while these genes were all markedly different from H2O controls, there was a 
tempering effect particularly noted in the Abx+SCFA group (Fig. 5E - right column). These data demonstrate 
that depletion of the microbiome leads to marked transcriptional and behavioral changes – and that SCFA 
metabolite repletion can attenuate some of the molecular and behavioral phenotypes.  
 
Discussion  

We show that antibiotic induced microbiome depletion has marked effects on both active cocaine self-
administration and drug-seeking after abstinence. Rats treated with antibiotics show normal acquisition of 
cocaine self-administration for high dose (0.8mg/kg/inf) cocaine on an FR1 schedule. However, when using a 
within-session threshold task, we found that microbiome depletion was associated with enhanced drug intake 
at the lower bounds of the dose range. This suggests enhanced motivational properties of cocaine or a shift in 
the dose-response curve induced by microbiome depletion. While within-session threshold testing is a useful 
measure of drug-seeking during active use, we wanted to examine the role of gut-brain signaling in drug-
seeking following abstinence using a relapse model. We find that rats with a depleted microbiome exhibit 
increased drug-seeking in response to a drug-paired cue following three weeks of forced abstinence. This is in 
line with the threshold task data, suggesting that depletion of the microbiome enhances the motivational 
properties of cocaine. Importantly, the effects of microbiome depletion could be reversed by repletion of 
SCFAs, suggesting a possible mechanism for the observed behavioral effects. When we examined how 
microbiome depletion and SCFA repletion affected transcriptional regulation following drug-seeking, we found 
that alterations in the microbiome and its metabolites played an important role in shifting the transcriptional 
landscape. Taken together, these findings demonstrate a clear role for the microbiome and its metabolites in 
drug-taking and seeking, laying the foundation for future translational work in this space.  
 Several years ago it was demonstrated that depletion of the gut microbiome led to enhanced cocaine 
conditioned place preference and locomotor sensitization at low – but not high – doses of cocaine11. These 
behavioral effects were also reversed by repletion of SCFA in antibiotic-treated mice. Lee and colleagues 
demonstrated that a shorter treatment with a different antibiotic cocktail led to a reduction in cocaine place 
preference at an intermediate dose50. Recent studies demonstrated production of gut microbiome-derived 
glycine can have marked effects on behavioral responses to cocaine19. Interesting recent work has even 
identified interactions between the microbiome and social stimuli in regulating cocaine place preference18. 
Studies of microbiome effects on non-stimulant drugs of abuse have also shown marked effects of the 
microbiome on behavior. Recently, we found that depletion of the microbiome using the same antibiotic 
regimen led to markedly decreased preference for morphine across a wide dose range, and that this 
microbiome effect was again reversable by SCFA repletion16. These results are interesting, as they use 
identical manipulations of the microbiome and its byproducts – but show opposite effects with opioids. A 
number of well-crafted studies have demonstrated that a diverse microbiome is important for normal 
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development of tolerance to morphine over time; both germ-free and antibiotic-treated mice show markedly 
reduced tolerance for morphine21,32. All of these previous studies have utilized shorter term experimenter-
administered drugs. The studies in this manuscript are the first to utilize voluntary cocaine self-administration 
and to employ a method for examining drug-seeking in a model for relapse.  
 One potential mechanism by which manipulations of the gut microbiome can alter neurobiological 
plasticity and subsequent behavior is via effects on transcriptional regulation in the brain. Previous studies 
have demonstrated that lack of a diverse gut microbiome alters transcriptional regulation in the amygdala and 
prefrontal cortex following fear conditioning47,48,51,52. Microbiome depletion significantly alters regulation of 
neuroplasticity-related genes in the NAc following cocaine exposure11. Likewise, in opioid-exposed animals, 
microbiome depletion altered immediate early gene activation patterns53 in addition to transcriptome-wide 
dysregulation16. Experiments presented here have the important distinction that transcriptional profiling was 
performed three weeks after final drug exposure and following a cue-induced drug-seeking task. As a likely 
result of this difference, transcriptional effects are more modest than those seen immediately after drug intake 
(Fig. 5). However, these findings are similar to those seen after a fear conditioning task in which there was a 
significant microbiome x behavior interaction in transcriptional regulation48.  
 Importantly, repletion of the microbiome-derived SCFA metabolites leads to reversal of the microbiome 
effects on drug-seeking and alters transcriptional regulation in the NAc. We examined these metabolites as 
there is a robust literature demonstrating SCFA as key gut-brain signaling molecules54. These molecules,  
which are produced by gut bacteria in the process of fermentation of dietary fiber and are nearly completely 
eliminated by antibiotic treatment (Fig. 2F), are implicated in myriad gut-brain signaling pathways from control 
of blood-brain barrier integrity and microglial function to regulation of food intake27,29,54,55. Previously, SCFA are 
shown to regulate behavioral responses to both experimenter-administered cocaine and opioids11,16. There is 
robust evidence that the SCFA modulate transcriptional regulation in the brain. All of these small molecules 
function as histone deacetylase inhibitors, with butyrate and acetate having the strongest effects56. Recently 
gut-derived acetate was found to alter patterns of histone acetylation in the brain, affecting consolidation of 
memory and behavioral response to alcohol57,58. All SCFA regulate activation of the CREB transcription factor 
and alter expression of numerous gene products including tyrosine hydroxylase, c-Fos and enkephalin59–65.  
 Our understanding of how the gut microbiome and its resultant byproducts can alter brain and behavior 
is advancing at a rapid rate. These findings provide the first critical evidence that manipulation of the gut 
microbiome and its metabolites can alter cocaine self-administration and drug-seeking after relapse. These 
studies provide important foundational data to move gut-brain signaling towards further translational studies, 
which should examine how specific microbial composition and metabolite levels work to drive both drug-
seeking and other motivated behaviors. Ultimately, there is strong potential for these microbial signaling 
pathways to be explored as either biomarkers or treatments for patients with debilitating substance use 
disorders. While much remains to be done, this work suggests strong potential for these pathways to be 
harnessed from the bench to the bedside.  
 
