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and barrier and hippocampal dysfunction in rats

Lei Xie,1,2,4 Zelin Zhuang,1,2,4 Baowen Guo,1,2,4 Yuehua Huang,1,2 Xiaoyan Shi,1 Zikai Huang,1,2 Ziquan Xu,1,2

Yanbin Chen,1,2 Yuyin Cao,1,2 Yanmin Zheng,1,2 Renhua Wu,3,* and Shuhua Ma1,2,5,*
SUMMARY

The microbiota-gut-brain axis (MGBA) plays a pivotal role in drug addiction. However, the pathophysio-
logical mechanism of MGBA in ketamine addiction remains elusive. The present study investigated the
ketamine-induced gut microbiota disorders, intestinal barrier dysfunction, and the alterations in brain
function, using a conditioned place preference (CPP) model of ketamine addiction in rats. Compared
with the control group, ketamine induced decreased amplitude of low-frequency fluctuation (ALFF) values
in the hippocampus, and pyknotic nuclei and concentrated cytoplasm in hippocampal neurons, as well as
alterations in gut microbiota composition, shortened ileum villi, and thinner colonic mucosa. We also
found that the abundance of gut microbiota exhibited correlations with CPP score, hippocampal ALFF
value, length of ileum villi, and thickness of colonic mucosa. Our findings provide evidence for abnormal
alterations in theMGBA of ketamine-addicted rats, which improves our understating of the mechanism of
ketamine addiction and the potential for developing new therapeutic strategies.

INTRODUCTION

Ketamine is extensively employed as an anesthetic and analgesic agent in both clinical and research domains, which was initially synthe-

sized in 1962 by Calvin Stevens of Parke-Davis Pharmaceuticals.1 Due to its reinforcing and dissociative properties, ketamine induces se-

vere drug dependence and intense craving, thereby promoting its abuse. The non-medical use of ketamine has shown a steady global

increase over the past few decades,2,3 and drug abuse presents a significant public health crisis, imposing substantial personal, economic,

and social burdens.4 Consequently, additional investigation into the underlying pathogenesis and exploration of effective interventions is

imperative.

Magnetic resonance imaging (MRI) is essential for evaluating the structural, functional, and metabolic changes in brain tissue. Blood-ox-

ygen-level-dependent functional magnetic resonance imaging (BOLD-fMRI), developed byOgawa in 1990,5 has beenwidely used in research

on drug addiction. In the field of substance addiction, research utilizing fMRI has shown that rats exhibit increased signaling in regions such as

the hippocampus, prefrontal cortex, nucleus accumbens, and thalamus following acute injection of varying doses of cocaine. Conversely,

upon repeated exposure to cocaine, a decrease in signaling in brain regions, including the prefrontal cortex, nucleus accumbens, and dorsal

thalamus, has been observed. This reduction was found to be unrelated to cerebrovascular activity, suggesting a decrease in functional nerve

cell activity.6

The bidirectional signal transduction of the microbiota-gut-brain axis (MGBA) is implicated in the pathogenesis of drug addiction. Gut

microbiota and its metabolites can modulate the central nervous system and modify brain function through metabolic, endocrine, immune,

and neural pathways, thereby impacting cognitive function, emotion, and behavior.7 Numerous studies have demonstrated significant alter-

ations in the gut microbiota associated with drug addiction. Additionally, animal models suggest that the gut microbiota may play a role in

influencing the response to drug addiction.8–10

While the significance of MGBA in the pathology of drug addiction is well established, the pathophysiological mechanisms underlying the

interaction between gut microbiota and central nervous system (CNS) changes in ketamine addiction remain unclear. This study primarily

employs the amplitude of low-frequency fluctuation (ALFF) analysis of MRI and metagenomic sequencing technology, supplemented by he-

matoxylin and eosin (H&E) staining, to investigate alterations in brain functional activity, intestinal microorganisms, and intestinal morphology

in ketamine-addicted rats. The aim is to elucidate their correlations andprovide a perspective and foundation for further research on ketamine

addiction.
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Figure 1. The CPP model experimental procedure and the results of CPP scores between the two group after modeling in rats (n = 7/7)

(A) The CPP model experimental procedure.

