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A B S T R A C T   

Inflammatory bowel diseases (IBD) are chronic inflammatory conditions of the gastrointestinal tract. IBD are 
associated with a high prevalence of cognitive, behavioural and emotional comorbidities, including anxiety and 
depression. The link between IBD and the development of behavioural comorbidities is poorly understood. As the 
intestinal microbiota profoundly influences host behaviour, we sought to determine whether the altered gut 
microbiota associated with intestinal inflammation contributes to the development of behavioural abnormalities. 
Using the dextran sulphate sodium (DSS) model of colitis, we characterized intestinal inflammation, behaviour 
(elevated plus maze and tail suspension test) and the composition of the microbiota in male mice. Cecal contents 
from colitic mice were transferred into germ-free (GF) or antibiotic (Abx)-treated mice, and behaviour was 
characterized in recipient mice. Gene expression was measured using qPCR. DSS colitis was characterized by a 
significant reduction in body weight and an increase in colonic inflammatory markers. These changes were 
accompanied by increased anxiety-like behaviour, an altered gut microbiota composition, and increased central 
Tnf expression. Transfer of the cecal matter from colitic mice induced similar behavioural changes in both GF and 
Abx-treated recipient mice, with no signs of colonic or neuroinflammation. Upon characterization of the 
microbiota in donor and recipient mice, specific taxa were found to be associated with behavioural changes, 
notably members of the Lachnospiraceae family. Behavioural abnormalities associated with intestinal inflam-
mation are transmissible via transfer of cecal matter, suggesting that alterations in the composition of the gut 
microbiota play a key role in driving behavioural changes in colitis.   

1. Introduction 

Patients with inflammatory bowel diseases (IBD) exhibit a high 
prevalence of cognitive, behavioural and emotional disorders when 

compared to the general population (Bernstein et al., 2019; Marrie et al., 
2017; Mikocka-Walus et al., 2016a). Characterized by chronic, unpre-
dictable, relapsing inflammation within specific regions of the gastro-
intestinal (GI) tract, IBD has been increasing worldwide (Ng et al., 2018) 
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and so has the number of people suffering from the behavioural 
comorbidities that accompany this condition. IBD profoundly impacts 
quality of life and the occurrence of these comorbidities worsens the 
burden of the disease (Mikocka-Walus et al., 2016b; Szigethy et al., 
2021). Among the comorbidities associated with IBD, anxiety and 
depression are among the most common (Bernstein et al., 2019; 
Mikocka-Walus et al., 2016a). In order to explain how cognitive, 
behavioural and emotional changes may be linked to inflammation in 
the GI tract, it has been proposed that neural, humoral and/or immune 
signals activate peripheral and central signalling pathways of the gut- 
brain axis (Carabotti et al., 2015; Collins, 2020). However, the mecha-
nisms underlying the altered signaling remain poorly understood. 

The intestine harbors an immense population of commensal bacteria, 
termed the gut microbiota, with an abundance reaching 1011 cfu/g in 
the distal colon (Donaldson et al., 2016). Over the past decade, a 
plethora of studies has suggested that the gut microbiota plays a 
fundamental role in host physiology, including modulating brain func-
tions and behaviour (Clarke et al., 2013; Cryan et al., 2019; Heijtz et al., 
2011). In both IBD and psychiatric conditions, such as major depressive 
disorder, alterations in the composition of the gut microbiota have been 
described (Halfvarson et al., 2017; Jiang et al., 2015; Ryan et al., 2020; 
Yang et al., 2020). Interestingly, transferring the microbiota from major 
depressive disorder patients into germ-free (GF)-recipient rodents has 
been shown to be sufficient to transfer some phenotypic aspects of the 
disease (Kelly et al., 2016; Zheng et al., 2016). Thus, it is apparent that 
the gut-brain axis is critically regulated by the gut microbiota, hence the 
concept of the microbiota-gut-brain axis (Cryan et al., 2019). 

While it is apparent that alterations in the microbiota-gut-brain axis 
contribute to changes in behaviour and potentially contribute to the 
pathogenesis of psychiatric disorders (Jang et al., 2021; Thomann et al., 
2020), it has yet to be determined whether inflammation-associated 
alterations in the intestinal microbiota directly contribute to the 
behavioural abnormalities. We hypothesized that intestinal inflamma-
tion induces changes in the microbiota that influences the onset of 
behavioural abnormalities. To test this hypothesis, we used a well- 
established preclinical model of colitis and assessed changes in behav-
iour and microbiota composition. Upon observing colitis-associated 
changes in behaviour, as we have reported previously (Nyuyki et al., 
2018), we determined if this effect was driven by changes in the intes-
tinal microbiota composition by: i) performing compositional analysis 
on the cecal contents from colitic and naïve mice, ii) transferring cecal 
contents from colitic mice into GF mice, iii) transferring cecal contents 
from colitic mice into antibiotic (Abx)-treated recipient mice, and iv) 
measuring the expression of proinflammatory and stress-related genes in 
the brain to identify pathways responsible for the behavioural 
abnormalities. 

2. Materials and methods 

2.1. Animals 

Specific-pathogen free (SPF) male C57Bl/6 mice (8–12 weeks of age) 
from Jackson Laboratories (Bar Harbor, ME, USA) were used in the 
colitis and Abx exposure experiments. Mice were randomized upon 
arrival and housed (n = 5/cage) in the animal facility at the University 
of Calgary at 22 ± 2◦C on a 12 h light–dark cycle. SPF mice were allowed 
to acclimatize for one week in the animal facility before any experiments 
were performed. Mice had free access to sterilized food and water. 
Germ-free male C57Bl/6 mice (6–9 weeks of age) were provided by the 
University of Calgary International Microbiome Centre (Mager et al., 
2020). Germ-free mice were housed under the same conditions as SPF 
mice after microbiota transplant (MT). All animal procedures were 
approved by the University of Calgary Health Sciences Animal Care 
Committee (#AC19-0124) and are in accordance with the guidelines 
established by the Canadian Council on Animal Care. 

2.2. Induction of gut inflammation 

Dextran sulphate sodium (DSS) was used as a colitogenic agent. DSS- 
induced colitis is a well-established method to study gut inflammation in 
mice (Chassaing et al., 2014). DSS (2.5% w/v; AAJ1448922, Thermo-
Fisher Scientific) was dissolved in sterilized water at the beginning of 
each experiment. Mice had free access to the bottles containing DSS 
solution for 5 days. After this period, mice were switched to regular 
autoclaved water for 2 days. On day 7, mice were used for behavioural 
tests and euthanized for further analyses. 

2.3. Assessment of colonic inflammation 

Assessment of colonic macroscopic damage score was performed 
according to a previous publication (Cluny et al., 2010) with minor 
modifications. Mice were euthanized with isoflurane overdose followed 
by cervical dislocation. The colon was removed and placed in dish for 
assessment of macroscopic damage score. Final score was built based on 
(i) body weight loss compared to day 0 (1 = 0–5%, 2 = 5.1–10%, 3 =
10.1–15%, 4 = >15%), (ii) colon length compared to control average (1 
= 75–85%, 2 = 65–74.9%, 3 = <65%), (iii) presence of erythema, fecal 
blood, diarrhea (1 = each positive), (iv) length of inflamed colon 
(inflamed percentage of total length), and (v) bowel thickness (in mm). 