  

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

The copyright holder for this preprintthis version posted March 24, 2023. ; https://doi.org/10.1101/2023.03.22.533834doi: bioRxiv preprint 

https://doi.org/10.1101/2023.03.22.533834
http://creativecommons.org/licenses/by-nc-nd/4.0/


Acknowledgements 
The authors would like to thank NIDA Drug Supply for provision of cocaine hydrochloride. We would like to 
thank Alexia Seba-Robles for assistance with animal care. Figures made with BioRender with full permission to 
publish.  
 
 
Author Contributions  
D.D.K., E.S.C, and K.R.M. designed the experiments. K.R.M, , A.G., E.G.P, E.S.C., R.S.H., and D.D.K. 
performed experiments. K.R.M., S.S.S., A.G., O.G., E.S.C., R.S.H. & D.D.K. analyzed data. K.R.M. & D.D.K. 
wrote the manuscript. All authors provided critical edits and feedback of the finalized manuscript. 
 
Funding 
Funds for this research were provided by NIH grants: NS124187 to K.R.M., DA050906 to R.S.H. 

DA053105 to E.G.P., DA044451 to O.G., DA043799 to O.G., DA051551 to D.D.K., & DA044308 to 

D.D.K. Additionally K.R.M. is supported by a fellowship funded by NS117356. As well as a NARSAD 

Young Investigator awards to R.S.H. & D.D.K. The authors declare no competing interests. 

 
Competing Interests 
The authors have nothing to disclose.  
  
  

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

The copyright holder for this preprintthis version posted March 24, 2023. ; https://doi.org/10.1101/2023.03.22.533834doi: bioRxiv preprint 

https://doi.org/10.1101/2023.03.22.533834
http://creativecommons.org/licenses/by-nc-nd/4.0/


References 
1. Substance Abuse and Mental Health Services Administration. Facing Addiction in America: The Surgeon 

General’s Report on Alcohol, Drugs, and Health. in Facing Addiction in America: The Surgeon General’s 
Report on Alcohol, Drugs, and Health (ed. U.S. Department of Health and Human Services (HHS), O. of 
the S. G.) chap. 6 (HHS, 2016). 
doi:https://www.ncbi.nlm.nih.gov/books/NBK424857/pdf/Bookshelf_NBK424857.pd. 

2. Mews, P. & Calipari, E. S. Cross-talk between the epigenome and neural circuits in drug addiction. in 
Progress in Brain Research vol. 235 19–63 (Elsevier B.V., 2017). 

3. Walker, D. M. & Nestler, E. J. Neuroepigenetics and addiction. Handbook of clinical neurology 148, 747–
765 (2018). 

4. Hofford, R. S., Russo, S. J. & Kiraly, D. D. Neuroimmune mechanisms of psychostimulant and opioid use 
disorders. European Journal of Neuroscience (2018) doi:10.1111/ejn.14143. 

5. Lucerne, K. E. & Kiraly, D. D. The role of gut-immune-brain signaling in substance use disorders. in 
International Review of Neurobiology (Academic Press Inc., 2020). doi:10.1016/bs.irn.2020.09.005. 

6. Dinan, T. G. & Cryan, J. F. Microbes Immunity and Behavior: Psychoneuroimmunology Meets the 
Microbiome. Neuropsychopharmacology vol. 42 Preprint at https://doi.org/10.1038/npp.2016.103 (2017). 

7. Dinan, T. G. & Cryan, J. F. Brain-Gut-Microbiota Axis and Mental Health. 
doi:10.1097/PSY.0000000000000519. 

8. Vuong, H. E. & Hsiao, E. Y. Emerging Roles for the Gut Microbiome in Autism Spectrum Disorder. 
Biological Psychiatry vol. 81 411–423 Preprint at https://doi.org/10.1016/j.biopsych.2016.08.024 (2017). 

9. Hsiao, E. Y. et al. Microbiota modulate behavioral and physiological abnormalities associated with 
neurodevelopmental disorders. Cell 155, 1451–63 (2013). 

10. Meckel, K. R. & Kiraly, D. D. A potential role for the gut microbiome in substance use disorders. 
Psychopharmacology 236, 1513–1530 (2019). 

