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ABSTRACT
The development of anxiety during protracted opioid withdrawal heightens the risk of relapse into 
the cycle of addiction. Understanding the mechanisms driving anxiety during opioid withdrawal 
could facilitate the development of therapeutics to prevent negative affect and promote contin
ued abstinence. Our lab has previously established the gut microbiome as a driver of various side 
effects of opioid use, including analgesic tolerance and somatic withdrawal symptoms. We there
fore hypothesized that the gut microbiome contributes to the development of anxiety-like 
behavior during protracted opioid withdrawal. In this study, we first established a mouse model 
of protracted morphine withdrawal, characterized by anxiety-like behavior and gut microbial 
dysbiosis. Next, we used fecal microbiota transplantation (FMT) to show that gut dysbiosis alone 
is sufficient to induce anxiety-like behavior. We further demonstrated that probiotic therapy during 
morphine withdrawal attenuated the onset of anxiety-like behavior, highlighting its therapeutic 
potential. Lastly, we examined transcriptional changes in the amygdala of morphine-withdrawn 
mice treated with probiotics to explore mechanisms by which the gut-brain axis mediates anxiety- 
like behavior. Our results support the use of probiotics as a promising therapeutic strategy to 
prevent gut dysbiosis and associated anxiety during opioid withdrawal, with potential implications 
for improving treatment outcomes in opioid recovery programs.
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Introduction

Opioid use disorder (OUD) is a chronic relapsing 
condition characterized by compulsive opioid con
sumption and the development of a negative emo
tional state upon withdrawal from opioid use.1 

While individuals report various reasons for initial 
opioid use, the avoidance of opioid withdrawal is 
consistently cited as the primary driver for contin
ued use.2 Opioid withdrawal syndrome encom
passes a range of aversive symptoms caused by 
the abrupt cessation of chronic opioid use. 
Physical symptoms of opioid withdrawal syndrome 
including nausea, diarrhea, fever, and insomnia 
begin hours after the last dose of opioid and peak 
after around 72 h.3 While physical symptoms 
usually subside within a week of the last dose, 
affective symptoms such as anxiety and depression 
can persist for weeks or months.4 Importantly, the 
severity of these negative emotional states corre
lates strongly with heightened opioid cravings.5 As 

a result, studies repeatedly associate heightened 
anxiety during opioid withdrawal with an 
increased risk of relapse.6–9 Despite this, the under
lying pathology of emergent anxiety behaviors dur
ing opioid withdrawal has not been sufficiently 
explained. Characterizing the mechanisms under
lying these behaviors could facilitate the develop
ment of therapeutics aimed at alleviating the 
negative emotional symptoms of opioid withdra
wal, ultimately reducing the risk of relapse.

Previous work from our lab has established the 
gut microbiome as a driver of several comorbidities 
associated with opioid use.10–13 Chronic opioid use 
has been shown to induce distinct alterations to the 
composition of the gut microbiome, leading to 
a state of dysbiosis that can impact both the 
immune system and the brain.13 Specifically, mor
phine administration has been linked to reduced 
alpha diversity in the gut microbiome, indicating 
decreased microbial richness and evenness, and an
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increase in potentially pathogenic bacteria such as 
Enterococcus faecalis.14 Furthermore, morphine 
compromises gut epithelial barrier integrity, 
enhancing the translocation of bacteria and their 
products, which can trigger pro-inflammatory 
immune responses.15 Gut microbial dysbiosis 
induced by opioids has been linked to both the 
development of both morphine analgesic tolerance 
and somatic withdrawal symptoms. The develop
ment of morphine analgesic tolerance is attenuated 
in germ-free mice – which have no commensal 
microbiota – or by administration of antibiotics, 
implicating the gut microbiome as a contributor to 
this condition.16 Studies from our lab and others 
show that somatic symptoms of morphine with
drawal can be reduced by administration of 
antibiotics17 or by fecal microbiota transplantation 
from morphine-treated animals,18 further estab
lishing gut dysbiosis as a relevant factor in opioid 
use. Based on this background, we hypothesized 
that the gut microbiome drives the development 
of anxiety-like behavior during protracted mor
phine withdrawal.

Collectively, clinical evidence and animal studies 
have clearly implicated the gut microbiome as 
a mediator of anxiety and depression.19,20 In 
humans, irritable bowel syndrome (IBS) is comor
bid with anxiety disorders at rates as high as 
30–50%.21 Analysis of stool samples from patients 
with anxiety disorders reveals reduced microbial 
diversity and diminished populations of beneficial 
bacteria, such as Firmicutes and Tenericutes.22,23 

Although clinical evidence on the efficacy of pro
biotics for anxiety and depression is limited,24 one 
study showed that probiotic supplementation 
alongside methadone maintenance treatment 
reduced depression severity in OUD patients.25 

Animal studies using germ-free mice have demon
strated altered anxiety-like behavior compared to 
conventional mice with an intact gut microbiome, 
further emphasizing the role of gut health in emo
tional regulation.26 Studies varyingly report either 
elevated or reduced anxiety-like behavior in germ- 
free mice,27,28 however the connection between the 
gut microbiome and anxiety is well-established.

Research has begun to explore how gut micro
biota influence host physiology not only through 
their composition, but also through their collective 
metabolic output.29 Microbial metabolites like 

short-chain fatty acids, bile acids, and tryptophan 
derivatives can exert widespread effects on the 
immune system, epithelial barrier, and central ner
vous system.30–32 Fecal microbiota transplantation 
(FMT), which introduces an entire microbial eco
system (including metabolites) from a donor to 
a recipient, is one method for probing causal rela
tionships between microbial communities and host 
outcomes. Another approach is the use of probiotic 
therapy, which delivers live microorganisms 
thought to confer benefit to the host. Several strains 
included in common probiotic formulations have 
been shown to alter host immune signaling, reduce 
systemic inflammation, and influence neurotrans
mitter pathways relevant to affective behavior.33,34 

While probiotics do not necessarily reestablish the 
full complexity of a healthy microbiome, they may 
influence host physiology through transient activ
ity, microbial interactions, or the production of 
neuroactive metabolites.35,36 In the context of 
opioid withdrawal, probiotics represent 
a promising avenue for intervention – not by rever
sing morphine-induced changes directly, but by 
modulating the gut ecosystem in a way that buffers 
against the emergence of withdrawal-associated 
anxiety.

Our understanding of negative affect associated 
with protracted opioid withdrawal has been signif
icantly advanced through the use of animal models, 
particularly mice and rats.37 Previous research has 
effectively modeled opioid withdrawal, demon
strating persistent negative affective behaviors 
such as anxiety and depression using an array of 
validated behavioral tests. Heightened anxiety-like 
and depression-like behavior has been reported in 
mice following one week of spontaneous morphine 
withdrawal,38,39 lasting four- and seven weeks into 
protracted opioid withdrawal.40–42

The establishment of these mouse models has 
enabled investigation of the neuropathology that 
drives the development of anxiety during opioid 
withdrawal. The amygdala, a brain region critical 
for emotional regulation, has consistently been 
implicated in this context.43–46 Although the amyg
dala is highly innervated by serotonin and experi
mental manipulation of this signaling has been 
shown to alter anxiety-like behaviors,47 this signal
ing has not yet been implicated in the development 
of anxiety-like behavior following opioid
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withdrawal. Considering this background, the 
amygdala is an attractive target to manipulate ther
apeutically in effort to prevent the development of 
anxiety subsequent to opioid withdrawal.

In this study, we provided evidence that pro
tracted morphine withdrawal is associated with 
gut microbial dysbiosis. Fecal microbiota trans
plantation from morphine-withdrawn mice to 
treatment-naive mice was sufficient to induce anxi
ety-like behavior. Additionally, probiotic therapy 
during protracted morphine withdrawal prevented 
anxiety-like behavior. Further, we propose altered 
serotonin signaling in the amygdala as a potential 
mechanism of the gut-brain axis that may mediate 
this behavior. These findings highlight probiotic 
therapy as a promising, clinically relevant adjunct 
to mitigate anxiety during opioid detoxification.