(B) The CPP score of rats in the KET group was higher than that of the SAL group. The data were analyzed with theMann-Whitney U test and shown as themeanG

SD, **p < 0.01. CPP, conditioned place preference; KET, ketamine; SAL, saline.
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RESULTS
Establishment of conditioned place preference model of ketamine addiction in rats

The CPP experiment spanned 13 days, as illustrated in Figure 1A. The CPP score of rats in the KET group was higher than that of the SAL

group. The Mann-Whitney (U) rank-sum test results indicated a statistically significant difference (p = 0.002), as depicted in Figure 1B, con-

firming the successful establishment of the ketamine addiction rat model.

Intergroup differences in ALFF values in brain regions of resting-state functional MRI in rats

The ketamine addiction rats in the KET group exhibited increasedALFF values in the prefrontal cortex, orbitofrontal cortex, frontal association

cortex, and retrosplenial cortex and decreased ALFF values in the hippocampus, lateral thalamic nuclei, and dentate gyrus (Table 1; Figure 2,

p < 0.005, cluster level >20).

Detection by metagenomics of gut microbiota in rat feces

In this study, principal coordinate analysis (PCoA) was employed to analyze themicrobial composition of the KETgroup and SALgroup before

and after CPP modeling. The results demonstrated a statistically significant difference in the overall comparison of microbial community

composition among the two groups before and after CPP modeling (p < 0.01, Figure 3A). Furthermore, after CPP modeling, the community

composition in the KET group showed significant alterations compared to the SAL group (p < 0.05, Figure 3B).

To identify characteristic microbes at the genus level in each group, linear discriminant analysis effect size (LEfSe) was utilized to test the sig-

nificanceofgenus-level differences in the compositionofgutmicrobiota among the four groups.Comparedwith other groups, themainbacterial

flora in theKETgroup, afterCPPmodeling, includedAkkermansia, Romboutsia,Avibacterium,Corynebacterium, Jeotgalibaca,Catenibacterium,

Auritidibacter, Lysinibacillus, Enterococcus, Micromonospora, Intestinimonas, Mammaliicoccus, Trueperella, Oscillibacter, Desulfovibrio, Rose-

buria, Butyrivibrio, Jeotgalicoccus, Rodentibacter,Oligella, Salinicoccus,Dehalococcoides,Aerococcus, andBrevibacterium (p<0.05,Figure3C).

Morphological changes of hippocampal neurons, ileal villi, and colonic mucosa in rats

Under a 203 light microscope, H&E-stained sections of rat brains revealed that the hippocampal tissue structure in the SAL group was pre-

dominantly intact, with centrally located and clear neuron nuclei and rich, lightly stained cytoplasm. In contrast, hippocampal tissue from the

KET group displayed a similar clear structure, but with some neurons exhibiting irregular morphology, condensed cytoplasm, and pyknosis,

suggestive of apoptotic changes (Figures 4A and 4B). Under a 103 light microscope, H&E staining of the ileum and colon revealed that,

compared to the control group, rats in the ketamine group exhibited a statistically significant decrease in the length of ileal villi and a thinner

colon mucosa (p < 0.01, Figures 4C–4H; Table 2).

Correlation analysis between the abundance of gutmicrobiota andCPP score, hippocampal ALFF value, length of ileum villi,

and thickness of colonic mucosa in ketamine-addicted rats

In the correlation analysis at the microbiota genus level, CPP scores exhibited primarily negative correlations with the abundance of Blasto-

coccus and Alcaligenes and positive correlations with the abundance of Brachyspira, Filifactor, Fenollaria, Parolsenella, Parabacteroides,
2 iScience 27, 111089, November 15, 2024



Table 1. Differences in ALFF values between the ketamine addiction group and saline control group in rats

Condition Brain region L/R Cluster size (voxels) X Y Z T value

ALFF (KET > SAL) Frontal association cortex L 12 0.5938 5.2658 �5.6379 3.5582

Retrosplenial cortex L 13 0.5938 5.1242 �5.6379 3.5735

Prefrontal cortex L 20 2.3543 6.6202 �6.5979 3.7222

ALFF (KET < SAL) Hippocampus R 3 4.3479 7.3944 �5.6379 �3.4131

Lateral thalamic nucleus group R 21 4.0777 7.7042 �6.1179 �4.0089

Dentate gyrus R 35 4.0777 8.0051 �6.1179 �4.2443

Two sample t tests; p < 0.005, cluster level>20; L, left; R, right; KET, ketamine; SAL, saline.
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Holdemania, Saccharomonospora, Prevotellamassilia, Desulfitobacterium, Phoenicibacter, and Parascardovia. ALFF values of the hippocam-

pus were mainly positively correlated with the abundance of Frigoribacterium, Kocuria, Methylobacterium, Arabiibacter, Catenibacterium,