11. Kiraly, D. D. et al. Alterations of the host microbiome affect behavioral responses to cocaine. Scientific 
Reports 6, 1–12 (2016). 

12. Lach, G., Schellekens, H., Dinan, T. G. & Cryan, J. F. Anxiety, Depression, and the Microbiome: A Role for 
Gut Peptides. Neurotherapeutics vol. 15 36–59 Preprint at https://doi.org/10.1007/s13311-017-0585-0 
(2018). 

13. De Palma, G. et al. Microbiota and host determinants of behavioural phenotype in maternally separated 
mice. Nature Communications 6, 7735 (2015). 

14. Savignac, H. M., Tramullas, M., Kiely, B., Dinan, T. G. & Cryan, J. F. Bifidobacteria modulate cognitive 
processes in an anxious mouse strain. Behavioural Brain Research 287, (2015). 

15. Lucerne, K. E., Osman, A., Meckel, K. R. & Kiraly, D. D. Contributions of neuroimmune and gut-brain 
signaling to vulnerability of developing substance use disorders. Neuropharmacology 192, 108598 (2021). 

16. Hofford, R. S. et al. Alterations in microbiome composition and metabolic byproducts drive behavioral and 
transcriptional responses to morphine. Neuropsychopharmacology (2021) doi:10.1038/s41386-021-01043-
0. 

17. Hofford, R. S. et al. Changes in gut microbiome composition drive fentanyl intake and striatal proteomic 
changes. 2022.11.30.518531 Preprint at https://doi.org/10.1101/2022.11.30.518531 (2022). 

18. García-Cabrerizo, R., Barros-Santos, T., Campos, D. & Cryan, J. F. The gut microbiota alone and in 
combination with a social stimulus regulates cocaine reward in the mouse. Brain Behav Immun 107, 286–
291 (2023). 

19. Cuesta, S., Burdisso, P., Segev, A., Kourrich, S. & Sperandio, V. Gut colonization by Proteobacteria alters 
host metabolism and modulates cocaine neurobehavioral responses. Cell Host Microbe 30, 1615-1629.e5 
(2022). 

20. Wang, F. et al. Morphine induces changes in the gut microbiome and metabolome in a morphine 
dependence model. Scientific reports 8, 3596 (2018). 

21. Zhang, L. et al. Morphine tolerance is attenuated in germfree mice and reversed by probiotics, implicating 
the role of gut microbiome. Proc Natl Acad Sci U S A 116, 13523–13532 (2019). 

22. O’mahony, S. M., Clarke, G., Borre, Y. E., Dinan, T. G. & Cryan, J. F. Serotonin, tryptophan metabolism 
and the brain-gut-microbiome axis. Behavioural Brain Research 277, 32–48 (2015). 

23. Visconti, A. et al. Interplay between the human gut microbiome and host metabolism. Nature 
Communications 10, 1–10 (2019). 

24. Vojinovic, D. et al. Relationship between gut microbiota and circulating metabolites in population-based 
cohorts. Nature Communications 10, 1–7 (2019). 

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

The copyright holder for this preprintthis version posted March 24, 2023. ; https://doi.org/10.1101/2023.03.22.533834doi: bioRxiv preprint 

https://doi.org/10.1101/2023.03.22.533834
http://creativecommons.org/licenses/by-nc-nd/4.0/


25. Vuong, H. E. et al. The maternal microbiome modulates fetal neurodevelopment in mice. Nature 586, 281–
286 (2020). 

26. Sun, J. & Chang, E. B. Exploring gut microbes in human health and disease: Pushing the envelope. Genes 
& diseases 1, 132–139 (2014). 

27. Koh, A., De Vadder, F., Kovatcheva-Datchary, P. & Bäckhed, F. From Dietary Fiber to Host Physiology: 
Short-Chain Fatty Acids as Key Bacterial Metabolites. Cell 165, 1332–1345 (2016). 

28. Sun, J. et al. Antidepressant-like effects of sodium butyrate and its possible mechanisms of action in mice 
exposed to chronic unpredictable mild stress. Neuroscience Letters 618, 159–166 (2016). 

29. Erny, D. et al. Microbiota-derived acetate enables the metabolic fitness of the brain innate immune system 
during health and disease. Cell Metab 33, 2260-2276.e7 (2021). 

30. Erny, D. et al. Host microbiota constantly control maturation and function of microglia in the CNS. Nature 
neuroscience 18, 965–77 (2015). 

31. Thion, M. S. et al. Microbiome Influences Prenatal and Adult Microglia in a Sex-Specific Manner. Cell 172, 
500-516.e16 (2018). 

32. Kang, M. et al. The effect of gut microbiome on tolerance to morphine mediated antinociception in mice. 
Scientific Reports 7, 1–17 (2017). 

33. Lee, K. et al. The gut microbiota mediates reward and sensory responses associated with regimen-
selective morphine dependence. Neuropsychopharmacology 1 (2018) doi:10.1038/s41386-018-0211-9. 

34. Li, X., Venniro, M. & Shaham, Y. Translational Research on Incubation of Cocaine Craving. JAMA 
psychiatry 73, 1115–1116 (2016). 