Fecal lipocalin-2 (Lcn-2) concentration was measured as a non- 
invasive technique for assessing colonic inflammation. Elevated fecal 
Lcn-2 levels have been described in colitis, and thus considered a good 
marker of gut inflammation (Chassaing et al., 2012). Feces were 
collected on the last experimental day directly into a pre-weighed tube. 
Fecal weight was determined and samples were frozen in dry ice and 
stored at − 80◦C until further processing. Next, feces were dissolved in 
phosphate-buffered saline (PBS) containing 0.1% Tween 20 to a final 
concentration of 100 mg/mL. For optimal homogenization, samples 
were minced and vortexed at high speed for 20 min. After, tubes were 
centrifuged at 12,000 rpm for 10 min at 4◦C. Supernatant was collected 
and diluted in 1:10 in 1% BSA in PBS. Next, the Mouse Lcn-2 DuoSet 
ELISA kit (DY1857, R&D Systems) was used and the assay was carried 
out according to manufacturer’s instructions. Final concentration of 
Lcn-2 was determined using a standard curve. 

Gene expression of proinflammatory cytokines was assessed in the 
colon via qPCR. Colonic samples were collected after the macroscopic 
damage score were performed. A small piece of colon was removed, 
placed in a tube and fixed in dry ice immediately. Samples were stored at 
− 80◦C until further processing. All tools used were cleaned with RNase 
AWAY (ThermoFisher Scientific). RNA extraction was performed using 
QIAzol (Qiagen) and purified with the RNeasy Mini Kit (Qiagen) ac-
cording to the manufacturer’s instructions. Briefly, samples were 
initially digested in QIAzol and homogenized with stainless steel beads 
(Qiagen) for 5 min in 50 Hz (TissueLyser LT; Qiagen). Next, samples 
were mixed with chloroform and centrifuged (12,000 rpm for 15 min at 
4◦C). The upper, transparent phase was pipetted into new tubes, and 
submitted to the kit columns tubes for final RNA isolation. RNA con-
centration was determined using NanoDrop (ThermoFisher Scientific), 
and solutions containing 1 µg/ml of RNA were prepared for reverse 
transcriptase reactions. cDNA was generated using High-Capacity cDNA 
Reverse Transcription Kit (ThermoFisher Scientific) with RNaseOUT 
(ThermoFisher Scientific) according to manufacturer’s instructions. Due 
to the administration of normal drinking water for 2 days following DSS 
treatment, no additional steps were necessary to reduce the DSS inter-
ference with the amplification step. qPCR was performed using the 
TaqMan Fast Advanced Master Mix (ThermoFisher Scientific) with the 
following primers: Tnf (Mm00443258_m1; ThermoFisher Scientific), 
Il1b (Mm00434228_m1; ThermoFisher Scientific), and Il6 
(Mm00446190_m1; ThermoFisher Scientific). Gapdh (Mm99999915_g1; 
ThermoFisher Scientific) was used as reference gene. QuantStudio 3 
System (ThermoFisher Scientific) was used to run the qPCR plates. 
Comparative analyses were done using the delta-delta Ct method, with 
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results expressed in fold change over control. 

2.4. Microbiota transplant 

To perform MT in both GF and Abx-treated mice, we first generated a 
stock of microbiota from donor animals. A cohort of mice (n = 10/ 
group) was either treated with DSS (as described above) or left as con-
trols. On the experimental day, mice were euthanized with isoflurane 
overdose followed by cervical dislocation, and the ceca were removed. 
Cecal matter were pooled by group into a tube containing cold 20% 
glycerol in sterile PBS to a final concentration of 1 g/15 mL. Pooled 
samples were then vortexed and aqueous phase was aliquoted into 2 mL 
tubes, frozen in dry ice, and later stored at − 80◦C. At each MT gavage 
day, one aliquot per group was thawed and used once. 

To achieve microbiota transfer in GF mice, animals received one 
gavage (100 µL/mouse) at the beginning of the experiment under sterile 
conditions. After MT, mice were housed in sterilized IVC cages with 
ventilation of HEPA filtered air. Until the behavioural experiments, 
handling of the mice was done only by the experimenter, inside the 
biosafety cabinet, with the use of sterilized equipment. 

For MT in Abx-treated mice, first, mice were treated with Abx as 
described previously (Miller et al., 2019; Rakoff-Nahoum et al., 2004). 
Abx mix consisted of ampicillin (1 g/L; A9518, Sigma-Aldrich), 
neomycin (1 g/L; N1876, Sigma-Aldrich), vancomycin (0.5 g/L; 
94747, Sigma-Aldrich), and metronidazole (1 g/L; M3761, Sigma- 
Aldrich) diluted in autoclaved water. Mice received Abx treatment for 
14 days. Metronidazole was gradually added into the Abx mix solution 
to avoid massive body weight loss. Briefly, 0.25 g/L (25% of final con-
centration) of metronidazole was added starting on day 2; 0.50 g/L 
(50% of final concentration) was added at day 6; and 1.0 g/L (full 
concentration) was added at day 9. Abx solution was refilled every 
week. Control mice had regular, autoclaved water. After 14 days of 
treatment, Abx solution was exchanged for autoclaved water. After a 24 
h Abx washout period, mice were gavaged (200 µL/mouse) every other 
day with microbiota from donors. MT gavages were performed 4 times 
before any experimental test. 

2.5. Behavioural assessment 

The elevated plus maze (EPM) and the tail suspension test (TST) were 
used to assess animal behaviour. All behavioural tests were performed in 
the morning, from 7 am to 12 pm. On the experimental day, mice were 
brought to the behavioural room and allowed to rest and habituate for at 
least 2 h prior the test. All analyses were done by an experimenter 
blinded to the treatment groups. 

For the EPM test, mice were randomly selected and placed on the 
EPM apparatus. The apparatus consisted of a cross-shaped platform with 
an acrylic surface elevated 50 cm above the floor. The 4 arms were 
composed of two opposite open arms with no walls and two enclosed 
arms by a 20 cm wall, all connected to a central area of 7 × 7 cm. Each 
arm was 21.5 cm long and 7 cm wide. Light intensity was set to 70–75 
lux on the open arms and 15–20 lux on the closed arms. The recording 
camera was set above the apparatus. In each session, the animal was 
placed on the centre zone facing the open arm opposite to the experi-
menter and recorded for 5 min. At the end of the session, the subject 
mouse was returned to a new home cage. The apparatus was cleaned 
with 70% ethanol in between subject mouse. The TopScan software 
(CleverSys) was used for analyses of the recorded videos, assessing the 
animals’ time spent in the open and closed arms, and total locomotion 
through the maze. 