Nosocomiicoccus, Leucobacter, Eggerthella, and Syntrophobotulus. Conversely, the length of ileal villi primarily exhibited negative correla-

tions with the abundance ofMethylobacterium,Nosocomiicoccus, Leucobacter, Eggerthella, Ornithinimicrobium, Syntrophobotulus, and En-

terorhabdus. The thickness of the colonic mucosa was mainly negatively correlated with the abundance of Bacillus, Nosocomiicoccus, Lac-

rimispora, andMediterraneibacter, whereas it was positively correlatedwith the abundance of Sporosarcina, Clavibacter, and Paraclostridium

(p < 0.05, Figure 5). Furthermore, Pearson correlation analysis revealed a negative correlation between ileal villus length and hippocampal

ALFF value (r = �0.96, p < 0.01, Figure 6).
DISCUSSION

Due to its capacity for mental stimulation and rapid absorption, ketamine can induce central excitement and hallucinations. However, it

also demonstrates significant potential for inducing mental dependence and abuse, thereby posing a substantial threat to public health,

social stability, and the overall well-being of individuals.11 The importance of understanding the bidirectional communication pathway of

the MGBA is increasingly acknowledged. Accumulating evidence suggests that drug addiction can modulate the composition of gut mi-

crobiota, whereas gut microbiota may, in turn, influence susceptibility to drug addiction. In this study, we employed the ALFF analysis of

resting-state functional MRI to examine the local brain functional activity changes, metagenomic sequencing technology was used to inves-

tigate alterations of the gut microbiota composition, and H&E staining was used to detect the brain and intestinal morphology in model

rats. Our findings aim to establish a theoretical framework for comprehending their interrelation. Drug users often exhibit a strong asso-

ciation with environmental cues associated with drug use, which significantly contribute to relapse triggers.12 The CPP paradigm serves as

a widely utilized animal model for elucidating the underlying mechanisms of associative learning, particularly in the context of drug addic-

tion research.13 In our investigation, subanesthetic doses of ketamine were administered to effectively establish a CPP model in ketamine-

addicted rats.

Our findings revealed a decrease in the ALFF values in the hippocampus of ketamine-addicted rats. The concept of ALFF, initially intro-

duced by Professor Zang in 2007,14 serves as an indicator of spontaneous neural activity in local brain areas. Additionally, H&E staining

showed evidence of apoptosis or a tendency toward apoptosis in the hippocampal neurons of ketamine-addicted rats, indicating the signif-

icant involvement of the hippocampus in ketamine addiction. Drug addiction is a complex brain disorder characterized by aberrant memory

and learning processes. Notably, the hippocampus plays a crucial role in the modulation of memory and cognitive function and is closely

associated with gut microbiota.15,16 Studies have demonstrated that prolonged exposure to ketamine for over 6 months can induce neuro-

toxic effects on the hippocampus through apoptotic pathways.17 Ketamine has been shown to enhance apoptosis of hippocampal neurons by

affecting tumor necrosis factor, interleukin-1b, interleukin-6, and mitogen-activated protein kinase (MAPK) signaling pathways.18,19

The gut microbiota significantly contributes to research on drug addiction. Studies have indicated that both opium20 and heroin21 can

induce changes in the composition and diversity of gut microbiota in mice. Moreover, exposure to morphine, whether short-term or long-

term, has been associated with alterations in gut microbial composition and an increase in pathogenic bacterial communities.22–25 In this

study, fecal metagenomic sequencing was employed to analyze changes and biological characteristics of gut microbiota and revealing dif-

ferential microbiota composition in ketamine-addicted rats. The results indicated that, at the genus level, the predominant microbiota of the

ketamine-addicted rats included Proteus, Brachybacterium, and Akkermansia, suggesting that ketamine addiction induces alterations in the

composition of gut microbiota in rats, characterized by an increase in pathogenic bacteria and a decrease in probiotics.