35. Dong, Y., Taylor, J. R., Wolf, M. E. & Shaham, Y. Circuit and Synaptic Plasticity Mechanisms of Drug 
Relapse. J Neurosci 37, 10867–10876 (2017). 

36. Lu, L., Grimm, J. W., Dempsey, J. & Shaham, Y. Cocaine seeking over extended withdrawal periods in 
rats: different time courses of responding induced by cocaine cues versus cocaine priming over the first 6 
months. Psychopharmacology (Berl) 176, 101–108 (2004). 

37. Pickens, C. L. et al. Neurobiology of the incubation of drug craving. Trends in neurosciences 34, 411–20 
(2011). 

38. Parvaz, M. A., Moeller, S. J. & Goldstein, R. Z. Incubation of Cue-Induced Craving in Adults Addicted to 
Cocaine Measured by Electroencephalography. JAMA psychiatry 73, 1127–1134 (2016). 

39. Bercik, P. et al. The intestinal microbiota affect central levels of brain-derived neurotropic factor and 
behavior in mice. Gastroenterology 141, 599–609, 609.e1–3 (2011). 

40. Smith, P. M. et al. The microbial metabolites, short-chain fatty acids, regulate colonic Treg cell 
homeostasis. Science (New York, N.Y.) 341, 569–73 (2013). 

41. Braniste, V. et al. The gut microbiota influences blood-brain barrier permeability in mice. Science 
translational medicine 6, 263ra158 (2014). 

42. Calipari, E. S. et al. Granulocyte-colony stimulating factor controls neural and behavioral plasticity in 
response to cocaine. Nature communications 9, 9 (2018). 

43. Siciliano, C. A. & Jones, S. R. Cocaine potency at the dopamine transporter tracks discrete motivational 
states during cocaine self-administration. Neuropsychopharmacology 42, 1893–1904 (2017). 

44. Oleson, E. B. & Roberts, D. C. S. Behavioral economic assessment of price and cocaine consumption 
following self-administration histories that produce escalation of either final ratios or intake. 
Neuropsychopharmacology 34, 796–804 (2009). 

45. Zito, K. A., Vickers, G. & Roberts, D. C. S. Disruption of cocaine and heroin self-administration following 
kainic acid lesions of the nucleus accumbens. Pharmacology, Biochemistry and Behavior 23, 1029–1036 
(1985). 

46. Salgado, S. & Kaplitt, M. G. The nucleus accumbens: A comprehensive review. Stereotactic and 
Functional Neurosurgery vol. 93 75–93 Preprint at https://doi.org/10.1159/000368279 (2015). 

47. Chu, C. et al. The microbiota regulate neuronal function and fear extinction learning. Nature 574, 543–548 
(2019). 

48. Hoban, A. E. et al. The microbiome regulates amygdala-dependent fear recall. Mol. Psychiatry 23, 1134–
1144 (2018). 

49. Lex, A., Gehlenborg, N., Strobelt, H., Vuillemot, R. & Pfister, H. UpSet: Visualization of Intersecting Sets. 
IEEE Transactions on Visualization and Computer Graphics 20, 1983–1992 (2014). 

50. Lee, K. et al. The gut microbiota mediates reward and sensory responses associated with regimen-
selective morphine dependence. Neuropsychopharmacology 43, 2606–2614 (2018). 

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

The copyright holder for this preprintthis version posted March 24, 2023. ; https://doi.org/10.1101/2023.03.22.533834doi: bioRxiv preprint 

https://doi.org/10.1101/2023.03.22.533834
http://creativecommons.org/licenses/by-nc-nd/4.0/


51. Hoban, A. E. et al. Regulation of prefrontal cortex myelination by the microbiota. Transl Psychiatry 6, e774 
(2016). 

52. Stilling, R. M. et al. Microbes & neurodevelopment--Absence of microbiota during early life increases 
activity-related transcriptional pathways in the amygdala. Brain Behav. Immun. 50, 209–220 (2015). 

53. Simpson, S. et al. Depletion of the Microbiome Alters the Recruitment of Neuronal Ensembles of 
Oxycodone Intoxication and Withdrawal. eNeuro 7, ENEURO.0312-19.2020 (2020). 

54. Dalile, B., Van Oudenhove, L., Vervliet, B. & Verbeke, K. The role of short-chain fatty acids in microbiota-
gut-brain communication. Nat Rev Gastroenterol Hepatol 16, 461–478 (2019). 

55. Frost, G. et al. The short-chain fatty acid acetate reduces appetite via a central homeostatic mechanism. 
Nat Commun 5, 3611 (2014). 

56. Waldecker, M., Kautenburger, T., Daumann, H., Busch, C. & Schrenk, D. Inhibition of histone-deacetylase 
activity by short-chain fatty acids and some polyphenol metabolites formed in the colon. J Nutr Biochem 
19, 587–593 (2008). 