Materials and methods

Animals

Female and male C57BL/6 mice between the ages 
of 12–15 weeks were purchased from Taconic 
Biosciences for use in experiments. Final group 
sizes for each experiment ranged from n = 10–
20 per group, depending on the behavioral or 
molecular endpoint, as detailed in the Results sec
tion and figure legends. Total animal numbers and 
sex distribution were balanced across conditions 
wherever possible. Mice were housed in a facility 
which maintains a 12-hour light/dark cycle with 
constant temperature and humidity with unrest
ricted access to food and drinking water. All animal 
procedures were approved by the Institutional 
Animal Care and Use Committee (IACUC) at the 
University of Miami and conducted in accordance 
with the NIH Guide for the Care and Use of 
Laboratory Animals under approved protocol 
23–105.

Morphine treatment

Mice were subcutaneously implanted with a 75 mg 
slow-release morphine pellet (or inactive placebo) 
under isoflurane anesthesia. Briefly, an incision 
was made along the back of the animal where the 
pellet was inserted and subsequently closed with 
surgical staples. Mice were removed from 

anesthesia and returned to home cage. After 72 h, 
surgical staples were removed and the same inci
sion was reopened to facilitate removal of the pel
let, inducing spontaneous withdrawal. As before, 
the incision was closed with surgical staples and 
mice were removed from anesthesia and returned 
to their home cage.

Fecal microbiota transplantation

Before fecal microbiota transplantation (FMT), 
FMT recipient mice were first pre-treated with 
antibiotics to deplete their gut microbiome. FMT 
recipients received twice daily oral gavage of an 
antibiotic cocktail (neomycin: 100 mg/kg, metro
nidazole: 100 mg/kg, vancomycin: 50 mg/kg) for 
7 d. Additionally, home-cage drinking water was 
supplemented with 1 mg/ml ampicillin. FMT 
donor mice were subjected to protracted mor
phine withdrawal, or placebo treatment, as 
described above. On the eighth day following 
withdrawal, colon contents were harvested and 
processed for transplantation later the same day. 
Fresh colon contents from FMT donor mice were 
diluted in sterile PBS at a ratio of 1 ml PBS/150  
mg and vortexed for one minute to homogenize. 
The mixture was filtered through a 75 μm cell 
strainer to separate out large solids. 
Approximately 36 h after the last dose of antibio
tic cocktail, FMT recipient mice received 150 μl 
of the FMT solution by oral gavage. FMT recipi
ent mice received a second dose of FMT six 
h after the first dose.

Probiotic treatment

VSL#3 double strength powder (900 billion CFU 
per packet) was purchased from VSL Probiotics for 
use in probiotic treatments. The VSL#3 probiotic 
blend contains the following bacterial strains: 
Streptococcus thermophilus, Bifidobacterium breve, 
Bifidobacterium lactis, Lactobacillus acidophilus, 
Lactobacillus plantarum, Lactobacillus paracasei, 
Lactobacillus helveticus. VSL#3 powder was sus
pended in nuclease free water at a ratio of 50 mg 
VSL#3 per 150 µL water, yielding a concentration 
of approximately 1.6 × 109 CFU per 150 µL dose, 
which was administered by oral gavage. Probiotic 
therapy was administered once daily at 5pm during
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protracted withdrawal, initiated the day of pellet 
removal and continued until the sixth day follow
ing pellet removal, for a total of six treatments.

Behavioral testing

On the sixth day following pellet removal, mice 
completed the open field test as an assessment of 
anxiety-like behavior. Mice were moved from the 
housing facility to the testing room at 6pm and 
allowed to acclimate to the testing environment 
for two h before testing. The testing environment 
was kept under dark-light conditions with a white 
noise machine to cover background noise. Mice 
were tested using the Photobeam Activity System 
(PAS)-Open Field Test from San Diego 
Instruments, which employs a 16 × 16photobeam 
floor grid to track activity. Mice were placed in the 
center of the open field and allowed to roam freely 
for 30 minutes. Activity was recorded by the num
ber of beam breaks, and activity in the center was 
defined by beam breaks in the center 4 × 4 of the 
grid. After the completion of testing, mice were 
returned to the housing facility.

On the seventh day following pellet removal, 
mice completed the elevated plus maze as 
a further assessment of anxiety-like behavior. 
Mice were moved to the testing environment at 
6pm and allowed to acclimate to the testing envir
onment for two h before testing. The testing envir
onment was kept under red-light conditions with 
a white noise machine to cover background noise. 
Mice were placed in the center of the maze, facing 
an open arm, and allowed to explore the maze for 
5 minutes. Activity was recorded by a camera posi
tioned overhead which recorded video of the test. 
Videos were subject-blinded and manually scored. 
Time spent in the open and closed arms of the 
maze, as well as the number of entrances into the 
open and closed arms were recorded.

Collection of biological specimens

The morning following behavioral testing, mice 
were sacrificed for collection of biological speci
mens. Mice were euthanized first by carbon dioxide 
chamber, followed by cervical dislocation. 
Amygdala tissue was collected following 
a modified protocol based on previously published 

methods.48,49 Briefly, brains were sectioned into 
1 mm-thick coronal slices. The amygdala was iso
lated from the slice corresponding approximately 
to bregma −1.0 mm to −2.0 mm. Dissections were 
guided by visual landmarks, including the appear
ance of the hippocampus and external capsule, as 
described in Jia et al., to ensure consistency across 
samples.48 Intestinal contents were harvested from 
the colon. Samples were flash frozen on dry ice and 
stored at −80°C until analysis.

DNA extraction and 16S rRNA gene sequencing

Intestinal contents were flash frozen on dry ice after 
collection and were stored at −80°C until ready for 
analysis. DNA was extracted from fecal samples 
using the DNeasy PowerSoil Pro kit (Qiagen; cata
log no. 47016). Two extraction controls were 
included in sequencing to prevent contamination 
from the kit reagents. Sequencing was conducted 
by the University of Minnesota Genomics Center. 
The V4 region of the 16S rRNA gene was amplified 
by PCR using the forward primer 515F 
(GTGCCAFCMGCCGCGGTAA) and the reverse 
primer 806 R (GGACTACHVGGGTWTCTAAT), 
along with Illumina adaptors and molecular bar
codes, resulting in 427-bp amplicons. These ampli
cons were sequenced on the Illumina MiSeq 
version 3 platform, producing 300-bp paired-end 
reads.

Microbiome analysis

Demultiplexed sequence reads were clustered into 
amplicon sequence variants (ASVs) with the 
DADA2 package (version 1.32.0)50 in R (version 
4.4.0) and RStudio (Build 764). The steps of the 
DADA2 pipeline include error filtering, trimming, 
learning of error rates, denoising, merging of 
paired reads, and removal of chimeras. During 
trimming, the forward and reverse reads were trun
cated at positions 220 and 190 to remove low- 
quality tails using filterAndTrim function, with 
filtering parameters: truncLen=c(220,190), 
trimLeft=c(19,20), maxN = 0, maxEE=c(2,2), 
truncQ = 2, rm.phix=TRUE. ASVs were assigned 
taxonomically at the species level using a naive 
Bayesian classifier51 in DADA2 with the SILVA 
reference database (release 138.1).52 The ASV and
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taxonomy tables were imported in 
MicrobiomeAnalyst53 to create alpha and beta 
diversity plots, taxonomy bar plots, and linear dis
criminant analysis effect size (LEfSe)54 plots. Low 
count and low variance ASVs were filtered with the 
default threshold. Total sum scaling was used for 
normalization. The threshold on the logarithmic 
LDA score for discriminative features was set to 
2. The cutoff for p-value was set to 0.05 for LEfSe 
analysis. The Mann-Whitney test was used to 
detect if alpha diversity differed across treatments. 
Permutational multivariate analysis of variance 
(PERMANOVA) was used to detect if beta diver
sity differed across treatments.