The current study has unveiled that ketamine-addicted rats manifest shortened ileal villi and thinner colonic mucosa, indicative of compro-

mised intestinal barrier function. These experimental findings align with prior research demonstrating that alcohol, cocaine, and morphine

can disrupt gut microbiota and compromise intestinal barrier integrity.26–29 Furthermore, we observed a correlation between the abundance

of characteristic gut microbiota in ketamine-addicted rats and ileal villus length as well as colonic mucosal thickness. Indeed, maintaining gut

microbial homeostasis is critical for preserving the functional integrity of the intestinal barrier.25,30

Previous studies have highlighted that the consumption of substances such as opium, alcohol, and cocaine is associated with dysbiosis of

gut microbiota, leading to alterations in intestinal permeability.8 Additionally, Lactobacillus reuteri, a probiotic crucial for intestinal epithelial
iScience 27, 111089, November 15, 2024 3



Figure 2. Brain regions with significant difference in ALFF value of resting-state fMRI by two sample t tests between the two groups in rats (n = 7/7)

Hot colors represent higher ALFF values in the ketamine addiction group than in the saline control group, and cool colors represent the lower ALFF values in the

ketamine addiction group than in the control group. p < 0.005, cluster level>20; L, left; R, right.
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regeneration and maintenance of intestinal barrier function, was significantly reduced in morphine-addicted mice.31 It is plausible that keta-

mine addiction may induce an imbalance in gut microbiota, characterized by an increase in pathogenic bacteria and a decrease in probiotics,

contributing to intestinal barrier dysfunction.

Alterations in gut microbiota composition impact hippocampal-dependent learning and memory processes.32 Our findings suggest a

correlation between gut microbiota abundance and hippocampal ALFF values in ketamine-addicted rats, indicating that gut microbiota dys-

biosis may directly or indirectly influence hippocampal function. Moreover, brain-derived neurotrophic factor (BDNF) plays a crucial role in

regulating spatial learning, memory, and cognitive function, as well as in neuronal growth, differentiation, and synaptic formation.33 BDNF

activates various signaling pathways including the MAPK pathway, phospholipase, and phosphatidylinositol 3-kinase pathways, thereby

modulating neuronal excitability, synaptic connectivity, and gene expression.34–37 Sudo et al.38 discovered that germ-free mice exhibited

lower levels of BDNF in the hippocampus compared to the normal control group, suggesting that gut microbiota can influence BDNF regu-

lation in the brain. Dysbiosis of gut microbiota disrupts BDNF expression in the hippocampus, leading to functional disturbances and struc-

tural changes, ultimately resulting in emotional and cognitive impairments.39,40

Lipopolysaccharide (LPS), produced by gram-negative bacteria, is a significant mediator in the influence of the gutmicrobiota on the brain

and host behavior. It is also one of the most abundant and potent activators of innate immune signaling.41 An imbalance in intestinal flora

leads to the secretion of LPS, which regulates inflammatory signaling pathways promoting neuroinflammation and neuronal injury. Previous

studies have shown that intestinal mucosal dysfunction increases the translocation of gram-negative bacteria or LPS from the intestine to the

circulatory system.42 LPS binds to the microglial pattern recognition receptor Toll-like receptor 4 (TLR4), inducingmicroglial activation, which

subsequently affects addictive behavior.43 The pro-inflammatory cytokines produced by the activation of TLR4 and nuclear factor kB (NF-kB)

can influence the expression and regulation of neurotransmitters and receptors, leading to the neurodegeneration of dopamine neurons.44,45

By producing pro-inflammatory factors such as interleukin-1b, interleukin-6, and tumor necrosis factor alpha, activated microglia promote

neurodegeneration and impact brain function.46,47

Furthermore, the results revealed correlations between the abundance of characteristic gut microbiota in ketamine-addicted rats and ileal

villus length, hippocampal ALFF value, and CPP score. Additionally, the length of ileal villi was found to be correlated with hippocampal ALFF

value. Previous studies have demonstrated that morphine can elevate levels of pro-inflammatory cytokines such as interleukin-6, interleukin-