57. Mews, P. et al. Alcohol metabolism contributes to brain histone acetylation. Nature 574, 717–721 (2019). 
58. Mews, P. et al. Acetyl-CoA synthetase regulates histone acetylation and hippocampal memory. Nature 

546, 381–386 (2017). 
59. Macfabe, D. F. Short-chain fatty acid fermentation products of the gut microbiome: implications in autism 

spectrum disorders. Microb Ecol Health Dis 23, (2012). 
60. MacFabe, D. F. et al. Neurobiological effects of intraventricular propionic acid in rats: possible role of short 

chain fatty acids on the pathogenesis and characteristics of autism spectrum disorders. Behav Brain Res 
176, 149–169 (2007). 

61. Nankova, B. B., Agarwal, R., MacFabe, D. F. & La Gamma, E. F. Enteric bacterial metabolites propionic 
and butyric acid modulate gene expression, including CREB-dependent catecholaminergic 
neurotransmission, in PC12 cells--possible relevance to autism spectrum disorders. PLoS One 9, e103740 
(2014). 

62. Rabelo, F. L. A. et al. Inhibition of ERK1/2 and CREB phosphorylation by caspase-dependent mechanism 
enhances apoptosis in a fibrosarcoma cell line treated with butyrate. Biochem Biophys Res Commun 303, 
968–972 (2003). 

63. Mally, P. et al. Stereospecific regulation of tyrosine hydroxylase and proenkephalin genes by short-chain 
fatty acids in rat PC12 cells. Pediatr Res 55, 847–854 (2004). 

64. Parab, S., Nankova, B. B. & La Gamma, E. F. Differential regulation of the tyrosine hydroxylase and 
enkephalin neuropeptide transmitter genes in rat PC12 cells by short chain fatty acids: concentration-
dependent effects on transcription and RNA stability. Brain Res 1132, 42–50 (2007). 

65. Shah, P., Nankova, B. B., Parab, S. & La Gamma, E. F. Short chain fatty acids induce TH gene expression 
via ERK-dependent phosphorylation of CREB protein. Brain Res 1107, 13–23 (2006). 

 
  

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

The copyright holder for this preprintthis version posted March 24, 2023. ; https://doi.org/10.1101/2023.03.22.533834doi: bioRxiv preprint 

https://doi.org/10.1101/2023.03.22.533834
http://creativecommons.org/licenses/by-nc-nd/4.0/


 
 

Figure Legends 
Fig. 1 – Abx effects on cocaine taking behaviors. (A) Schematic diagram of experimental procedures. (B) 
Acquisition of FR1 cocaine self-administration. Both H2O and Abx groups demonstrated robust and equal 
acquisition of active lever pressing (Main effect of day: p < 0.0001). (C) Dose-response curve for within-
session threshold task demonstrated significant price x treatment interaction (p = 0.006) with Abx rats pressing 
more for lower doses. (D) Calculation of maximal effort animals will exert for cocaine, as measured by the Pmax 
calculation, was increased in Abx rats (p = 0.048). (E) Drug intake at minimally constraining price (Q0) was not 
significantly different between groups. All data presented as mean ± SEM; * p < 0.05; ** p < 0.01. 
 
Fig. 2 – Abx increases on cocaine-seeking after abstinence. (A) Schematic diagram of experimental 
procedure for this experiment. (B) Acquisition of FR1 self-administration. Both H2O and Abx groups showed 
robust acquisition of active lever pressing (Main effect of day: p < 0.0001). (C) On a cue-induced cocaine 
seeking task, both treatment groups showed robust lever pressing on the previously active lever – but pressing 
on the previously active lever was markedly increased in Abx-treated rats (red asterisks, p = 0.001). (D) The 
latency to first previously active lever press was significantly lower in Abx-treated rats (p = 0.049). (E) Analysis 
of cumulative active lever pressing across the session in five-minute bins shows Abx-treated rats had higher 
lever pressing in each bin measured. (F) Antibiotic treatment led to robust depletion of all three major SCFA in 
cecum. All data presented as mean ± SEM; * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001 
 
Fig. 3 – SCFA repletion reverses effects of microbiome depletion on drug-seeking. (A) Schematic 
diagram of experimental procedure. (B) SCFA and SCFA+Abx rats both acquires FR1 cocaine self-
administration (Main effect of time: p < 0.0001). (C) On a cue-induced seeking task both groups showed robust 
responding on the previously active lever. However, in this case, rats treated with SCFA+Abx show equal total 
active responding to SCFA controls. (D) SCFA+Abx rats showed a trend toward increased latency to first 
response, but the effect was not significant. (E) Cumulative lever pressing over time shows parallel trajectories 
of responding between the two groups aside from the first five minutes. All data presented as mean ± SEM; 
**** p < 0.0001 
 
Fig. 4 – Effects of Abx and SCFA on microbiome composition and function. (A) Using the Shannon 
measure of alpha diversity, a measure of within sample diversity, there are marked reductions in diversity with 
antibiotictreatment in both groups (Main effect of Abx p < 0.0001), and also a less robust but statistically 
significant main effect of SCFA treatment (p = 0.0001). (B) Weighted UniFrac dissimilarity analysis of beta 
diversity demonstrates antibiotic treatment is the main driver of between subjects diversity changes. (C) Donut 
plots of relative phylum composition show unique changes in bacterial composition between groups. 
Importantly, these plots show percentage of total, not absolute quantification. (D) High-level overview of 
PICRUSt data highlights KEGG abundances between treatment groups. KEGG pathway relative abundance is 
represented in a chipped-donut plot with group labels at the top of the plot. Highly differential pathways 
involved in fatty acid biosynthesis, fatty acid metabolism, phenylalanine and tyrosine metabolism, and 
glutamate metabolism are shown as z-scores ± SEM to the right. All plots demonstrate a down regulation in 
the Abx and Abx+SCFA groups compared to H2O and SCFA groups.  
 