Metabolomic analysis

Collected colon contents were flash frozen and 
stored at −80°C until being submitted to Creative 
Proteomics for untargeted metabolomics analysis. 
Sample preparation, metabolite extraction, and 
UPLC-MS analysis were performed by Creative 
Proteomics following standardized protocols. 
Briefly, samples were extracted using 80% metha
nol, followed by bead homogenization, sonication, 
precipitation, and centrifugation. Supernatants 
were spiked with internal standards and filtered 
for LC-MS. Chromatographic separation was per
formed using a Vanquish Flex UPLC system 
coupled with a Q Exactive Plus Orbitrap mass 
spectrometer (Thermo Fisher Scientific) using 
both positive and negative electrospray ionization 
(ESI+ and ESI–) modes. The LC-MS gradient, col
umn conditions, and mass spectrometry para
meters followed the manufacturer’s established 
protocol (see Creative Proteomics Report 
CPMS11072402–01). Raw metabolite intensities 
were normalized by dividing each metabolite’s 
peak area by the total ion current (TIC) for each 
sample and multiplying by 1 million, as specified 
by the provider. Principal component analysis 
(PCA) and volcano plots were generated in 
R using the ggplot2 and stats packages to visualize 
global group separation and identify differentially 
abundant metabolites. Metabolite enrichment ana
lysis was performed using the Quantitative 
Enrichment Analysis (QEA) module in 
MetaboAnalyst 6.0,55 using the KEGG pathway 
library for Mus musculus. Relative abundance of 

metabolites between groups were compared using 
the Mann-Whitney test.

Transcriptome analysis

Collected samples of amygdala tissue were sub
mitted for bulk RNA sequencing. RNA sequen
cing was performed by Novogene Co. Raw data 
(raw reads) of fastq format were first processed 
through Novogene in-house perl scripts. In this 
step, clean data (clean reads) were obtained by 
removing reads containing adapter, reads con
taining poly-N and low-quality reads from raw 
data. At the same time, Q20, Q30 and GC con
tent of the clean data were calculated. All the 
downstream analyses were based on clean data 
with high quality. Index of the reference genome 
was built using Hisat2 (v2.0.5)56 and paired-end 
clean reads were aligned to the reference genome 
using Hisat2. FeatureCounts (v1.5.0)57 from 
Subread package was used to count the reads 
numbers mapped to each gene. FPKM of each 
gene was calculated based on the length of the 
gene and reads count mapped to this gene. 
Differential expression analysis was performed 
using the DESeq258 package (1.20.0). The result
ing p-values were adjusted using the Benjamini 
and Hochberg approach for controlling false dis
covery rate. Genes with an adjusted p-value ≤0.05 
found by DESeq2 were assigned as differentially 
expressed. Differentially expressed genes were 
subsequently analyzed using QIAGEN Ingenuity 
Pathway Analysis (IPA) for canonical pathways 
enrichment analysis. Fisher’s exact test was uti
lized in all those analyses to identify the signaling 
and metabolic pathways significantly associated 
with differentially expressed genes. Pathways 
with a p-value <0.05 and a |z-score| >2 are con
sidered significant.

RT2 Profiler array

Total RNA was extracted from mouse amygdala 
tissue using the RNeasy® Universal Plus Mini Kit 
(QIAGEN), according to the manufacturer’s 
instructions. RNA quality and quantity were 
assessed using a NanoDrop spectrophotometer, 
and only high-quality RNA (A260/A280 ~ 2.0) 
was used for downstream applications. cDNA was
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synthesized from RNA using the RT2 First Strand 
Kit (QIAGEN).

Gene expression profiling was performed using 
the RT2 Profiler Mouse Dopamine & Serotonin 
Pathway PCR Array (GeneGlobe ID: PAMM- 
158ZF). The cDNA was mixed with RT2 SYBR® 
Green Mastermix and added to the 96-well array 
plate containing pathway-focused gene-specific 
primers. Real-time PCR was conducted using the 
Roche LightCycler® 480 thermocycler. Cycling con
ditions followed the manufacturer’s recommended 
protocol (Table 5 from the RT2 Profiler PCR Array 
Handbook): 95°C for 10 min, followed by 45 cycles 
of 95°C for 15 s and 60°C for 1 min. Threshold 
cycle (Ct) values were calculated using the 
LightCycler software, and gene expression changes 
were analyzed using the ΔΔCt method. Data were 
normalized to the average Ct values of five house
keeping genes included on the array. Fold-change 
values were calculated using the RT2 Profiler PCR 
Array Data Analysis Excel template provided by 
QIAGEN.

Statistical analysis

GraphPad Prism version 10.3.1 (GraphPad 
Software, Boston, Massachusetts USA, www.graph 
pad.com) was used for statistical analysis of beha
vioral data, as well as correlational- and linear 
regression modeling of transcriptome data. 
Details for statistical tests conducted for each 
experiment are found in figure legends. Outliers 
were identified using the ROUT method, with 
Q set to 1%.

Results

Protracted withdrawal from chronic morphine 
treatment is associated with heightened 
anxiety-like behavior in female and male mice

To model protracted morphine withdrawal, female 
(n = 20 per group) and male (n = 15 per group) 
mice were implanted with a 75 mg slow-release 
subcutaneous morphine or placebo pellet. Pellets 
were removed after 72 hours to initiate sponta
neous withdrawal. On days six and seven post- 
removal, mice underwent the elevated plus maze 
(EPM) and open field test (OFT) to assess anxiety- 

like behavior (Figure 1(a)). Four morphine-treated 
females and five males died prior to pellet removal. 
One placebo-treated male and two cage-mates were 
euthanized due to aggression-related injuries.

The EPM served as the primary behavioral assay. 
Two-way ANOVA revealed a significant main 
effect of treatment on time spent in the open 
arms (F(1,54) = 12.7, p = 0.0008), with no effect of 
sex (F(1,54) = 0.0371, p = 0.848) and a trend toward 
a treatment × sex interaction (F(1,54) = 3.48, p =  
0.0675). Post hoc tests showed that morphine- 
withdrawn females spent significantly less time in 
the open arms compared to placebo-treated 
females (t = 4.40, p < 0.0001), whereas males 
showed no significant difference (t = 1.08, p =  
0.491) (Figure 1(b)).

For number of open arm entries, ANOVA again 
revealed a significant effect of treatment (F(1,54) =  
4.04, p = 0.0494) and a significant treatment × sex 
interaction (F(1,54) = 5.66, p = 0.0209), with no 
main effect of sex (F(1,54) = 0.00247, p = 0.961). 
Post hoc analysis confirmed that morphine- 
withdrawn females made significantly fewer entries 
into the open arms than placebo-treated females (t  
= 3.56, p = 0.0016), while males again showed no 
difference (t = 0.235, p = 0.815) (Figure 1(c)). 
Closed arm entries did not differ by treatment in 
either sex (females: t = 1.31, p = 0.197; males: t =  
0.258, p = 0.797) (Figure 1(d)), suggesting no gen
eral motor deficits in the EPM.

In the OFT, ANOVA revealed a significant effect 
of treatment (F(1,46) = 9.18, p = 0.004) and sex (F 
(1,46) = 11.9, p = 0.0012) on time spent in the cen
ter, but no interaction (F(1,46) = 1.58, p = 0.215). 
Morphine-withdrawn males spent significantly less 
time in the center than placebo-treated males (t =  
2.86, p = 0.0063), whereas females showed no sig
nificant difference (t = 1.34, p = 0.187) (Figure 1E).

For total activity, there were main effects of 
treatment (F(1,55) = 19.1, p < 0.0001) and sex (F 
(1,55) = 4.83, p = 0.0322), with no interaction (F 
(1,55) = 1.76, p = 0.190). Both morphine- 
withdrawn females (t = 2.55, p = 0.0134) and 
males (t = 3.55, p = 0.0008) showed significantly 
reduced overall locomotion compared to placebo 
controls (Figure 1(e)).