1b, and tumor necrosis factor alpha.48 Neuroinflammation plays a critical role in the development of morphine addiction, and modulation of

neuroinflammation can effectively attenuate the rewarding effects associated with morphine addiction.49 Notably, gut microbiota can regu-

late intestinal permeability and modulate the neuroinflammatory response. Variations in intestinal barrier function, reduction of short-chain

fatty acids, elevation of systemic inflammation, and onset of neuroinflammation may directly or indirectly influence brain function, conse-

quently altering associated addictive behaviors.28,29,50 Therefore, we hypothesize that gut microbiota dysbiosis and concurrent gut barrier

dysfunction in rats with ketamine addictionmay contribute to the development of ketamine-conditioned place preference by influencing hip-

pocampal function.

In conclusion, this study provides evidence that ketamine induces gutmicrobiota dysbiosis and barrier dysfunction and abnormal changes

in brain functional activity in CPPmodel rats. The abundance of gut microbiota associated with CPP score, hippocampal ALFF value, length of

ileum villi, and thickness of colonic mucosa, and the decreased ALFF value of the hippocampus was negatively correlated with the ileal villus
4 iScience 27, 111089, November 15, 2024



Figure 3. Results of PCoA analysis of the microbial community composition and linear discriminant analysis effect size (LEfSe) analysis of bacteria at

genus level in the two groups before and after CPP modeling (n = 7/7)

(A) PCoA analysis results of the microbial community composition in the KET and SAL groups before and after CPP modeling (p < 0.01).

(B) PCoA analysis results of the microbial community composition in the KET and SAL groups after CPP modeling (p < 0.05).

(C) LEfSe analysis result of bacteria at genus level in the KET and SAL groups before and after CPP modeling (p < 0.01). Each transverse column represents a

specific species, and the length of the column is proportional to the linear discriminant analysis(LDA) score, with higher values indicating more significant

differences. SAL_1, the saline control group before CPP modeling; KET_1, the ketamine addiction group before CPP modeling; SAL_2, the saline control

group after CPP modeling; KET_2, the ketamine addiction group after CPP modeling. Abscissa and ordinate represent the first principal component (Axis1)

and the second principal component (Axis2), respectively, and the percentage represents the contribution of the component to the difference of the sample.
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length. Our findings provide potential avenues for further exploration of the causal correlation between gut microbiota and intestinal barrier

and brain and offer preliminary insights into the mechanism of the microbiota-gut-brain axis of ketamine addiction.
Limitations of the study

There are several limitations to this study. First, in this study, we use the CPP model, which can avoid the impact of antibiotic use on the

composition of gut microbiota of rats after jugular vein catheterization surgery in the SA model. However, in CPP model, animals passively

receive drug reinforcement and cannot simulate human addictive behavior as well as SA model. Therefore, simple CPP experiments cannot
iScience 27, 111089, November 15, 2024 5



Figure 4. Hematoxylin- and eosin (H&E) staining of the hippocampal neurons and intestinal mucosa in rats between the two groups (n = 7/7)

(A) Morphology of hippocampal neurons in KET group (scale bar = 50 mm).

(B) Morphology of hippocampal neurons in SAL group (scale bar = 50 mm).

(C) Morphology of ileal villi in KET group (scale bar = 100 mm).

(D) Morphology of ileal villi in SAL group (scale bar = 100 mm).
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Figure 4. Continued

(E) Morphology of colonic mucosa in KET group (scale bar = 100 mm).

(F) Morphology of colonic mucosa in SAL group (scale bar = 100 mm).

(G) Compared to the control group, rats in the ketamine group exhibited a statistically significant decrease in the length of ileum villus and a thinner colonmucosa

(p < 0.01).