For the TST, mice were first prepared in a transport cage and had a 
plastic tube (2.5 cm long × 0.5 cm diameter) placed on their tail to 
prevent tail-climbing behaviour. An adhesive tape was then used to 
attach the animals to the horizontal bar of the apparatus. The adhesive 
tape used was 15 cm long and wrapped 2 cm of the tip of the mouse tail. 
The behavioural apparatus consisted of a box (30 × 26 × 60 cm) with an 

open front where the recording camera was positioned. The horizontal 
bar in which the animals were suspended was 50 cm high. Mouse 
behaviour was recorded for 6 min, and analysis of immobility time was 
assessed during the final 4 min of observation. Absence of escape- 
oriented behaviour (i.e., hanging passively, motionless) was consid-
ered immobility. Tail climbing was considered an exclusion criterion. 

2.6. Microbiota analyses 

Cecal matter were collected and frozen in dry ice for bacterial 
composition analyses via 16S rRNA sequencing. First, genomic DNA was 
extracted from the raw sample as described previously (Stearns et al., 
2015) with some modifications. Samples were transferred to screw-cap 
tubes containing 2.8 mm ceramic beads, 0.1 mm glass beads, guanidi-
nium thiocyanate EDTA N-lauroylsarkosine buffer and PBS, then bead 
beat and centrifuged. The supernatant was further cleaned up using the 
MagMAX Express 96-Deep Well Magnetic Particle Processor with the 
Multi-Sample kit (4413022; ThermoFisher Scientific). PCR was then 
used to amplify the v3 region of the 16S rRNA gene. The template was 
50 ng of purified DNA and the reaction was made up with 1 U of Taq, 1x 
buffer, 1.5 mM MgCl2, 0.4 mg/mL BSA, 0.2 mM dNTPs, and 5 pmoles 
each of 341F (CCTACGGGNGGCWGCAG) and 518R 
(ATTACCGCGGCTGCTGG) primers. The primers were adapted for Illu-
mina as described by Bartram et al. (2011). The thermocycler was set at 
94 ◦C for 5 min, 25 cycles of 94 ◦C for 30 s, 50 ◦C for 30 s and 72 ◦C for 
30 s, with a final extension of 72 ◦C for 10 min. Amplicons were visu-
alized on a 1.5% agarose gel and positive ones were normalized using 
the SequalPrep normalization kit (A1051001; ThermoFisher Scientific). 
Due to the administration of normal drinking water for 2 days following 
DSS treatment, no additional steps were necessary to reduce the DSS 
interference with the amplification step. Subsequently, amplicons were 
pooled and sequenced on the Illumina MiSeq platform at the McMaster 
Genomics Facility. 

Reads were processed using Cutadapt on the raw reads to filter and 
trim the adapter and PCR primer sequences with a minimum quality 
score of 30 and a minimum read length of 100 bp (Martin, 2011). 
DADA2 was used to determine sequence variants (Callahan et al., 2016). 
The trimmed reads were processed through DADA2 in batches per 
Illumina run. The resulting sequence variant tables were then merged, 
bimeras were removed and taxonomy was assigned using the SILVA 
database version 1.3.2. All sequences not assigned to Kingdom Bacteria 
or Archaea (potential host sequences), or lacking phylum assignment 
were removed. The remaining sequences were clustered at 99% identity 
using the DECIPHER package (Wright, 2016), applying the UPGMA 
method. Representative sequences were generated for each cluster using 
ambiguity codes where necessary, and taxonomy was re-assigned to the 
representative sequences using the assignTaxonomy function in DADA2. 
A count table based on these 99% identity clusters was used for all 
downstream analyses. Before filtering, 438 operational taxonomic units 
(OTUs) were found in 66 samples analyzed. A total of 6,370,332 reads 
were registered, with sample read depths ranging from 16,908 to 
180,911. Here again, any suspected host OTUs were removed as 
described above, plus all OTUs assigned to Family Mitochondria. Rela-
tive abundance values were calculated and all OTUs whose mean raw 
abundance across all samples was 10 or less were removed. After 
filtering, 6,339,510 reads were observed, with sample depths ranging 
from 16,757 to 180,321. 

For alpha diversity, we rarefied the samples to the minimum sample 
depth (16,757) before calculating Simpson’s diversity index. Principal 
coordinate analysis (PCoA) plots were based on Bray-Curtis distances 
calculated from relative abundances. The effect of group and treatment 
on community variability was tested with a PERMANOVA implemented 
in the adonis function in the vegan (Oksanen et al., 2019) package. 
Differential abundance between DSS and Control groups was tested 
using both the ANCOM package (Mandal et al., 2015) and DESeq2 (Love 
et al., 2014). 
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All microbiome data were analyzed in R (Development Core Team, 
2019). The phyloseq (McMurdie and Holmes, 2013), ggplot2 (Wickham, 
2016), and tidyverse (Wickham et al., 2019) packages were used for data 
organization and plotting. 

2.7. Gene expression measurements in brain samples 

After euthanasia, mice were perfused with ice-cold, sterile saline and 
the brain was extracted from the skull and placed in a cold petri dish. 
Hypothalamus, amygdala, and hippocampus were microdissected by a 
trained researcher and immediately fixed in dry ice. All tools used were 
cleaned with RNase AWAY (ThermoFisher Scientific) and samples were 
stored at − 80◦C until further processing. Samples were processed for 
qPCR similarly to colonic tissue, described above. Besides the above- 
mentioned primers for Tnf, Il1b, and Il6, additional primers used were: 
Nos2 (Mm00440502_m1; ThermoFisher Scientific), Crh 
(Mm04206019_m1; ThermoFisher Scientific), Crhr1 (Mm00432670_m1; 
ThermoFisher Scientific), Nr3c1 (Mm00433832_m1; ThermoFisher Sci-
entific), and Bdnf (Mm01334042_m1; ThermoFisher Scientific). Gapdh 
was used as the reference gene. Comparative analyses were done using 
the delta-delta Ct method, with results expressed in fold change over 
control. 

2.8. Fecal short-chain fatty acids (SCFA) measurement 

Fecal samples were collected directly into sterile tubes and stored at 
− 80◦C until sample processing. SCFA were measured as described pre-
viously (Bihan et al., 2019). In brief, SCFA were extracted (1:2 ratio wet 
sample weight [mg] to extraction solvent [μL]) from fecal samples with 
ice-cold extraction solvent (50% water/acetonitrile, v/v) spiked with 
stable isotope-labeled SCFA internal standards (IS) (acetic acid-1,2- 
13C2 (2 mM, final concentration), propionic acid-13C3 (0.5 mM, final 
concentration), butyric acid-1,2-13C2 (1 mM, final concentration), 
isobutyric-d7 acid (25 mM, final concentration), valeric-d9 acid (50 
mM, final concentration) and isovaleric-d9 acid (25 mM, final concen-
tration)), derivatized with N-(3-dimethylaminopropyl)-N’-ethyl-
carbodiimide hydrochloride and aniline, and then submitted to 
ultrahigh-performance liquid chromatography-mass spectrometry 
analysis (UHPLC-MS). The UHPLC-MS platform consisted of a Vanquish 
ultrahigh-performance liquid chromatography system coupled to a TSQ 
Quantum Access MAX triple quadrupole Mass Spectrometer (Thermo-
Fisher Scientific) equipped with an electrospray ionization probe. SCFAs 
were separated on a Hypersil GOLD TM C18 column (200 × 2.1 mm, 1.9 
μm; ThermoFisher Scientific) by using a binary solvent system composed 
of liquid chromatography-mass spectrometry grade water and meth-
anol, both containing 0.1% (%v/v) formic acid, and monitored with the 
mass spectrometer operating in positive ionization mode and selected 
reaction monitoring mode. Data analyses, on the converted mzXML files, 
were conducted in El-MAVEN (Agrawal et al., 2019), and the absolute 
quantification of native SCFA concentration was based on the 12C:IS 
signal intensity ratio and the respective IS concentration. 