Together, these data suggest that morphine 
withdrawal induces sex-specific anxiety-like beha
viors, with female mice exhibiting classic anxiety
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Figure 1. Protracted morphine withdrawal is associated with elevated anxiety-like behavior, with sex-differences. (a) general 
experimental paradigm for morphine/placebo withdrawal and behavioral testing. (b) percent time spent in the open arms of the 
elevated plus maze for female and male mice. (c) number of entrances into the open arms of the elevated plus maze for female and 
male mice. (d) number of entrances into the closed arms of the elevated plus maze for female and male mice. (e) percent activity in the 
center of the open field test for female and male mice. (f) total activity measured by number of beam breaks in the open field test for 
female and male mice. Symbols represent individual mice; line and error bars represent mean and standard deviation; nFemale = 20 
placebo, 16 morphine; nMale = 12 placebo, 10 morphine;. ns = nonsignificant, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 using 
two-way ANOVA followed by Fisher’s least significant difference post hoc test.
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patterns in the EPM, and male mice showing anxi
ety-like reductions in center activity in the open 
field. Both sexes displayed reduced general activity 
following withdrawal.

Protracted withdrawal from chronic morphine 
treatment results in gut microbial dysbiosis in 
female and male mice

Previous studies from our lab have demonstrated 
gut dysbiosis associated with morphine 
dependence,14 and a partial recovery over the first 
24 h of morphine withdrawal,17 however the state 
of the gut microbiome in the protracted stage of 
morphine withdrawal has not been described. To 
bridge this knowledge gap, we utilized 16S rRNA 
sequencing of colon contents collected from mice 
following behavioral testing. 16S rRNA sequencing 
demonstrated lasting alterations to the composi
tion of the gut microbiome, consistent with gut 
microbial dysbiosis, in both female and male mice 
during protracted withdrawal from chronic mor
phine treatment. Beta diversity analysis, reported 
here by Bray-Curtis dissimilarity, revealed 
a significant shift in the composition of the gut 
microbiome following protracted morphine with
drawal in both female (F = 2.61, p = 0.014) 
(Figure 2(a)) and male mice (F = 30.1, p = 0.011) 
(Figure 2(b)). More specifically, alpha diversity 
plotted by the Shannon index was increased in 
female mice withdrawn from morphine compared 
to placebo controls (U = 97, p = 0.0242) 
(Figure 2(c)), indicating an increase in species rich
ness and evenness following protracted morphine 
withdrawal. There was no such alteration in alpha 
diversity associated with morphine withdrawal in 
male mice (U = 36, p = 0.721) (Figure 2(d)). This 
increase in alpha diversity seen in female mice 
withdrawn from morphine stands in contrast to 
the decrease in alpha diversity associated with mor
phine dependence,14 and represents an expansion 
during protracted withdrawal that overtakes pla
cebo control levels.

Female mice withdrawn from morphine exhibited 
an enrichment of the phylum Proteobacteria com
pared to placebo controls (Figure 2(e)). At the genus 
level, female mice withdrawn from morphine showed 
an expansion of Faecalibaculum, Eubacterium fissica
tena, Butyricimonas, Christensenellaceae R7, and UBA 

1819 in addition to a depletion of Ligilactobacillus and 
Lachnospiraceae FCS020 (Figure 2(f)). At the species 
level, Faecalibaculum rodentium was expanded and 
Bacteroides uniformis was depleted in female mice 
withdrawn from morphine (Figure 2(g)).

Male mice withdrawn from morphine exhibited 
an enrichment of the phylum Bacteroidota, and 
depletion of the phyla Actinobacteria and 
Firmicutes compared to placebo controls 
(Figure 2(h)). At the genus level, male mice with
drawn from morphine showed an expansion of 
Lachnoclostridium, Eubacterium nodatum, and an 
unassigned bacterial genus while the genera 
Anaerostipes, Tyzzerella, ASF356, Lachnospiraceae 
UCG 001, Bifidobacterium, and Lachnospiraceae 
NK4A136 were depleted (Figure 2(i)). The species 
Lachnospiraceae UCG 006 bacterium was expanded 
in male mice withdrawn from morphine 
(Figure 2(j)).

Expansion of Proteobacteria coupled with the 
depletion of probiotic groups such as Bacteroides 
uniformis provided evidence of gut dysbiosis in 
female mice withdrawn from morphine. The 
altered ratio of Bacteroidota and Firmicutes abun
dance observed in male mice withdrawn from mor
phine, as well as depletion of probiotic flora such as 
Bifidobacterium, similarly indicated a dysbiotic gut 
microbiome.

Metabolomic analysis of colon contents reveals 
altered tryptophan metabolism associated with 
protracted morphine withdrawal

Metabolites produced by the gut microbiome play 
a crucial role in gut-brain communication, influen
cing neurotransmission, immune function, and 
behavior.32 Therefore, to identify metabolic mechan
isms linking gut dysbiosis to anxiety-like behavior in 
morphine withdrawal, we submitted colon contents 
from female mice withdrawn from either morphine 
(n = 6) or placebo (n = 6) for untargeted metabolomic 
analysis. Partial Least Squares Discriminant Analysis 
(PLS-DA) was performed to visualize differences in 
the metabolomic profiles of morphine-withdrawn 
(morphine) and placebo-withdrawn (placebo) mice. 
The resulting plot (Figure 3(a)) shows clear separa
tion between the groups, indicating that morphine 
withdrawal induces a distinct metabolic signature. 
A total of 585 metabolites were differentially
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abundant between morphine-withdrawn and pla
cebo-withdrawn mice, with 345 metabolites elevated 
in the morphine group and 240 elevated in the pla
cebo group (Figure 3(b)).

To identify broader metabolic pathways affected 
by morphine withdrawal, we performed pathway 
enrichment analysis which revealed significant 
alterations in several key biochemical pathways,

a b

c

e f g

h i j

Figure 2. Gut microbial dysbiosis associated with protracted morphine withdrawal in female and male mice. (a) Principal coordinate 
analysis plot of Bray-Curtis distance (measure of β-diversity) for female mice withdrawn from morphine and placebo controls. (b) 
Principal coordinate analysis plot of Bray-Curtis distance (measure of β-diversity) for male mice withdrawn from morphine and placebo 
controls. (c) α-diversity plotted by Shannon index for female mice withdrawn from morphine and placebo controls. (d) α-diversity 
plotted by Shannon index for male mice withdrawn from morphine and placebo controls. (e) LEfSe plot for phyla enriched in 
morphine withdrawn-female mice. (f) LEfSe plot for genera enriched and depleted in morphine-withdrawn female mice. (g) LEfSe plot 
for species enriched and depleted in morphine-withdrawn female mice. (h) LEfSe plot for phyla enriched and depleted in morphine- 
withdrawn male mice. (i) LEfSe plot for genera enriched and depleted in morphine-withdrawn male mice. (j) LEfSe plot for species 
enriched in morphine-withdrawn male mice. Fem_PLA = female placebo controls (n=19), Fem_Mor = female morphine withdrawal 
(n=18), Mal_PLA = male placebo controls (n=8), Mal_Mor = male morphine withdrawal (n=8).
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including retinol metabolism, tryptophan metabo
lism, and steroid hormone biosynthesis 
(Figure 3(c)).