(H) Compared to the control group, rats in the ketamine group exhibited a thinner colon mucosa (p < 0.01). The data were analyzed by two sample t tests and

shown as the mean G SD, **p < 0.01. KET, ketamine; SAL, saline.
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explain drug seeking and medication behavior well. In future research, we will further optimize the experimental program, fully utilizing the

advantages of self-administering addictive rat models while avoiding the impact of surgical use of antibiotics on the study. Second, this study

is only a simple correlation analysis, and due to the lack of mechanism validation experiments like fecal microbiota transplantation (FMT) or

antibiotic treatment, which cannot imply causal relationships and specific mechanisms, we will further expand the sample size and consider

incorporating Mendelian randomization analysis in our future research, and we should incorporate mechanistic and longitudinal treatment

experiments, such as, use an FMT or antibiotic treatment approach to manipulate the gut microbiota in the rats or to investigate whether

vagotomy can affect the changes of the microbiota-gut-brain axis in ketamine-addicted rats as vagus nerve plays a role in it. However,

because females may respond differently compared with males to drug-related cues and drug use, the gut microbiota and the local brain

functional activity and c-Fos expression should also be tested in females. Finally, the rats in our study underwent resting-state fMRI scans un-

der anesthesia, which may affect changes in brain-oxygen-dependent BOLD signals. Future optimization of anesthesia protocols could

further validate our research findings.
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Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Professor Shuhua Ma (shma@stu.
edu.cn).
Materials availability

This study did not generate new unique reagents.
Data and code availability

� Metagenomic sequencing data have been deposited at Mendeley Data and are publicly available as of the date of publication. Accession numbers are
listed in the key resources table. These accession numbers for the datasets are also listed in the key resources table.

� This paper does not report original code.
� Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
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Table 2. Differences in villus length of ileum and colonic mucosal thickness between the ketamine addiction group and saline control group in rats

Index KET group SAL group P valve

Villus length of ileum (mm) 235.7 G 21.0 339.9 G 22.2 0.005

Colonic mucosal thickness (mm) 147.2 G 10.2 186.6 G 6.86 0.007

The data were analyzed by two sample t tests and shown as the mean G SD. KET, ketamine; SAL, saline.
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Figure 5. Heatmap of the correlation between horizontal flora abundance at the genus level and CPP score, hippocampal ALFF value, ileal villus length,

and colonic mucosal thickness

Spearman or Pearson correlation analysis: The X axis is the related index, and the Y axis is the genus-level flora. The R value (rank correlation) and the p value with

correction for false discovery rates are calculated. r values are shown in different colors in the figure, and the right legend is a color range of different r values.

*0.01 % p < 0.05, **0.001 % p < 0.01, ***p < 0.001, n = 7.
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Figure 6. Results of correlation analysis between hippocampal ALFF value and ileal villus length in ketamine addiction rats

(Pearson correlation analysis, r = �0.96, p < 0.01, n = 7).
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Conditioned place preference model

of ketamine addiction
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75% ethanol Nanchang Likang N/A
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Neutral resin Lisheng Q/YSQN41-91

Xylene Xunye Cat#1330-20-7

Critical commercial assays
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DNA Library Prep Kit for Illumina New England Biolabs Cat#E7370L

Deposited data

Metagenomic sequencing data This paper http://www.doi.org/10.17632/kpxxc62pyz.1

BOLD-fMRI data This paper Shared upon request by the lead contact

Histological staining techniques data This paper Shared upon request by the lead contact

Software and algorithms

MATLAB MathWorks https://matlab.p2hp.com/

SPM 12 University College Londo https://www.fil.ion.ucl.ac.uk/spm/

GRETNA Beijing Normal University https://www.nitrc.org/projects/gretna/

ITK-SNAP 3.8 PICSL https://www.itksnap.org/

Illumina NovaSeq Illumina https://www.illumina.com/

Kneaddata The Huttenhower Lab https://huttenhower.sph.harvard.edu/kneaddata/

Bowtie2 Johns Hopkins University http://bowtiebio.sourceforge.net/bowtie2/

Kraken2 CBCB https://ccb.jhu.edu/software/kraken2/

Image-Pro Plus 6.0 Media Cybernetics https://analytical-online.com/

Online platform of Wekemo Wekemo https://www.bioincloud.tech/

SPSS Statistics 26 IBM https://www.ibm.com/
EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Animals and groups

Healthy Sprague-Dawley (SD) rats (all males, aging 6–8 weeks and weighing 180�250 g) were obtained from the Laboratory Animal Center of

Shantou University Medical College. Rats were housed under controlled conditions with a humidity level of 60% G 5%, room temperature

maintained between 20�C and 24�C, a 12-h light-dark cycle, and group housing of 3–5 rats per cage with ad libitum access to food and water.