2.9. Statistical analyses 

Shapiro Wilk and Kolmogorov-Smirnov tests were used to assess data 
normality. Student’s t test was used for analysis between two groups. 
Analyses of two variables were performed applying two-way ANOVA 
followed by Sidak’s multiple comparisons test. The specific statistical 
test and n number are described in every figure legend and the accom-
panying Table of Statistical Values (Supplementary Table 1). Complete 
statistical analysis done with DESeq2 is shown at Table of DESeq2 
output (Supplementary Table 2). p < 0.05 was considered statistically 
significant. Bar graphs and PCoA plots display biological replicates as 
individual dots. Statistical analyses were performed with GraphPad 
Prism 9 (GraphPad Software). 

3. Results 

3.1. Dextran sulphate sodium (DSS)-induced colitis is associated with 
changes in the composition of the intestinal microbiota, increased anxiety- 
like behaviour and increased Tnf in distinct brain regions 

To assess the effects of intestinal inflammation on the microbiota and 
behaviour, colitis was induced in adult mice by the administration of 
DSS (Fig. 1a). Body weight loss and higher colonic macroscopic damage 
scores were observed in DSS-treated mice compared to control mice 
(Fig. 1b, 1c). An increase in both fecal lipocalin-2 (Lcn-2) (Chassaing 
et al., 2012) and colonic proinflammatory gene expression (Tnf, Il1b, 
and Il6) confirmed the presence of intestinal inflammation in DSS- 
treated mice (Fig. 1d, 1e). There were no changes (p > 0.05) in the 
expression of the reference gene Gapdh between the experimental and 
control animals (data not shown). Evaluating the cecal microbiota via 
16S rRNA gene sequencing, we observed a shift in the composition 
associated with DSS treatment through analysis of β-diversity displayed 
using PCoA matrices (Fig. 1f). The PCoA matrices were generated based 
on all the microbiota analyses performed in the study to provide a ho-
listic representation of the data. Next, we assessed behaviour in colitic 
mice. As we have shown previously (Nyuyki et al., 2018), DSS-treated 
mice exhibited an increase in anxiety-like behaviour, as demonstrated 
by the reduced time spent and number of entries in the open arm in the 
EPM test (Fig. 1g). Moreover, a reduction in general locomotion was also 
observed in the DSS group in the EPM test (Fig. 1g). Although peripheral 
inflammation has been associated with changes in despair behaviour 
(Lopes et al., 2020; Takahashi et al., 2019), no alterations in immobility 
time were recorded on the TST (Fig. 1h). Together our data suggest 
colitis-induced changes in microbiota composition are associated with 
increased anxiety-like behaviour in mice. 

To determine the mechanism(s) by which colitis-associated changes 
in the microbial composition drive behavioural alterations, we assessed 
gene expression in distinct brain regions (e.g., hippocampus, hypothal-
amus, and amygdala) that are involved in the control of both anxiety- 
and depression-like behaviour (Cryan et al., 2019; Krishnan and Nestler, 
2008). As neuroinflammation is a known driver of behavioural alter-
ations (Walker et al., 2014), we first measured Tnf, Il1b, Il6, and Nos2 as 
markers of a proinflammatory milieu in the different brain regions 
(Fig. 1i). We observed a consistent increase in Tnf expression in the DSS- 
treated mice throughout the different brain regions analyzed (Fig. 1i). 
Although Tnf expression was elevated, no other alteration of proin-
flammatory markers were measured in the DSS-treated group, except an 
unexpected reduction in Nos2 expression (p = 0.06) in the hippocampus 
(Fig. 1i). 

3.2. Colitis-associated behaviours are transmissible via microbiota 
transfer (MT) into germ-free (GF) recipient mice 

To address whether the changes in the microbiota composition 
directly contribute to the behavioural abnormalities observed in colitis 
(Fig. 1), we collected cecal contents from DSS-treated and control mice 
(Fig. S1), which were defined as microbiota donors. The donor cecal 
contents were then administered to GF-recipient mice by oral gavage 
(Fig. 2a). Following a 3-weeks period of engraftment, we assessed 
behaviour by comparing the two groups (GF MT Control and GF MT 
DSS). Prior to assessing behaviour, we confirmed that the microbiota 
transfer did not alter any parameters of intestinal inflammation. Indeed, 
no clinical signs of colitis or measures of colonic inflammation were 
observed in either group, as evidenced by the absence of alterations in 
body weight or increased fecal Lcn-2 levels over the course of the 
experiment. While fecal Lcn-2 levels were reduced in the GF MT DSS 
group (Fig. 2d), neither group exhibited levels of Lcn-2 suggestive of an 
overt inflammatory state (Pulakazhi Venu et al., 2021). Furthermore, 
upon completion of behavioural studies, analysis of isolated colonic 
tissues revealed no changes in colonic macroscopic damage scores or the 
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expression of proinflammatory cytokines (Fig. 2b-e). The efficiency of 
microbiota transfer was confirmed by β-diversity analysis (Fig. 2f). In-
dividual recipient samples were grouped into two distinct clusters which 
were closely associated with their respective microbiota donor signa-
tures (Fig. 2f). Following confirmation of successful microbiota transfer 
and the absence of intestinal inflammation, we assessed behaviour. In 
the EPM test, GF mice receiving microbiota from mice with colitis, but 
not those administered cecal matter from control mice, presented with 
anxiety-like behaviour, as indicated by a reduction in the time spent in 
the open arm of the EPM (Fig. 2g). No differences in the number of open 
arm entries or locomotion were observed between groups (Fig. 2g). 
Interestingly, GF mice receiving microbiota from mice with colitis also 
exhibited significantly greater immobility times in the TST, suggesting 
the manifestation of despair behaviour (Fig. 2h). Unlike the naïve and 
DSS-treated donors, Tnf expression was not increased in any brain region 

assessed in the GF MT DSS group presenting with behavioural alter-
ations (Fig. 2i). However, GF MT DSS mice exhibited lower expression of 
Nos2 in the hippocampus and amygdala, and increased Il6 in the hip-
pocampus (Fig. 2i). Together our data suggest that colitis-associated 
behavioural changes are transmissible via microbiota transfer, and 
that inflammation-induced changes in the composition of the intestinal 
microbiota likely contribute to behavioural abnormalities. 

3.3. Colitis-associated behaviours are transmissible via MT into antibiotic 
(Abx)-treated recipient mice 

Because GF mice have an immature immune system (Honda and 
Littman, 2016), we next evaluated the effects of the transfer of the 
colitis-associated microbiota into Abx-treated recipient mice in order to 
further support the transmissibility of the behavioural abnormalities. 