Among the most significantly enriched meta
bolic pathways in morphine withdrawal, trypto
phan metabolism emerged as a potentially 
relevant mechanism underlying the development 
of anxiety-like behavior, given its role in regulating 
central serotonin availability.59 To contextualize 
the impact of morphine withdrawal on tryptophan 

metabolism, we examined the relative abundance 
of key metabolites within this pathway (Figures 3 
(d-g)). While the difference in 5-hydroxytrypto
phan (5-HTP) levels between groups was not sta
tistically significant, a downward trend in the 
morphine withdrawal group suggests a possible 
reduction in the availability of this serotonin pre
cursor. In contrast, the levels of kynurenic acid – 
a key metabolite in the kynurenine pathway – were 
significantly elevated in morphine-withdrawn

a b

c d e

f g

Figure 3. Morphine withdrawal is associated with a distinct metabolomic profile characterized by alterations in tryptophan 
metabolism. (a) partial least squares discriminant analysis (PLS-DA) of colon metabolite profiles from morphine-withdrawn mice 
(morphine, red) and placebo controls (placebo, green). (b) volcano plot displaying differentially abundant metabolites in morphine 
withdrawal compared to placebo. (c) pathway enrichment analysis of differentially abundant metabolites between morphine with
drawal and placebo groups, highlighting significantly altered biochemical pathways. (d-g) relative abundance of key tryptophan 
pathway metabolites in colon contents from morphine withdrawn mice (morphine) and placebo controls (placebo), including 
kynurenic acid, 5-hydroxytryptophan, 5-hydroxyindoleacetic acid, and serotonin sulfate. n=6/group; **p<0.01 using the Mann- 
Whitney test.
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mice, indicating increased tryptophan catabolism 
via this non-serotonergic route. This metabolic 
shift was further supported by a significant increase 
in 5-hydroxyindoleacetic acid (5-HIAA), the pri
mary serotonin degradation product, in morphine- 
withdrawn mice. Additionally, serotonin sulfate, 
a conjugated form of serotonin that may serve as 
a storage or detoxification mechanism, was drama
tically reduced in morphine withdrawal, suggesting 
an overall decrease in serotonin stabilization. 
Together, these findings support the hypothesis 
that in the context of morphine withdrawal, tryp
tophan is preferentially diverted toward the kynur
enine pathway, potentially limiting its availability 
for serotonin synthesis and contributing to with
drawal-associated

anxiety-like behavior

Fecal microbiota transplantation from 
morphine-withdrawn mice to treatment-naive mice 
induces anxiety-like behavior

After observing gut dysbiosis, altered gut-derived 
metabolites, and anxiety-like behavior following 
protracted morphine withdrawal, we set out to inter
rogate a causal relationship between these adverse 
outcomes. Specifically, we sought to determine 
whether the dysbiotic microbial and metabolic 
environment associated with morphine withdrawal 
was sufficient to induce anxiety-like

behavior in morphine-naive mice. To test this, 
we devised an experimental paradigm utilizing 
fecal microbiota transplantation (FMT) from 
female mice withdrawn from morphine or placebo 
controls into treatment-naive female recipients 
(Figure 4(a)). FMT donor mice completed beha
vioral testing during protracted morphine withdra
wal (n = 10), or placebo treatment (n = 10), as 
previously described. Five mice from each group 
exhibiting the most significantly different behavior 
on the elevated plus maze (Figures 4(b-d)) were 
selected to have their gut microbiome transplanted 
to antibiotic-treated FMT recipients (n = 10/ 
group). One mouse in the Placebo FMT group 
and three mice in the Morphine FMT group 
made fewer than five combined entrances into 
either the open or closed arms of the elevated 
plus maze, and thus were excluded as outliers.

Mice that received FMT from donors withdrawn 
from morphine (Morphine FMT) spent signifi
cantly less time in the open arms of the elevated 
plus maze than mice that received FMT from 
donors treated with placebo (Placebo FMT) (t =  
2.264, p = 0.0447) (Figure 4(d)). Additionally, 
Morphine FMT mice made fewer entrances into 
the open arms of the maze than Placebo FMT mice 
(t = 2.787, p = 0.0145) (Figure 4(f)). There were no 
significant behavioral differences found in the open 
field test (Supplemental Figure 1). These results 
indicate that Morphine FMT mice show elevated 
anxiety-like behavior relative to the Placebo FMT 
group, suggesting that the effect of the gut micro
biome and gut-derived metabolites associated with 
morphine withdrawal alone is sufficient to induce 
anxiety-like behavior.

Administration of probiotics during morphine 
withdrawal rescues the induction of anxiety-like 
behavior in female mice

After establishing gut dysbiosis associated with 
protracted morphine withdrawal, we next investi
gated the gut microbiome as a therapeutic target to 
prevent the development of anxiety-like behavior 
subsequent to opioid withdrawal. Because mor
phine withdrawal impacted female mice more 
than male mice in terms of anxiety-like behavior 
and gut dysbiosis in the above experiments, it was 
decided to utilize female mice for the following 
experimental design. Based on the results of 16S 
sequencing of the gut microbiome, we decided to 
apply a probiotic therapy to counteract the expan
sion of dysbiotic flora and depletion of probiotic 
flora observed in female mice withdrawn from 
morphine treatment. To this end, female mice (n  
= 10–15 per group) underwent spontaneous with
drawal as previously described, with the addition of 
once-daily administration of VSL#3 probiotic 
blend (or water control) by oral gavage throughout 
the protracted withdrawal phase until behavioral 
testing (Figure 5(a)). Four mice assigned to the 
morphine-water group and three mice assigned to 
the morphine-probiotics group perished before 
pellet removal. One mouse assigned to the mor
phine-water group removed its subcutaneous mor
phine pellet before 72 hours and was not included 
in analysis.
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Figure 4. Fecal microbiota transplantation (FMT) from mice withdrawn from morphine results in increased anxiety-like behavior in the 
elevated plus maze. (a) experimental paradigm for FMT and behavioral testing. (b) percent time spent in the open arms of the 
elevated plus maze for FMT donor mice withdrawn from morphine and placebo controls. (c) number of entrances into the open arms 
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Comparing time spent in the open arms of the 
elevated plus maze, Welch’s ANOVA test deter
mined a significant difference between the means 
of the four treatment groups (F(3,18.8) = 7.53, 
p=0.0017). According to post hoc analysis, the mor
phine-water group spent significantly less time in 
the open arms of the maze than the placebo-water 
group (t = 3.83, p = 0.0028) (Figure 5(b)), confirm
ing the induction of anxiety-like behavior in the 
positive control group. Importantly, the morphine- 
withdrawn females that received probiotic therapy 
spent significantly more time in the open arms of 
the maze than the morphine-water group (t = 2.59, 
p = 0.0191) (Figure 5(b)). This indicates lower 
anxiety-like behavior in morphine treated females 
following probiotic therapy. Of note, there was no 
significant difference in time spent in the open 
arms of the maze between the morphine- 
probiotics group and the placebo-probiotics 
group (t = 1.56, p = 0.146) (Figure 5(b)). One-way 
ANOVA analysis revealed no significant difference 
among the mean number of entrances into the 
open arms of the maze between any of the four 
treatment groups (F(3,37) = 1.53, p = 0.222) 
(Figure 5(c)). Additionally, one-way ANOVA 
showed no significant difference in entrances into 
the closed arms of the maze among the four groups 
(F(3,37) = 0.540, p = 0.658) (Figure 5(d)). These 
results show a rescue of the induction of anxiety- 
like behavior associated with protracted morphine 
withdrawal in female mice treated with VSL#3 
probiotic blend.

In the open field test, there were no significant 
differences in levels of activity in the center of the 
field or total activity levels between any of the four 
treatment groups [Supplementary Figure S2A, 
S2B]. This was expected based on previous experi
ments using female mice.

Results from the elevated plus maze, our primary 
assessment of anxiety-like behavior, indicate that 

probiotic therapy during protracted withdrawal 
from chronic morphine treatment rescues the 
induction of anxiety-like behavior, implicating the 
gut microbiome as a driver of this behavior.

Protracted morphine withdrawal induces 
transcriptomic changes in the amygdala of female 
and male mice

The gut microbiome can have significant impacts on 
the brain and behavior, and the amygdala has been 
identified as a critical signaling node across the gut- 
brain axis.60 We endeavored to investigate potential 
mechanisms that mediate the impact of morphine 
withdrawal-induced gut dysbiosis on anxiety-like 
behavior by assessing the transcriptomic state of 
the amygdala during protracted withdrawal. To 
assess transcriptional alterations in the brain asso
ciated with protracted morphine withdrawal, amyg
dala samples collected from female and male mice 
(n = 6 per group) in the above paradigm of with
drawal and behavioral testing (Figure 1(a)) were 
submitted for bulk RNA-sequencing. Analysis of 
differential expressed genes (DEGs) between mor
phine-withdrawn and placebo-treated mice reveals 
a greater degree of transcriptional alteration in 
female mice than male mice (Figure 6(a)). 2640 
genes were identified as differentially expressed in 
female mice withdrawn from morphine compared 
to placebo controls, whereas 1154 DEGs were iden
tified in morphine-withdrawn male mice compared 
to placebo controls. Overall, the pattern of differen
tial expression favored a greater degree of upregu
lated- than downregulated genes for both female and 
male mice. Interestingly, this pattern resembles the 
results from behavioral testing which indicate more 
significant anxiety-like behavior in female mice 
withdrawn from morphine compared to male mice.