The rats were randomly divided into two groups: the katmine addiction group (KET group) and the saline control group (SAL group), each
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group consisting of 7 rats. All animal experimental procedures were conducted in compliancewith the Regulations of the People’s Republic of

China for the Administration of Laboratory Animals and followed the guidelines established by the Animal Experiment Ethics Committee of

Shantou University Medical College (No.SUMC2022-134).
Conditioned place preference addiction rat model

Ketamine used in this study was procured from the National Institutes for Food and Drug Control, and its use was approved by both the

Guangdong Drug Administration and ShantouMarket Supervision Administration. A 0.4 mg/mL solution of ketamine hydrochloride was pre-

pared to meet the experimental requirements.

To establish a rat model of ketamine addiction, the conditioned place preference (CPP) paradigm was employed, following the method-

ologies outlined by Rosen et al.51 On the first day, rats were allotted 15 min for environmental acclimatization, during which they freely

explored the three chambers of the apparatus. On the subsequent day, as part of the baseline preference assessment, rats received a

1 mL/kg saline injection via the tail vein and were allowed to explore for 15 min, while their time spent in each chamber was recorded. Cham-

bers displaying a significant preference were designated as the drug-paired chamber. Rats spending more than 80% of their total time in one

chamber were excluded from the study. Thereafter, on days 3, 5, 7, 9, and 11, rats were administered ketamine solution at a dose of 30 mg/kg

via the tail vein and placed in the drug-paired chamber for 45 min. On days 4, 6, 8, 10, and 12, rats received an equivalent volume of normal

saline and were placed in the non-drug-paired chamber for the same duration. Day 13 involved conducting conditioned preference tests us-

ing procedures similar to those of day 2. The CPP score was calculated as the time spent in the drug-paired chamber post-conditioningminus

the time spent in the drug-paired chamber during the baseline preference test.
METHOD DETAILS

MRI image acquisition, data preprocessing and analysis

Brain MRI images were collected after CPPmodels were established. The rats were anesthetised with 1.5–2% isoflurane mixed with oxygen at

a flow rate of 0.5–1 L/min and placed into the animal scaffold inside the volume coil of an Agilent 7.0-TMRI scanner. The brain was fixed with a

special surface coil designed for rats. Respiration and heart rates were monitored using an MRIcompatible small animal monitoring system

(SAII Technologies, Memphis, TN), and the structural and functional images of the rat brain were obtained. The location maps of the three

imaging planes were obtained during scanning. (1) The T2-weighted image as the structural phase using fast spin-echo (FSE) sequence with

the following parameters: repetition time (TR) = 3000 ms, echo time (TE) = 30 ms, repetitions = 1, field of view (FOV) = 38 3 38 mm2, matrix

size = 1283 128, slice thickness = 1mm, interslice gap = 0.1 mm, and 22 continuous slices (voxel size = 0.63 0.63 1mm3). (2) Spin echo-echo

planar imaging (SE-EPI) sequence was used to obtain the resting-state functional MRI images with the following parameters: TR = 3000 ms,

TE = 25.16ms, repetitions = 240, FOV= 383 38mm2,matrix size = 643 64, slice number = 24, slice thickness = 1mm, slice gap = 0.1mm, and

22 continuous slices (voxel size = 0.3 3 0.3 3 1 mm3).

Data preprocessing was performed with the Statistical Parametric Mapping 12 (SPM12) toolbox on the Matrix Laboratory(MATLAB) 2014b

platform. TheDigital Imaging andCommunications inMedicine (DICOM) imageswere converted intoNeuroimaging Informatics Technology

Initiative (NIfTI) format with dcm2nii toolkit and excluded the first 20 time points from further processing. The voxel size of the NIfTI images

were enlarged by 5 times using SPM12 software.Mean images from each rat were selected as reference files, and themeanmaps of all images

were computed to generate adaptive templates using the spmAnimalIHEP52 toolbox in SPM12. This adaptive template was subsequently

imported into ITK-SNAP 3.8 software to excise the skull portion and formulate a new adaptive brain template. We overlaid the brain adaptive

template onto the average image of rats, followed by alignment with the standard rat template (resampled to a 1.0 3 1.5 3 1.0 mm3 reso-

lution). Finally, the images were smoothed for further analysis by a full width at half maximum (FWHM) of a Gaussian kernel of 2 mm3, then

linear detrended and filtered within the frequency range of 0.01 Hz–0.08 Hz were conducted.