Figure 5 – RNA sequencing analysis of NAc after drug seeking. (A) Volcano plots of gene expression in all 
three treatment groups relative to H2O controls. Colored points in each panel are statistically significant after 
FDR correction. (B) UpSet plot of unique and overlapping gene expression patterns between each group. Left 
bar graphrepresents the number of significant genes in each treatment category. Right graph shows the 
number of genes in each treatment or treatment combination as indicated by filled circles. (C) Significant GO 
terms of interest from the unique “Abx Signature” gene list. (D) Predicted protein-protein interactions among 
genes from synapse and cell junctions gene lists. (E) Heatmap showing z-scored FPKM values of genes from 
the Abx signature list demonstrating moderation of SCFA+Abx compared to Abx only. 
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Supplemental Methods 
Jugular Catheterization 
 Subjects were first anesthetized with a cocktail of ketamine 100mg/kg and xylazine 10mg/kg followed 
by placement of an indwelling catheter (Plastics One, Torrington, CT) into the right jugular vein. For all 
experiments, subjects were allowed to recover for 2-4 days before the start of cocaine self-administration. 
Catheters were flushed daily with heparinized saline to maintain patency. To avoid confound of additional 
antibiotic treatment, subjects did not receive post-catheterization IV antibiotics. No signs of surgical site 
infection were observed in any animals.   
 
Experiments 1-3: Cocaine Self-Administration: Acquisition 

Cocaine self-administration was performed in standard operant conditioning chambers (MED 
Associates, St. Albans, VT) with single speed syringe pumps for drug delivery, two retractable levers, and two 
lights located above each lever. Subjects were food restricted starting one day prior to self-administration 
training and were continued on food restriction throughout the duration of self-administration training with 18g 
food/subject delivered once daily following session completion. Sessions were once daily and lasted for 3 
hours. Sessions were initiated by the extension of the active and inactive levers. Subjects were trained to 
respond for cocaine on the “active” lever on a fixed ratio 1 schedule of reinforcement where one lever press 
resulted in the delivery of a 5.9s infusion of 0.8 mg/kg/infusion (0.1 ml) cocaine in sterile saline paired with 
concurrent illumination of the cue light located above the active lever. Each infusion was followed by a 20 
second time out. Responses on the inactive lever were recorded, but had no programmed consequence. 
Inactive lever position was counterbalanced across groups.  

 
Experiment 1: Within Session Threshold Testing 

Following acquisition of FR1 administration, a within session threshold test was performed to assess 
differences in cocaine motivation and consumption between groups. In this behavioral economics task, rats are 
given continuous access to cocaine while increasing the effort requirement to obtain the same amount of 
drug1,2. For this, subjects were maintained respond on an FR1 schedule for a descending series of 11 unit 
doses of cocaine, (421, 237, 133, 75, 41, 24, 13, 7.5, 4.1, 2.4, and 1.3 μg/infusion) with no timeout period 
following infusions or between 10 minute bins. Each dose of cocaine is available for 10 minutes, with each 
dose bin presented consecutively across the 110-min session. Responding during the first bin of the procedure 
is considered to reflect a loading phase and is not included in the analyses. Cocaine consumption as a function 
of price (number of active lever presses to obtain 1 mg cocaine) is plotted as a within-session dose response 
curve (Fig. 1C). The dose is high during the initial bins of the procedure, allowing the subject to consume a 
preferred level of cocaine with minimal effort. As the session continues and the dose is lowered across bins, 
the subject must exert increasing effort to maintain consistent drug intake.  

Shifts in responding across the dose curve can be analyzed using behavioral economics principles, to 
assess a variety of behavioral economic measures as described previously1,2. Behavioral economic analysis 
was used to determine the parameters of maximal price paid (Pmax) and consumption at a minimally constraining 
price (Q0), as described previously3–5. Demand curves were generated by curve-fitting individual animals’ 
intake using an equation: log(Q) = log(Q0) + k × (e−α × Q0 × C−1)6,7. Previous work has demonstrated that Pmax 
is correlated with break points on a progressive ratio schedule of reinforcement, confirming that the threshold 
procedure accurately assesses reinforcing efficacy2,5. The value k was set to 2 for all animals6,7. 
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Q0: Q0 is a measure of the animals’ preferred level of consumption. This can be measured when 
cocaine is available at low effort, or a minimally constraining price. This preferred level of consumption is 
established in the early bins of the threshold procedure. 

Pmax: Price is expressed as the responses emitted to obtain 1 mg of cocaine, thus as the effort 
requirement is increased, the relative price to obtain cocaine also increases. As the session progresses, 
animals must increase responding on the active lever in order to maintain stable intake. Pmax is the price at 
which the animal no longer emits enough responses to maintain intake. Thus, animals with higher Pmax will 
increase responding to maintain cocaine levels farther into the demand curve; in other words, they will pay a 
higher price for cocaine.  
 