In female mice withdrawn from chronic mor
phine treatment, a number of pathways were

of the elevated plus maze for FMT donor mice withdrawn from morphine and placebo controls. (d) number of entrances into the 
closed arms of the elevated plus maze for FMT donor mice withdrawn from morphine and placebo controls. (e) percent time spent in 
the open arms of the elevated plus maze for mice who received FMT from morphine withdrawn mice and placebo controls. (f) number 
of entrances into the open arms of the elevated plus maze for mice who received FMT from morphine withdrawn mice and placebo 
controls. (g) number of entrances into the closed arms of the elevated plus maze for mice who received FMT from morphine 
withdrawn mice and placebo controls. nDonors= 5 placebo, 5 morphine; nRecipients= 9 placebo, 7 morphine; symbols represent 
individual mice; line and error bars represent mean and standard deviation; ns= nonsignificant, *p<0.05, **p<0.01 using unpaired 
t-test with Welch’s correction.
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identified by Ingenuity Pathway Analysis (IPA) as 
either significantly activated or inhibited 
(Figure 6(b)). Of particular interest was the inhibi
tion of serotonin receptor signaling, due to the 
well-established connection between serotonin 
and anxiety.61 On this signaling pathway, genes 
downregulated in females withdrawn from mor
phine withdrawal included genes encoding multi
ple serotonin receptors, such as Htr2c and Htr5b, as 
well as the adrenergic receptor Adra2a. 
Interestingly, despite the more significant pattern 
of gene downregulation on the serotonin receptor 
signaling pathway, upregulation of several genes 
associated with this pathway was observed. These 
upregulated genes included Htr6 and Htr1d which 

also encode for serotonin receptors, along with the 
adrenoreceptor Adra2b. The identification of these 
pathways provides insight into potential mechan
isms that regulate the development of anxiety-like 
behavior subsequent to morphine withdrawal.

Among male mice withdrawn from morphine, 
IPA showed only significant activated pathways 
with no significantly inhibited signaling pathways 
(Figure 6(c)). Included in these signaling pathways 
was activation of G-protein coupled receptor sig
naling. On this pathway, upregulation of the genes 
encoding for adrenoceptor alpha 1B (Adra1b) as 
well as dopamine receptor D4 (Drd4) was 
observed, as well as downregulation of Htr7 
which encodes for a serotonin receptor.

a

b c d

Figure 5. Probiotic therapy during protracted withdrawal partially rescues the development of anxiety-like behavior during protracted 
morphine withdrawal. (a) experimental paradigm for probiotic therapy during protracted morphine withdrawal and behavioral 
testing. (b) percent time spent in the open arms of the elevated plus maze. (c) number of entrances into the open arms of the elevated 
plus maze. (d) number of entrances into the closed arms of the elevated plus maze. Symbols represent individual mice; line and error 
bars represent mean and standard deviation. nPlacebo-Water = 10, nPlacebo-Probiotics = 10, nMorphine-Water = 10, nMorphine-Probiotics = 12; *p <  
0.05, **p < 0.01 using unpaired t-test with Welch’s correction.
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Probiotic treatment during protracted morphine 
withdrawal is associated with transcriptomic 
changes in the amygdala of female mice

To explore potential mechanisms by which probio
tic treatment during protracted morphine withdra
wal was able to reduce the development of anxiety- 
like behavior in female mice, amygdala samples 
collected as part of the above experimental para
digm (n = 3–6) were submitted for bulk RNA- 
sequencing. Consistent with our previous findings, 

DEG analysis revealed that female mice withdrawn 
from morphine and treated with water during 
withdrawal (MOR_Water) exhibited a higher 
degree of upregulated- than downregulated genes 
compared to placebo-withdrawn mice treated with 
water (PLA_Water) (Figure 7(a)). Indeed, 
Ingenuity Pathway Analysis (IPA) revealed only 
significantly upregulated signaling pathways asso
ciated with the MOR_Water condition compared 
to PLA_Water (Figure 7(c)). Interestingly,

a

b

c

Figure 6. Transcriptional alterations to the amygdala associated with protracted morphine withdrawal in female and male mice. (a) 
differentially expressed gene (DEG) counts for Fem_Morph vs. Fem_Placebo and Male_Morph vs. Male_Placebo. (b) pathways 
identified by IPA as upregulated and downregulated in Fem_Morph vs. Fem_Placebo. (c) pathways identified by IPA as upregulated 
in Male_Morph vs. Male_Placebo. Fem_Morph = female morphine withdrawal (n=6), Fem_Placebo = female placebo controls (n=6), 
Male_Morph = male morphine withdrawal (n=6), Male_Placebo = male placebo controls (n=6).
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Figure 7. Transcriptional alterations in the amygdala during protracted morphine withdrawal and probiotic treatment. (a) differen
tially expressed gene (DEG) counts across all experimental comparisons. (b) Principal component analysis (PCA) of amygdala 
transcriptomes across all groups reveals clustering by treatment condition. (c) top differentially expressed pathways in morphine 
withdrawal identified using Ingenuity pathway analysis (IPA). (d) top differentially expressed pathways following probiotic treatment 
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morphine-withdrawn mice treated with probiotics 
(MOR_Prob) showed a greater degree of down
regulated genes compared to the MOR_Water con
dition (Figure 7(a)). Accordingly, IPA showed only 
inhibited signaling pathways in the MOR_Prob 
condition compared to the MOR_Water condition 
(Figure 7(d)). The implication of these results is 
that morphine withdrawal broadly upregulates 
multiple signaling pathways that are in turn down
regulated by probiotic therapy. Probiotic treatment 
in the placebo condition (PLA_Prob) was asso
ciated with relatively minor differential gene 
expression compared to the PLA_Water condition 
(Figure 7(a)), suggesting that the transcriptional 
alterations induced by probiotic treatment were 
specific to morphine withdrawal.

Several pathways identified by IPA as signifi
cantly inhibited in the morphine-probiotics condi
tion compared to the morphine-water condition 
were noted as potentially relevant to the develop
ment of anxiety-like behavior, particularly seroto
nin receptor signaling. Counterintuitively, 
probiotic treatment during morphine withdrawal 
was also associated with inhibition of serotonin 
receptor signaling; significant downregulation of 
a total of nine genes was observed: Htr6, Adcy5, 
Cacna1i, Pik3c2b, Rasd2, Shank3, Htr1b, Gng7, and 
Rhobtb2. A multiple linear regression was 
employed to assess how expression of the nine 
downregulated genes on the serotonin signaling 
pathway influence time spent in the open arms of 
the elevated plus maze. The overall fit of the model 
(R2 = 0.993) was statistically significant (F(9,2) =  
33.43, p = 0.0294), indicating that the model 
explains a significant portion of the variance in 
time spent in the open arms of the elevated plus 
maze (Figure 7(e)). Additionally, a correlation 
matrix was constructed to compare the expression 
of these genes with the time spent in the open arms 
of the elevated plus maze by the corresponding 
animal (Figure 7(f)). Spearman correlation analysis 

identified three genes that were significantly nega
tively correlated with time spent in the open arms 
of the maze: Htr6 (r = −0.797, p = 0.003), Pik3c2b 
(r = −0.713, p = 0.012), and Rhobtb2 (r = −0.720, p  
= 0.011).