The amplitude of low-frequency fluctuation (ALFF) values were calculated with REST V1.8 based onMATLAB 2014b. Fast Fourier transform

was used to transform the time series of blood oxygen level signal of each voxel to the frequency domain. The power spectrum of each voxel

was acquired from the frequency band, and the averaged square root of the power spectrum in different frequency bands was defined as

ALFF value.
Metagenomic sequencing of rat feces

On the 2nd and 13th days of the CPP experiment (before and after model establishment), fresh fecal samples were collected from SD rats and

stored at �80�C. Subsequent metagenomic analysis was conducted by the Wekemo Tech Group Co., Ltd. Shenzhen China.

The Cetyltrimethylammonium Bromide (CTAB) method was employed to extract genomic DNA from 28 samples, followed by assessment

of DNA integrity, purity, and concentration, construction of a DNA library, and sequencing of the qualified library. Raw metagenomic data

from28 samples was generated using the IlluminaNovaSeq platform.Due to a certain proportion of low-quality sequencingdata beingmixed

in with the raw sequencing data, it is necessary to preprocess the raw sequencing data using Kneaddata software. In this process, the joint

sequences, low-quality sequences with default quality score threshold less than 20, and sequences with final length less than 50bp were

removed from the original data. Then use Bowtie2 software to align Clean Data to the host genome, filtering out sequences from the

host and obtaining valid sequences for subsequent analysis. The rationality and effectiveness of quality control are ultimately tested by

FastQC.53,54 Sample sequence reads were aligned against the NCBI NT nucleic acid database and RefSeq whole-genome database using
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Kraken2 and a custom-built microbial nucleic acid database. Relative abundance was predicted using Bracken. The sequences underwent

quality control and de-hosting using HUMAnN2 software before comparison against the UniRef90 protein database using DIAMOND to

obtain corresponding annotation information and a relative abundance table.55–58 Subsequently, principal coordinate analysis (PCoA) and

linear discriminant analysis effect size (LEfSe) were performed based on the species abundance table and functional abundance table.
Sampling and HE staining of hippocampal and intestinal tissues

After induction of isoflurane anesthesia, rats were euthanized via cervical dislocation. Whole brains were carefully dissected, with particular

attention to hippocampal removal, which was subsequently preserved in a paraformaldehyde solution. Upon exposure of the abdominal cav-

ity, small portions of both ileum and colon were excised, rinsed thoroughly with PBS or normal saline, and then stored in a 4% paraformal-

dehyde solution. After an 8-hour fixation period, hippocampal, ileal, and colonic tissues were rinsed thoroughly with running water. Tissues

were dehydrated using alcohol, cleared with xylene, and embedded in wax. The wax blocks were sectioned, deparaffinized with xylene, re-

hydrated with alcohol, stained with hematoxylin and eosin, and finally air-dried and sealed.

The morphology of hippocampal neurons, length of jejunum villi, and thickness of the colonic mucous layer were captured using a 3DHIS-

TECH digital section scanning system or a fluorescence microscope with camera function under 203 and 103 magnification, respectively.

Intestinal morphological parameters were observed and measured using Image-Pro Plus 6.0 microscopic image analysis software.
QUANTIFICATION AND STATISTICAL ANALYSIS

The Mann-Whitney (U) rank sum test was used to analyze the CPP score using IBM SPSS Statistics 26 statistical software. Two independent

sample T-tests were employed to assess the length of ileal villi and the thickness of colonic mucosa. The intergroup ALFF values were eval-

uated with two independent-sample t test ( P < 0.005, cluster size > 20). Principal coordinates analysis (PCoA) was used to analyze the compo-

sition of the intestinal microbial community, and linear discriminant analysis effect size (LEfSe) was applied to identify characteristic microor-

ganisms in each group. Correlation analysis of these indicators was performed using either the online platform of Wekemo company or IBM

SPSS Statistics 26, followed by the creation of a correlation heatmap. The data were presented as MeanG Standard Deviation (SD). P < 0.05

was considered statistically significant.
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