16S Sequencing of the Microbiome 

Microbial DNA was isolated from frozen cecal contents using the DNAeasy PowerSoil Kit (Qiagen 
12888) per manufacturer’s protocol with the addition of a bead beating step to ensure complete and uniform 
lysis of bacterial cells. DNA concentration was measured via Nanodrop1000, and at least 400ng of DNA 
was sent to LC Sciences for 16S RNA sequencing. Sequencing was performed as previously described8. 
Briefly, sequences with ≥ 97% similarity were assigned to the same observed taxonomic units (OTU). OTUs 
were identified and taxonomy assigned by comparing representative genetic sequencing for each OTU to 
reference bacterial genomes from the Ribosome Database Project9. Quantitative Insights Into Microbial 
Ecology 2 (QIIME2) software was used to assess alpha and beta measures of microbial diversity10. OTU 
counts were used to generate Simpson and Shannon alpha diversity indices after rarefaction10. Principle 
component analysis plots were constructed based on Unifrac distance as a measure of beta diversity10. 
Phylogenetic Investigation of Communities by Reconstruction of Unobserved States (PICRUSt2) software 
was used to predict the functional profiles of microbial taxa based on observed OTUs11,12. For heatmaps and 

bar graphs PICRUSt2 outputs were quantified and then z-scored for quantitative comparisons.  
 
SCFA Metabolomics 

To quantify cecal SCFA levels, rats were placed on Abx, SCFA, SCFA+Abx, or maintained on control 
H2O for 7 weeks prior to rapid decapitation and removal of cecal contents as described. SCFA were quantified 
using a Water Acquity uPLC System with a Photodiode Array Detector and an autosampler. Samples were 
analyzed on a HSS T3 1.8 μm 2.1x150 mm column with a flow rate of 0.25 mL/min, an injection volume of 5 
uL, a column temperature of 40°C, a sample temperature of 4°C, and a run time of 25 min per sample. Eluent 
A was 100 mM sodium phosphate monobasic, pH 2.5; eluent B was methanol; the weak needle wash was 
0.1% formic acid in water; the strong needle wash was 0.1% formic acid in acetonitrile, and the seal wash was 
10% acetonitrile in water. The gradient was 100% eluent A for 5 min, gradient to 70% eluent B from 5-22 min, 
and then 100% eluent A for 3 min. The photodiode array was set to read absorbance at 215 nm with 4.8 nm 
resolution. Samples were quantified against standard curves of at least five points run in triplicate. Standard 
curves were run at the beginning and end of each metabolomics run. Quality control checks (blanks and 
standards) were run every eight samples. Concentrations in the samples were calculated as the measured 
concentration minus the internal standard; the range of detection was at least 1 – 100 μmol/g stool. 
 
RNA Processing & cDNA Library Preparation 

RNA was isolated using RNeasy kits (Qiagen-#74106) with on-column DNAase digestion (#79254) per 
manufacturer’s protocol. The integrity and purity of total RNA were assessed using Agilent Bioanalyzer and 
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OD260/280 using Nanodrop. cDNA libraries for full transcriptomic RNA-seq were prepared using the NEBNext 
Ultra II Directional RNA Library Prep Kit for Illumina (E7765). Starting with 1.0 ug total RNA per sample, 
mRNA was isolated using the NEBNext Poly(A) mRNA Magnetic Isolation Module (E7490) and fragmented. 
cDNA was synthesized using random primers, end-repaired, adaptor ligated, and purified. Samples were 
multiplexed using NEBNext Multiplex Oligos for Illumina Kit (E7335, E7500) with single index 6-bp bar-
codes introduced at the end of the adaptors during PCR amplification per manufacturer’s protocol. The 
libraries were sequenced by Novogene on the Illumina HiSeq system with 150 nucleotide paired end reads.  

 
RNA-Sequencing Data Preprocessing and Analysis 

Raw reads were subjected to quality control and filtered to remove low quality reads (i.e. either (1) 
uncertain nucleotides constituting >10% of either read, (2) nucleotides with base quality <20 constituting 
>50% of the read, or (3) containing adaptor contamination). Filtered reads were mapped to the mouse 
reference genome using STAR13. Gene expression level was determined by counting the reads that map to 
exons or genes. Transcripts per million of transcript sequence per illion base pairs sequenced (TPM) was 
calculated to estimate gene expression levels. For pairwise comparisons, aligned reads were analyzed for 
differential gene expression using DeSeq2 analysis package via Network Analyst14. Significantly regulated 
genes were identified with the predetermined criteria of an FDR adjusted p value <0.2. Lists of significantly 
regulated genes were utilized for both G:Profiler15, and significantly regulated biological pathways were 
determined using a FDR correction threshold of p adj <0.05. 
 