Probiotic treatment reverses withdrawal-induced 
transcriptional changes in monoaminergic 
signaling pathways

To investigate the molecular effects of prolonged 
opioid withdrawal and probiotic treatment on the 
brain, we examined transcriptional changes in the 
amygdala using a targeted RT2 PCR panel focused 
on genes related to dopamine, serotonin, and tryp
tophan signaling. Comparisons were made 
between animals undergoing morphine withdrawal 
with or without probiotics, and relevant controls, 
to determine how gut-targeted interventions may 
modulate neurochemical gene expression during 
abstinence. We focused on functional categories 
critical to neuromodulation – synthesis, transport, 
receptor expression, and metabolic enzymes – to 
identify consistent patterns across neurotransmit
ter systems.

In animals undergoing protracted morphine 
withdrawal, we observed broad transcriptional 
suppression across both dopaminergic and seroto
nergic pathways (Figure 8(a)). Genes involved in 
synthesis (Th, Tph1, Tph2), transport (Slc6a3, 
Slc6a4), and receptor signaling (Drd2–5, Htr3a&b, 
Htr4) were consistently downregulated. Pathway- 
level analysis (Figure 8(b)) confirmed this suppres
sion, with substantial negative log₂ fold changes 
observed across all monoaminergic categories. 
These findings reflect the disrupted neurochemical 
state associated with opioid withdrawal and align 
with previously reported behavioral and physiolo
gical phenotypes.

Following probiotic treatment, many of the 
same neurotransmitter-related genes showed 
marked upregulation, reversing the withdrawal-

during withdrawal. (e) multiple linear regression model showing the relationship between altered serotonin signaling genes 
and percent time spent in the open arms of the elevated plus maze (EPM). (f) correlation matrix showing the relationship between 
serotonin signaling genes downregulated by probiotic treatment and EPM open arm time. MOR_Prob = morphine withdrawal + 
probiotic therapy (n=6); PLA_Prob = placebo + probiotic therapy (n=3); MOR_Water = morphine withdrawal + water control (n=6); 
PLA_Water = placebo + water control (n=3).
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Figure 8. Neurotransmitter gene expression changes in the amygdala across morphine withdrawal and probiotic treatment. (a, c, e) 
volcano plots show differentially expressed genes between treatment groups, highlighting key dopamine, serotonin, and tryptophan- 
related transcripts. (b, d, f) pathway-level summaries show directionality and magnitude of gene expression changes across 
dopaminergic, serotonergic, and tryptophan-related pathways. Values shown represent log₂ Fold changes for representative genes 
in each category; n=3/group.
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induced suppression (Figure 8(c)). In particular, 
transcripts encoding for serotonin receptors 
(Htr3a, Htr3b, Htr4), the serotonin transporter 
(Slc6a4), and enzymes involved in monoamine 
synthesis (Tph1, Dbh) demonstrated significant 
increases in expression. This pattern of transcrip
tional recovery was consistent across the major 
functional categories (Figure 8(d)), suggesting 
that probiotic treatment during withdrawal pro
motes restoration of neurochemical signaling 
pathways.

When comparing animals treated with probio
tics to baseline controls, gene expression values 
remained moderately downregulated but were sub
stantially closer to baseline than in the untreated 
withdrawal condition (Figure 8(e)). While certain 
transcripts such as Tph2 and Slc18a2 remained

suppressed, the overall pattern (Figure 8(f)) 
indicates partial normalization, with receptor and 
transporter expression showing milder deviations 
from placebo control levels. Together, these data 
demonstrate that probiotic treatment during 
opioid withdrawal can partially reverse withdra
wal-associated transcriptional disruptions across 
multiple neurotransmitter systems in the amyg
dala. The changes observed at the gene expression 
level mirror known behavioral and physiological 
features of withdrawal and recovery, suggesting 
that probiotic-mediated modulation of the gut- 
brain axis may contribute to restoring neural 
homeostasis.

Discussion

The development of anxiety symptoms is 
a common feature of protracted opioid withdrawal; 
however previous studies have not investigated the 
role of the gut microbiome in this behavior. In this 
study, we first show that protracted morphine 
withdrawal is associated with gut microbial dysbio
sis and altered gut metabolites. Second, we provide 
evidence that morphine withdrawal-induced gut 
dysbiosis contributes to the development of anxi
ety-like behavior, which can be prevented by the 
administration of probiotics during withdrawal. 
Further, we propose a mechanism of altered amyg
dala serotonin receptor signaling that may mediate 
the interaction of the opioid-induced gut dysbiosis 
and anxiety-like behavior. These results advance 

our understanding of the gut microbiome during 
opioid withdrawal and consequently support the 
use of probiotic therapy for individuals discontinu
ing chronic opioid use.

16S rRNA sequencing data indicate gut dysbiosis 
in both female and male mice which persists into 
the protracted phase of morphine withdrawal. 
Specifically, there were significant shifts in beta 
diversity, indicating distinct differences in micro
bial composition between morphine-withdrawn 
mice and placebo controls. Interestingly, female 
mice demonstrated an increase in alpha diversity, 
contrasting with the decrease in alpha diversity 
previously associated with morphine 
dependence.14 This suggests the partial rebound 
of microbial diversity observed during the first 
24 h of morphine withdrawal17 continued beyond 
the point of placebo controls over the following 
week. In both female and male mice, we showed 
an expansion of gut flora associated with inflam
mation and dysbiosis. In female mice, we observed 
an expansion of the phylum Proteobacteria, 
a proposed microbial signature of gut dysbiosis62 

which is linked to inflammatory bowel disease 
(IBD)63,64 and chronic stress.65 Male mice with
drawn from chronic morphine treatment presented 
with an enrichment of Bacteroidota and a depletion 
of Firmicutes at the phylum level. A disturbance to 
the ratio of the abundance of these two phyla (F/B 
ratio) is indicative of gut dysbiosis.66 Specifically, 
the decreased F/B ratio observed here in males 
withdrawn from morphine is typically associated 
with inflammatory bowel disease.66–68 Both female 
and male mice also show a depletion of probiotic 
flora following morphine withdrawal. Female mice 
withdrawn from morphine showed a depletion of 
the Ligilactobacillus genus and the species 
Bacteroides uniformis. Bacteroides uniformis, 
a commercially available probiotic, is associated 
with metabolic and immune benefits69,70 and has 
even been termed a “psychobiotic” due to its role in 
serotonin metabolism and reduction of anxiety- 
like behaviors.71 Male mice withdrawn from mor
phine showed a notable depletion of 
Bifidobacterium, a genus widely recognized for its 
probiotic properties.72 Bifidobacteria inhibit LPS- 
induced NF-κB activation,73 prevent pathogen 
expansion,74 and have been established to reduce 
anxiety in both mice75 and humans.35 Overall,
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protracted morphine withdrawal is associated with 
an expansion of dysbiotic gut flora along with 
a depletion of beneficial bacterial groups that are 
associated with anxiety like behavior.

To better understand how morphine withdra
wal-induced gut dysbiosis may influence host phy
siology and behavior, we conducted untargeted 
metabolomic analysis of colon contents. Our meta
bolomic analysis revealed that morphine withdra
wal induces a distinct shift in gut metabolite 
composition, with significant alterations in path
ways related to neurotransmitter regulation, most 
notably tryptophan metabolism. Elevated levels of 
kynurenic acid alongside increased 5-HIAA and 
reduced serotonin sulfate suggest that tryptophan 
is preferentially metabolized through the kynure
nine pathway at the expense of central serotonin 
synthesis. This diversion may contribute to the 
serotonergic imbalance implicated in withdrawal- 
induced anxiety-like behavior. These findings pro
vide a potential mechanistic link between gut dys
biosis and behavioral outcomes, offering further 
support for a microbiota-gut-brain axis disrupted 
by opioid withdrawal.