Fig. 1. Dextran sulfate sodium (DSS) administration induces colonic inflammation accompanied by a shift in the microbiota composition, increased 
anxiety-like behaviour, and elevated Tnf expression in the brain. (a) Experimental design. Mice were administered DSS (2.5% w/v) in their drinking water for 5 
days followed by 2 days of regular water (DSS group). The control group received regular water throughout the experiment. All experiments and sample harvesting 
were done on day 7. (b) Daily body weight variation (two-way ANOVA followed by Sidak’s multiple comparisons test). (c) Colonic macroscopic damage score. (d) 
Levels of lipocalin-2 (Lcn-2) in the feces. (e) Gene expression of pro-inflammatory cytokines in the colon. (f) Principal coordinate analysis (PCoA) displaying gut 
bacteria composition (16S rRNA gene sequencing) based on Bray-Curtis dissimilarity metric. Each dot represents the bacterial composition from the cecal matter of 
one biological replicate. The three main axes that explain the major variations are shown with the percentage of variation for each axis. Individual gray dots represent 
data from other experiments that were also considered when generating the PCoA matrix (see Materials and methods for details). PERMANOVA: p < 0.001 
considering Control vs DSS. (g) Anxiety-like behaviour as measured by the elevated plus maze test (EPM). (h) Immobility time measured during the tail suspension 
test (TST). (i) Gene expression of pro-inflammatory mediators in the hippocampus, hypothalamus, and amygdala. Data are expressed as mean ± SEM. All statistical 
values are shown in the Supplementary Table of Statistical Values. Gapdh was used as reference gene in all gene expression analyses and was verified to be unchanged 
between experimental and control datasets. (b-d, f-h) n = 8–10; (e, i) n = 3–5. *p < 0.05, **p < 0.01, ***p < 0.001; Student’s t test unless otherwise stated. Tnf: 
tumor necrosis factor; Il1b: interleukin 1β; Il6: interleukin 6; Nos2: inducible nitric oxide synthase (iNOS). 
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Mice were treated with Abx and subsequently administered cecal 
microbiota from DSS-treated or control mice (Fig. 3a). As in our previous 
experiments, microbiota transfer did not elicit any changes in body 
weight (Fig. 3b), nor did it trigger any detectable colonic inflammation 
(Fig. 3c-e). Microbial transfer efficiency was confirmed by β-diversity 
analysis, wherein each recipient group clustered separately from each 
other, and with close proximity to its respective donor (Fig. 3f). 
Behavioural testing revealed that Abx-treated mice receiving cecal 
matter from colitic mice presented with anxiety-like behaviour, as 
indicated by less time spent and reduced entries in the open arm of the 
EPM, and also lower mobility throughout the test (Fig. 3g). Additionally, 
mice receiving colitic microbiota presented with increased despair 
behaviour, as indicated by greater immobility time in the TST (Fig. 3h). 

Interestingly, Abx MT DSS mice did not exhibit any changes in inflam-
matory gene expression in any brain region assessed (Fig. 3i), despite 
presenting with robust behavioural abnormalities. These data also 
strongly suggest that colitis-induced alterations in the composition of 
the microbiota contribute to generation of behavioural abnormalities. 

3.4. The transmissibility of colitis-associated behavioural abnormalities 
are not associated with changes in stress- and neuroplasticity-associated 
gene expression 

Since we did not observe a strong inflammatory signature in the 
recipient animals, which suggests that neuroinflammation is not the 
driver of the transmissible behavioural abnormalities, we next tested 

Fig. 2. Transfer of colitis-associated microbiota into germ-free (GF) recipient mice induces anxiety-like and despair behaviour in the absence of colonic or 
brain inflammation. (a) Experimental design. Microbiota transplant (MT) was performed in GF mice with either microbiota derived from control (GF MT Control 
group) or DSS-treated mice (GF MT DSS group). Donor microbiota was collected from cecal matter and transferred into recipient mice via gavage. Gavage was 
performed on day 0 and behaviour experiments and tissue harvesting were done on days 22 and 23. (b) Weekly body weight variation (two-way ANOVA test). (c) 
Colonic macroscopic damage score. (d) Levels of lipocalin-2 (Lcn-2) in the feces. (e) Gene expression of pro-inflammatory cytokines in the colon. (f) Principal 
coordinate analysis (PCoA) displaying gut bacteria composition (16S rRNA gene sequencing) based on Bray-Curtis dissimilarity metric. Each dot represents the 
bacterial composition from the cecal matter of one biological replicate. The three main axes that explain the major variations are shown with the percentage of 
variation for each axis. Individual gray dots represent data from other experiments that were also considered when generating the PCoA matrix (see Materials and 
methods for details). PERMANOVA: p < 0.001 considering GF MT Control vs GF MT DSS. (g) Anxiety-like behaviour assessment as measured by the elevated plus 
maze test (EPM). (h) Immobility time measured during the tail suspension test (TST). (i) Gene expression of pro-inflammatory mediators in the hippocampus, 
hypothalamus, and amygdala. Data are expressed as mean ± SEM. All statistical values are shown in the Supplementary Table of Statistical Values. Gapdh was used as 
reference gene in all gene expression analyses and was verified to be unchanged between experimental and control datasets. (b, d) n = 8–10; (c, e, i) n = 5; (f-h) n =
15–20. *p < 0.05, **p < 0.01; Student’s t test unless otherwise stated. Tnf: tumor necrosis factor; Il1b: interleukin 1β; Il6: interleukin 6; Nos2: inducible nitric oxide 
synthase (iNOS). 
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whether genes related to stress responses (e.g., corticotropin-releasing 
hormone [Crh], corticotropin-releasing hormone receptor 1 [Crhr1], 
and glucocorticoid receptor [Nr3c1]) were altered in colitic animals or 
recipients of microbiota transfer (Fig. 4). The stress response has a major 
influence on anxiety and depression incidence (Krishnan and Nestler, 
2008). DSS-treated mice had minor changes in stress response-related 
genes, with lower levels of Crh expression in the hippocampus 
(Fig. 4a). Interestingly, GF MT DSS mice exhibited increased expression 
of Crh in the hypothalamus (Fig. 4b), which was not observed in the Abx 
MT DSS (Fig. 4c). Abx MT DSS mice displayed alterations in the 
expression of the Crhr1 and Nr3c1 in the amygdala (Fig. 4c). In addition, 
no signal of neuroplasticity, as measured by Bdnf expression (Lu et al., 
2013), was observed in any group in the brain regions analyzed (Fig. 4). 