 
Supplemental Results 

MetaCyc16 is a pathway analysis database that can be used to predict changes in metabolic pathways 
from 16S sequencing data downstream of PICRUSt217. This software operates with two types of pathways, 
base pathways that represent individual metabolic pathways, and super pathways which combine sets of the 
base pathways into larger metabolically related pathway. Fatty acid metabolism pathways were interrogated in 
three groups, acetate metabolism, butanoate metabolism, and propanoate metabolism. Figure S2A-2D are 
related to acetate metabolism, 2E-2H are related to butanoate metabolism, and 2I-L are related to propanoate 
metabolism. Globally, butanoate metabolism is down-regulated in Abx treated groups compared to H2O and 
SCFA treated groups. There appears to be some compensation as the Abx group has upregulated fatty acid 
super pathway (2A) abundance, as well as increased acetate production from hexitol fermentation (2B), but a 
decrease in pyruvate fermentation to acetone (2C), as well as acetate and lactate (2D). Propanoate 
metabolism is relatively unaffected, except for an increase in 3-phenylpropanoate degradation in the Abx 
group. 

MetaCyc pathways are the highest-level output for PICRUSt and are generated by structured mapping 
of EC gene families to pathways. For Figure S3, a z-score of the relative abundance of EC values was taken 
to compare across groups, then EC values are mapped onto SCFA metabolism and biosynthesis pathways. 
The colors are relative to the Abx group as compared with the H2O control. If the Abx EC is upregulated, the 
EC is colored green. If the Abx EC is downregulated, the EC is colored red. If the Abx EC is not significantly 
different from the H2O group, the EC is colored gray. Intermediate metabolites are represented as blue ovals. 
A significant increase or decrease was considered if (p<0.05). Many ECs related to butyrate (butanoate) 
production either from succinate or pyruvate are downregulated compared to the H2O group suggesting 
depletion of the microbiome reduces functional efficacy of these pathways.   
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To provide a holistic view of all super pathways assessed by MetaCyc, we quantified relative 
abundances which were then z-scored and sorted with unsupervised hierarchical clustering in Fig. S4. As 
previous, the main effects are driven by antibiotic treatment.  The top highly differentially abundant pathways 
involve caprolactam degradation, propanoate metabolism, butanoate metabolism, amino acid  metabolism. 
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Supplemental Figures 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

Supplemental Figure 1 – Abx and SCFA metabolites do not affect weight gain 
over time. To ensure that animals were taking in adequate fluid and maintaining 
healthy body composition over time, a subset of animals was weighed over the course 
of the experiments. Animals in all groups showed robust weight gain over the course of 
the experiment (Main effect of time: F(1,22) = 1631; p <0.0001), however there was no 
main effect of treatment (F(3,22) = 2.7; p =0.07). There was a significant time x treatment 
interaction (F(3,22) = 20.95; p <0.0001), but no individual comparisons were significant 
on between group post-hoc testing (p ≥ 0.11 for all). N = 6-7/group.  
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Supplemental Figure 2 - Fatty Acid Pathways are differentially regulated across 
treatment groups. KEGG Orthologs (KO) generated from PICRUSt2 demonstrate 
dysregulation of fatty acid metabolism in antibiotic treated animals. Three major fatty 
acids that are generated by microbiome fermentation of non-digestible fibers are 
acetate, butyrate (butanoate), and propionate (propanoate). Row 1 demonstrates an 
increase in FASYN – the super pathway of fatty acid biosynthesis in animals treated 
with Abx and SCFA+Abx; however, fatty acids are disproportionally increased in the 
Abx group to produce acetate and propionate (row 3). The Abx group exhibits a 
significant reduction of butyrate (butanoate) pathways (row 2) compared to the H2O, 
SCFA, and even SCFA+Abx group. This differential regulation of SCFA production and 
degradation following Abx depletion demonstrates metabolic shifts in microbial 
communities.  *p<0.05, **p<0.01, ***p<0.001. 
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Supplemental Figure 3 - Butanoate production is reduced in the Abx group 
compared to H2O group. MetaCyc enzymatic output from PICRUSt is mapped onto a 
diagram of fatty acid metabolism. Enzymes that are significantly decreased in the Abx 
group compared to the H2O group are listed in red. Enzymes that are significantly 
increased following Abx are listed in green, and enzymes that are not significantly 
increased or decreased are shown in gray. Intermediate compounds are represented 
as blue ovals. 
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Supplemental Figure 4. Heat map of KEGG super pathways. Amino acid 
biosynthesis is decreased in the Abx and Abx+SCFA groups, except for super 
pathways that are involved in phenylalanine, tyrosine, alanine, and tryptophan 
biosynthesis which are upregulated in the Abx and Abx+SCFA groups. Menaquinol 
biosynthesis pathways are highly upregulated in the Abx group and Abx+SCFA groups 
compared to the H2O and SCFA groups.  
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Supplemental Figure 5. Gene ontologies from RNA-sequencing Bar graphs 
showing significant GO terms of interest for each treatment group relative to H2O 
controls. Positive terms are from upregulated genes, and negative terms are from 
downregulated genes.  

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

The copyright holder for this preprintthis version posted March 24, 2023. ; https://doi.org/10.1101/2023.03.22.533834doi: bioRxiv preprint 

https://doi.org/10.1101/2023.03.22.533834
http://creativecommons.org/licenses/by-nc-nd/4.0/