Using fecal microbiota transplantation (FMT), 
we demonstrated that gut dysbiosis associated with 
morphine withdrawal is sufficient to induce anxi
ety-like behavior in treatment-naive mice. This 
finding supports a causal role for the gut micro
biome in the development of negative affective, 
such as anxiety-like behavior, during morphine 
withdrawal. FMT includes the transfer of bacteria 
as well as their metabolites,76 which may also 
impact behavior.77 Bacterial metabolites include 
bidirectional modulators of neuroinflammation, 
neuroactive mediators, neurotransmitter receptor 
agonists, and other products capable of orchestrat
ing a speedy behavioral response.78 Relevantly, 
Thomaz et al. (2021) demonstrated that FMT 
could attenuate opioid withdrawal symptoms in 
morphine-dependent mice without inducing stable 
changes to gut microbiota composition, suggesting 
that transient microbial activity or metabolite 
transfer may be sufficient to alter behavioral 
outcomes.18 Given the short treatment duration 
and relatively brief time before behavioral assess
ment in this experiment, the effect of FMT is likely 
driven by microbial metabolites present in the 
transplant material, rather than the eventual 

engraftment of bacterial groups. This interpreta
tion is supported by our untargeted metabolomic 
analysis, which revealed distinct metabolic profiles 
between donor groups. While our study focused on 
bacterial community structure and function, the 
FMT solution likely also contained bacteriophages 
and other components of the gut virome, which 
may have contributed to the observed behavioral 
effects by modulating microbial dynamics or host 
signaling pathways.79 The role of the gut virome in 
shaping neurobehavioral outcomes, particularly in 
the context of opioid withdrawal, remains 
a promising direction for future investigation.

Building on our observation of depleted probio
tic bacterial groups associated with morphine with
drawal, we investigated whether probiotic 
supplementation during protracted morphine 
withdrawal could mitigate the induction of anxi
ety-like behavior. To enhance clinical relevance, we 
selected a commercially available probiotic blend 
(VSL#3) for testing. Morphine-withdrawn mice 
treated with VSL#3 exhibited reduced anxiety-like 
behavior compared to morphine-withdrawn mice 
given a water gavage, suggesting an anxiolytic effect 
of the probiotic treatment. Probiotic therapy had 
no effect on placebo-treated mice, indicating that 
the anxiolytic effect was specific to morphine with
drawal. We propose that VSL#3 treatment coun
tered the dysbiotic expansion observed via 16S 
sequencing by supplementing the depleted probio
tic groups, potentially preventing the onset of anxi
ety-like behavior. These results support the 
feasibility of probiotic therapy as a potential 
adjunct treatment in opioid detox settings to alle
viate some of the negative emotional effects of 
opioid withdrawal.

To identify mechanisms by which gut dysbiosis 
following protracted morphine withdrawal may 
contribute to anxiety-like behavior, we conducted 
bulk RNA-sequencing on amygdala samples from 
mice withdrawn from either morphine or placebo. 
The amygdala is known to influence hedonic pro
cessing during protracted morphine withdrawal80 

and to modulate the development of withdrawal- 
associated anxiety.43,81 Ingenuity Pathway Analysis 
(IPA) of the RNA-sequencing data revealed signif
icant downregulation of serotonin signaling in 
morphine-withdrawn female mice, suggesting 
a possible link to anxiety-like behavior. Within
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this pathway, serotonin receptors Htr2c and Htr5b 
were notably upregulated. Prior studies indicate 
that Htr2c knockout can reduce anxiety-like beha
vior by dampening amygdala signaling,82 high
lighting a potential role of Htr2c upregulation in 
anxiety during withdrawal. Interestingly, despite 
the overall downregulation of serotonin signaling, 
several pathway genes, including Htr6, were para
doxically upregulated.

To further investigate how the gut microbiome 
may impact anxiety-like behavior during morphine 
withdrawal, we conducted additional bulk RNA- 
sequencing on amygdala samples, this time col
lected from mice under the probiotic therapy para
digm. IPA showed a trend of predominantly 
upregulated pathways in the morphine withdrawal 
condition without probiotics, whereas probiotic 
treatment led to a generalized downregulation of 
these pathways. Most notably, serotonin signaling 
was downregulated in the morphine-probiotic con
dition compared to the morphine-water control. 
While this might seem counterintuitive, it is con
textualized by examination of the genes that drive 
the expression of this pathway. For instance, Htr1b 
expression was reduced in the morphine-probiotic 
condition relative to morphine-water, aligning 
with evidence that 5-HT1B receptor antagonists 
can have antidepressive effects, while agonists 
may induce depressive-like behavior.83,84 

Expression of Htr6 was also lower in the morphine- 
probiotic condition, mirroring previous RNA- 
sequencing results that found elevated Htr6 expres
sion associated with morphine withdrawal. 
Intriguingly, both agonists and antagonists of the 
5-HT6 receptor have shown anxiolytic effects,85 

emphasizing the complex interplay between sero
tonin signaling and anxiety-related behaviors.

Of the nine serotonin signaling genes downre
gulated in the morphine-probiotic group, six had 
been upregulated in our initial RNA-sequencing 
analysis of morphine-withdrawn females (Htr6, 
Adcy5, Cacna1i, Pik3c2b, Rasd2, and Shank3). 
Expression of these genes also strongly predicted 
anxiety-like behavior in the elevated plus maze, as 
confirmed by linear regression analysis. Together, 
these findings suggest that morphine withdrawal 
upregulates specific serotonergic genes in female 
mice, which are subsequently downregulated fol
lowing probiotic therapy. This pattern highlights 

a potential mechanism by which probiotic therapy 
may modulate the gut-brain axis to prevent anxi
ety-like behavior during morphine withdrawal.

Sex-specific differences in behavior, microbiota 
composition, and gene expression were observed 
across multiple datasets in this study. These find
ings are consistent with prior literature indicating 
that male and female rodents may exhibit divergent 
neurobiological and behavioral responses to opioid 
exposure and withdrawal.86 Importantly, our 
untargeted metabolomic analysis revealed altera
tions in sex hormone-related metabolites, includ
ing estradiol and testosterone derivatives, as well as 
corticosterone, a key stress hormone. These find
ings suggest that morphine withdrawal may impact 
endocrine signaling pathways in females, poten
tially contributing to the observed disparities in 
anxiety-like behavior and transcriptional profiles. 
The gut microbiota is known to influence- and be 
influenced by-host sex hormone levels, raising the 
possibility that microbiome-endocrine interactions 
may amplify sex-specific responses during opioid 
withdrawal. Future studies with male mice will be 
essential to further dissect these mechanisms.

This study has several limitations. First, while 
placebo-treated animals served as the standard 
control for surgical and handling variables, the 
absence of a surgery-naive group prevents assess
ment of any independent effects of pellet implanta
tion. Second, we did not perform microbiome or 
metabolomic profiling in FMT recipients, limiting 
our ability to confirm engraftment or directly link 
transferred metabolites to behavioral effects. Third, 
we did not conduct metabolomic analysis following 
probiotic treatment, so mechanistic interpretation 
of the probiotic’s effects is limited to behavioral 
and transcriptional outcomes. Future studies 
incorporating these additional analyses will help 
further clarify microbiota-brain interactions in 
opioid withdrawal.

These findings provide compelling evidence 
that protracted morphine withdrawal induces 
gut microbial dysbiosis, which in turn contri
butes to the development of anxiety-like beha
vior. By combining 16S rRNA sequencing, 
untargeted metabolomic analysis, fecal micro
biota transplantation, and probiotic therapy, we 
demonstrate both the causality of gut dysbiosis 
in the onset of anxiety-like behaviors and the
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potential of probiotic intervention to mitigate 
these effects. Our results further suggest 
a complex interaction between gut microbiota 
and central serotonin signaling in the amygdala, 
revealing alterations in serotonergic pathways 
that may underlie the behavioral outcomes 
observed during opioid withdrawal. Specifically, 
probiotic supplementation appears to restore 
balance to the gut microbiome, downregulate 
specific serotonin receptors, and reduce anxiety- 
like behavior in morphine-withdrawn mice. 
These findings not only support the gut-brain 
axis as a key mediator of opioid withdrawal 
symptoms but also propose probiotic therapy 
as a promising adjunct treatment for managing 
the emotional and psychological challenges 
associated with opioid detoxification. Future 
studies should explore the clinical implications 
of these results, particularly in the context of 
human opioid withdrawal, to determine the fea
sibility of implementing probiotic-based thera
pies in opioid recovery programs.
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