3.5. DSS-induced colitis and MT leads to distinct intestinal microbiota 
signatures 

We next identified microbial community members that are associ-
ated with the transmissible behaviours. First, when comparing DSS- 
treated to control mice, ⍺-diversity analysis showed that intestinal 
inflammation was associated with a greater data dispersion and a 
reduction in the Simpson’s diversity index (Fig. S2a). However, this 
reduction in Simpson’s diversity was not maintained in GF and Abx- 
treated recipient mice, suggesting that the alterations in ⍺-diversity 
were driven by active intestinal inflammation, but likely do not 
contribute to the behavioural abnormalities. Next, we evaluated the 
distribution of the microbiota composition in a PCoA matrix based on 

Fig. 3. Colitis-associated microbiota induces anxiety-like and despair behaviour in antibiotic (Abx)-treated recipient mice with no associated colon-
icorbrain inflammation. (a) Experimental design. Microbiota transplant (MT) was performed in Abx-treated mice with either microbiota derived from control (Abx 
MT Control group) or DSS-treated mice (Abx MT DSS group). Donor microbiota was collected from cecal matter and transferred into recipient mice via gavage. First, 
recipient mice were treated with a cocktail of Abx as described in Materials and methods. Following 14 days of Abx treatment, bottles were swapped to regular water, 
and mice had 24 h of Abx washout period before the first MT gavage. Following, mice were gavaged every other day to a total of 4 MT gavage. Behaviour experiments 
and tissue harvesting were performed on days 22 and 23. (b) Body weight variation (two-way ANOVA test). (c) Colonic macroscopic damage score. (d) Levels of 
lipocalin-2 (Lcn-2) in the feces. (e) Gene expression of pro-inflammatory cytokines in the colon. (f) Principal coordinate analysis (PCoA) displaying gut bacteria 
composition (16S rRNA gene sequencing) based on Bray-Curtis dissimilarity metric. Each dot represents the bacterial composition from the cecal matter of one 
biological replicate. The three main axes that explain the major variations are shown with the percentage of variation for each axis. Individual gray dots represent 
data from other experiments that were also considered when generating the PCoA matrix (see Materials and methods for details). PERMANOVA: p < 0.05 considering 
Abx MT Control vs Abx MT DSS. (g) Anxiety-like behaviour assessment as measured by the elevated plus maze test (EPM). (h) Immobility time measured during the 
tail suspension test (TST). (i) Gene expression of pro-inflammatory mediators in the hippocampus, hypothalamus, and amygdala. Data are expressed as mean ± SEM. 
All statistical values are shown in the Supplementary Table of Statistical Values. Gapdh was used as reference gene in all gene expression analyses and was verified to 
be unchanged between experimental and control datasets. (b, d, g, h) n = 6–10; (c, e, f, i) n = 3–4. *p < 0.05, **p < 0.01; Student’s t test unless otherwise stated. Tnf: 
tumor necrosis factor; Il1b: interleukin 1β; Il6: interleukin 6; Nos2: inducible nitric oxide synthase (iNOS). 
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our analysis of β-diversity (Fig. 5a). We identified a main separation of 
two groups on the PCoA axis 1 (accounting for 31.54% of the variation), 
in which all recipient mice clustered separately from control and DSS- 
treated mice. Moreover, we observed that axis 2 and 3, accounting for 
17.33% and 15.65% of the variation respectively, clearly separate the 
data into control vs. DSS-treated, independent of the experiment (i.e., 
initial donor analysis, GF recipients, Abx-treated recipients). These data 
suggest that treatment (i.e., control vs. DSS) heavily influenced micro-
biota composition, and that microbiota engraftment after MT was effi-
cient and robust. While assessing specific taxa responsible for the 
observed differences in composition, we identified the most abundant 
alterations in Lachnospiraceae, Ruminococcaceae and Muribaculaceae 
(Fig. S2b). Further analysis of these taxa revealed changes in specific 
OTUs that were common to either all DSS (Fig. 5b) or recipient groups 
(Fig. 5c). Since alterations in the composition of the microbiota can 
change the metabolic landscape in the gut, we assessed the fecal con-
centration of short-chain fatty acids (SCFA) in the different groups 
(Fig. S3). We observed an increase in fecal levels of propionate and 
isovalerate in the DSS group when compared to Control mice, whilst 
levels of propionate were reduced, and levels of isovalerate were 
increased in the GF MT DSS as compared to its respective control. No 
changes were observed in the Abx MT groups. Thus, both intestinal 

inflammation and the subsequent microbiota transfer favour a micro-
biota signature that is likely responsible for the behavioural phenotypes 
observed, which may include species from the Lachnospiraceae, Rumi-
nococcaceae and Muribaculaceae taxa. 

4. Discussion 

The present findings demonstrate the importance of the gut micro-
biota as a driver of behavioural alterations in the context of intestinal 
inflammation. Here, we show that alterations in the composition of the 
intestinal microbiota induced by intestinal inflammation are sufficient 
to transmit behavioural abnormalities after MT into GF and Abx-treated 
recipient mice. While DSS-treated mice had markers of neuro-
inflammation, a known driver of behavioural changes, the mice that 
received colitic microbiota and subsequently presented with anxiety- 
like and despair behaviours had no evidence of inflammation within 
the three brain regions assessed. The behavioural changes were found to 
be associated with major shifts in bacteria taxa, namely the Lachno-
spiraceae, Ruminococcaceae and Muribaculaceae families. Combined, 
these data suggest that mechanisms other than neuroinflammation are 
driving the microbiota-associated behavioural changes in recipient 
mice. 

Fig. 4. Minor changes were observed in the expression of genes related to stress responses in dextran sulfate sodium (DSS)-treated mice and germ-free 
(GF) and antibiotic (Abx) recipient mice after microbiota transfer (MT). Expression of target genes linked to stress responses and neuroplasticity were measured 
by qPCR in the hippocampus, hypothalamus, and amygdala of (a) DSS-treated mice, and (b) GF and (c) Abx recipient mice after MT, and their respective controls. 
Data are expressed as mean ± SEM. All statistical values are shown in the Supplementary Table of Statistical Values. n = 4–5. *p < 0.05, **p < 0.01; Student’s t test. 
Crh: corticotropin-releasing hormone; Crhr1: corticotropin-releasing hormone receptor 1; Nr3c1: nuclear receptor subfamily 3, group C, member1 – glucocorticoid 
receptor (GR); Bdnf: brain-derived neurotrophic factor. 
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IBD have long been associated with increased incidence and preva-
lence of comorbidities, such as anxiety and depression (Marrie et al., 
2017; Mikocka-Walus et al., 2016a), but remarkably, these often go 
undiagnosed and are poorly treated (Bernstein, 2018). Due to the 
importance of these behavioural conditions in IBD patients (Bernstein 
et al., 2019), it is imperative to identify putative biological mechanisms 
driving the associated changes in behaviour. In the current study, we 
found that DSS-induced colitis drives changes in anxiety-like behaviour, 
results which are in agreement with previous reports (Bercik et al., 
2011b; Chen et al., 2015; Emge et al., 2016; Hassan et al., 2014; Nyuyki 
et al., 2018; Painsipp et al., 2011; Salvo et al., 2020). In addition to DSS- 
induced colitis, similar results have been described with different 
experimental models of intestinal inflammation, including models of 
infectious colitis (Bercik et al., 2010; Haj-Mirzaian et al., 2017). 
Therefore, rodent models of colitis are robust tools to identify mecha-
nisms by which intestinal inflammation modulates anxiety-related be-
haviours. Although the incidence of anxiety has been highly associated 
with depression (Lamers et al., 2011), we did not see an increase of 
despair behaviour in colitic mice, as measured by the immobility 
response in the TST. While these data appear contrary to some published 
reports (Haj-Mirzaian et al., 2017; Heydarpour et al., 2016; Reichmann 
et al., 2015; Takahashi et al., 2019), the field is rife with inconsistent 

findings. For example, reports using the TST and forced-swim test to 
quantify despair behaviour in mice present mixed results, with animals 
exhibiting no alteration in behaviour, or altered responses for either 
higher passive or active coping strategies (Haj-Mirzaian et al., 2017; 
Hassan et al., 2014; Heydarpour et al., 2016; Matisz et al., 2020; 
Painsipp et al., 2011; Reichmann et al., 2015; Takahashi et al., 2019). In 
contrast, in rat models of colitis, authors have consistently reported 
increased despair behaviour and anhedonia through the use of both 
forced-swim test and the sucrose preference test (Chen et al., 2015; 
Dempsey et al., 2019). Analyzing the combined body of literature, 
including our work, we suggest that a more comprehensive analysis of 
depression-like behaviour in mice is necessary for better conclusions, 
with future studies incorporating a combination of tests that each 
interrogate different behavioural traits (e.g., anhedonia, apathy, social 
aversion) (Planchez et al., 2019). As it stands, the data currently pub-
lished in the field are consistent and robust regarding measurements of 
anxiety-like behaviour, but still provide inconclusive results when 
considering the manifestation of depression-like behaviours in rodent 
models of intestinal inflammation. 

Previous reports have associated changes in brain physiology with 
peripheral inflammation arising from animal models of liver inflam-
mation, arthritis, colitis, lipopolysaccharide-induced endotoxemia, and 

Fig. 5. Colitis-associated microbiota clusters differently from control microbiota exhibiting major changes in the Lachnospiraceae family. (a) Principal 
coordinate analysis (PCoA) displaying gut bacteria composition (16S rRNA gene sequencing) based on Bray-Curtis dissimilarity metric. Each dot represents the 
bacterial composition from the cecal matter of one biological replicate. The three main axes that explain the major variations are shown with the percentage of 
variation for each axis. PERMANOVA: p < 0.001 considering treatment variation in all groups (except donors). (b) Relative abundance changes of specific OTU that 
trend similarly on the 3 different groups associated with colitic microbiota or (c) in recipient mice only. Two statistical methods were used to assess statistical 
significance, with DESeq analysis presented in purple and ANCOM analysis shown in blue. Data are expressed as box plots. Control and DSS groups: n = 8–10; GF MT 
Control and GF MT DSS groups: n = 15–20; Abx MT Control and Abx MT DSS groups: n = 3–4. All statistical values are shown in the Supplementary Table of 
Statistical Values and Table of DESeq2 output. 
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viral infections (Blank et al., 2016; D’Mello et al., 2013; D’Mello et al., 
2015; Lopes et al., 2020; O’Connor et al., 2009; Riazi et al., 2015; Süß 
et al., 2020). Several mechanisms have been proposed to explain how 
peripheral inflammation affects the central nervous system (Bercik 
et al., 2011b; Blank et al., 2016; Chen et al., 2015; D’Mello et al., 2013; 
Süß et al., 2020), with many associated with induction of neuro-
inflammation, and its consequent neuroplastic effects. As peripheral 
inflammation is known to affect brain regions differently (Süß et al., 
2020), we measured the expression of proinflammatory markers in 
different brain regions associated with the neurobiology of anxiety and 
depression (Calhoon and Tye, 2015; Krishnan and Nestler, 2008). In 
models of peripheral inflammation induced by lipopolysaccharide, 
levels of Tnf, Il1b, and Il6 are elevated, indicating a robust, classic 
neuroinflammatory response (Henry et al., 2008; O’Connor et al., 2009). 
We found elevated levels of Tnf expression in the hippocampus, hypo-
thalamus, and amygdala in our DSS-treated mice. Others have also 
associated colitis with increased levels of TNF in specific brain regions, 
including the hippocampus and cortex (Haj-Mirzaian et al., 2017; Han 
et al., 2018; Heydarpour et al., 2016; Riazi et al., 2008; Sroor et al., 
2019; Takahashi et al., 2019). Moreover, elevated brain TNF has also 
been strongly correlated with other models of peripheral inflammation 
(e.g., arthritis models) (Lopes et al., 2020; Süß et al., 2020). Interest-
ingly, DSS-induced increases in TNF expression in the brain have also 
been correlated with iNOS function (Heydarpour et al., 2016). In our 
experiments, we did not observe any changes in Nos2 expression in 
colitic mice, thus we did not replicate the previously reported positive 
correlation between Tnf and Nos2 expression. Moreover, although our 
data clearly demonstrate increased Tnf expression, we saw no changes in 
Il6 or Il1b transcripts. While IL-6 has been reported to be elevated in the 
hippocampus and cortex in the context of colitis in other reports 
(Dempsey et al., 2019; Haj-Mirzaian et al., 2017; Han et al., 2018; 
Takahashi et al., 2019), the lack of Il1b gene induction in our study is in 
agreement with previous reports (Dempsey et al., 2019; Haj-Mirzaian 
et al., 2017; Han et al., 2018; Riazi et al., 2008; Sroor et al., 2019; 
Takahashi et al., 2019). 

While it is clear that the behavioural alterations induced by colonic 
inflammation are accompanied by an increase in central expression of 
Tnf, the transmissibility of the behavioural alterations was not associ-
ated with any increases in colonic or central inflammation. This suggests 
that different mechanisms are driving the behavioural abnormalities 
observed in the recipients of the colitis-associated microbiota. As stress 
responses are tightly regulated by microbiota and deemed fundamental 
in the onset of psychiatric conditions (Dean and Keshavan, 2017; 
Krishnan and Nestler, 2008; Sudo et al., 2004), we measured the 
expression of stress-related genes in different brain regions in our mice. 
GF rodents are known to have an unbalanced stress response (Clarke 
et al., 2013; Crumeyrolle-Arias et al., 2014; Sudo et al., 2004). We 
observed that GF mice, but not Abx-treated recipients of the colitis- 
associated microbiota exhibited increased Crh expression in the hypo-
thalamus. Elevated corticotropin-releasing hormone (CRH) expression 
by hypothalamic neurons has been associated with behavioural abnor-
malities, including in psychiatric conditions such as major depressive 
disorder (Füzesi et al., 2016; Krishnan and Nestler, 2008; Zhu et al., 
2014). Moreover, other models of microbiota manipulation have been 
shown to modulate hypothalamic CRH expression (Ait-Belgnaoui et al., 
2012; Crumeyrolle-Arias et al., 2014). Thus, a colitis-associated micro-
biota regulates Crh expression in GF recipients in the absence of intes-
tinal inflammation. However, as alluded to above, Crh expression was 
not altered in Abx-treated recipients that also presented with behav-
ioural changes, suggesting additional mechanism(s) are responsible for 
the transmissible phenotype. 

There is considerable growing interest in developing therapeutic 
approaches to target the intestinal microbiota for a variety of health- 
related conditions, including psychiatric disorders (Messaoudi et al., 
2011; Pinto-Sanchez et al., 2017; Su et al., 2020; Tillisch et al., 2013). 
The search for the potential psychobiotics (i.e., a live organism that, 

when ingested in adequate amounts, produces a health benefit in pa-
tients suffering from psychiatric illness (Dinan et al., 2013)) is funda-
mental for the development of microbiota-based treatment strategies. 
Therefore, providing causative links between inflammation-associated 
changes in the composition of the intestinal microbiota and changes in 
brain function support the rationale for future clinical studies investi-
gating the efficacy of psychobiotics for alleviating psychiatric comor-
bidities in IBD patients. It is well established that IBD is associated with 
changes in the intestinal microbiota composition (Halfvarson et al., 
2017; Ryan et al., 2020). Furthermore, MT has been shown to transfer 
the behavioural signatures of the donor to recipients (Bercik et al., 
2011a). Our findings clearly demonstrated that the alterations in the 
composition of the intestinal microbiota induced during acute DSS- 
induced colitis are sufficient to drive behavioural changes when trans-
ferred to GF mice. Since GF mice exhibit abnormalities in brain devel-
opment and alterations in immune system function, it was imperative 
that we validated the transmissibility of the behavioural abnormalities 
in another system. As such, we performed experiments where we 
transferred the colitis-associated microbiota into Abx-treated mice. In 
these studies, we observed the same induction of anxiety-like and 
despair behaviours as observed in GF recipients. Interestingly, a differ-
ence in baseline behaviour was observed when comparing the Control 
groups among the different methodological approaches. For instance, 
Control mice exhibited an average of 23.4% of open arm time in the EPM 
test (Fig. 1g), whereas GF MT Control spent more time (38.5%; Fig. 2g) 
and the Abx MT Control spent less time (7.7%; Fig. 3g). Other studies 
have demonstrated the reduced anxiety-like behaviour in GF mice, 
which is linked to their impaired neurodevelopment (Heijtz et al., 2011; 
Vuong et al., 2020). In contrast, we posit that the Abx-treated mice had a 
lower baseline behaviour as a consequence of the stress induced by 
receiving multiple oral gavage administrations, as stress has been shown 
to potentiate the anxiety-like phenotype (Gacias et al., 2016; Li et al., 
2019). Despite these differences in the baseline behaviours of the control 
groups, we clearly observed the impaired anxiety-like behaviour 
phenotype derived from the colitis-associated microbiota. Remarkably, 
we also observed a reduction in locomotion is exhibited by DSS and Abx 
MT DSS mice, but not by the GF MT DSS mice. These data further sup-
port the presence of the increased anxiety-like behaviour, as reduction in 
locomotion can be associated with an overall sickness behaviour 
phenotype, whereas the reduction only in the specific parameter, such as 
open arm time, is suggestive of an increase in the approach-avoidance 
conflict, which is the main anxiety-like trait measured on the EPM test 
(Walf and Frye, 2007). Thus, the use of additional, redundant method-
ological strategies are important to demonstrate the reproducibility of 
the behavioural phenotype. 

Furthermore, we observed that both DSS-treated and colitis- 
associated microbiota recipients (both GF and Abx-treated mice) 
exhibited similar changes in major bacterial taxa including the Lach-
nospiraceae, Ruminococcaceae and Coriobacteriaceae families. Of note, 
changes in specific taxa from Lachnospiraceae and Muribaculaceae were 
only observed in GF or Abx-treated recipient mice administered colitis- 
associated cecal material. Interestingly, alterations in Lachnospiraceae 
and Ruminococcaceae have been associated with psychiatric conditions 
(Nikolova et al., 2021; Simpson et al., 2021) and GI disorders associated 
with psychiatric comorbidities (De Palma et al., 2017; Peter et al., 
2018). In preclinical studies, Gacias et al. suggested that behavioural 
abnormalities (anxiety- and depression-like behaviour) induced by mi-
crobial disturbances in mice are linked to the bacterial Lachnospiraceae 
and Ruminococcaceae families (Gacias et al., 2016). In clinical settings, 
De Palma and colleagues demonstrated the correlation between a genus 
belonging to the Lachnospiraceae family (Blautia) with gut and brain 
dysfunction in humans (De Palma et al., 2017). Additionally, in a recent 
meta-analysis evaluating the correlation of microbiota composition and 
psychiatric conditions, Nikolova et al. reported that changes in members 
of the Lachnospiraceae, Ruminococcaceae, and Coriobacteriaceae fam-
ilies are one of the strongest correlations with major depressive disorder 
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(Nikolova et al., 2021). The identification of a unique bacterium, or most 
likely, a consortium of bacteria within these taxa are particularly rele-
vant targets for future studies related to the gut-brain axis. 

Previous reports have shown that the microbiota impacts host 
metabolomics (Gacias et al., 2016; Vojinovic et al., 2019; Wikoff et al., 
2009; Yang et al., 2020) and that specific microbe-derived metabolites 
likely regulate behaviour (Chu et al., 2019). Moreover, it has been 
shown that IBD patients have a different fecal metabolomic profile, 
which correlates with their microbiota signature (Franzosa et al., 2019). 
Since SCFA have been implicated with multiple aspects of the gut-brain 
axis (Cryan et al., 2019), we hypothesized that alterations in SCFA levels 
may be involved in the behavioural changes induced by the colitis- 
associated microbiota. While others have reported that SCFA have a 
strong correlation with the modulation of brain function in animal 
models (Braniste et al., 2014; Erny et al., 2015), we did not observe a 
correlation between the behavioural groups in our datasets. Future 
studies specifically designed to characterize the impact of the observed 
microbial changes on additional metabolites may provide further insight 
into the mechanism(s) driving transmissibility of behaviour seen in our 
studies. 

In summary, we provide compelling evidence that inflammation- 
associated changes in the intestinal microbiota composition are suffi-
cient to induce behavioural abnormalities upon MT into GF- and Abx- 
treated male mice. As we appreciate the sex differences regarding 
microbiota composition and mouse behavioural responses (Markle et al., 
2013; Vicentini et al., 2021), we acknowledge that our study was limited 
because it lacks data in female mice. Although some reports suggest that 
psychiatric comorbidities in IBD patients are similar among males and 
females (Bernstein et al., 2019; Nahon et al., 2012), further studies are 
needed to better assess potentially relevant sex differences in 
microbiota-mediated behavioural changes. Experimental treatments 
targeting the intestinal microbiota have proven effective in different GI- 
related conditions associated with psychiatric conditions, both in ro-
dents and humans (Bercik et al., 2011b; Emge et al., 2016; Pinto- 
Sanchez et al., 2017). With increasing interest in identifying novel 
treatments focused on manipulating the microbiota (Valencia et al., 
2017), our work provides strong support for continued efforts to identify 
the key causative mechanism(s) that link the microbiota to behavioural 
comorbidities of IBD that will ultimately aid in the development of 
rational therapeutic approaches harnessing the power of the microbiota 
to achieve tangible improvements in patient quality of life. 
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