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Abstract

Patients with inflammatory bowel disease (IBD) are particularly susceptible to behavioral
diagnoses, and the microbiome has been repeatedly implicated in the pathogenesis of IBD. The
intestinal microbiome’s ability to affect behavior has become increasingly recognized and studied.
The so-called ‘psychobiome’ has been linked to a plethora of neurological and psychological
diagnoses, including autism and Parkinson’s disease. Despite the ability of many bacterial

species within the human intestinal microbiome to synthesize neurotransmitters, it has never

been previously reported that a single bacterial species is sufficient to induce depression. Here,
we demonstrate that our mouse model of Crohn’s disease (CD)-like ileitis, the SAMP1/YitFc
(SAMP1), does not exhibit baseline behavioral abnormalities. By comparison, SAMP6 mice
develop depressive-like behavior that is associated with a rise in the GABA-producing bacterial
genus Parabacteroides. We finally demonstrate that administration of Parabacteroides distasonis
into our SAMP1 mice induces depressive-like behavior. Colonization with P, distasonis was not
associated with increased intestinal inflammation or alterations in other measures of behavior. The
intestinal environment of CD may be particularly conducive to colonization with P distasonis and
subsequent induction of depressive-like behavior. To our knowledge, this is the first report of a
bacterial species specifically inducing depressive-like behavior.
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1. Introduction

Inflammatory bowel disease (IBD) is a debilitating intestinal disorder that is categorized into
two broad classifications: Crohn’s disease (CD) and ulcerative colitis (UC). Patients with
IBD exhibit approximately a six times greater rate of developing major depressive disorder
(MDD) when compared to the general population, which exceeds the rates reported in other
chronic disorders, such as cancer (Kochar et al., 2017; Patten et al., 2005).

The intestinal microbiome is a key factor in the pathogenesis of IBD. The ability of the
microbiome to influence host behavior as a part of the bi-directional ‘microbiome-gut-brain
axis’ or ‘psychobiome’ has only recently been appreciated (Bravo et al., 2011; Collins
etal., 2012; De Palma et al., 2017). To our knowledge, it has never been previously
reported that a single bacterial species is sufficient to induce depression. The bacterial
genus Parabacteroides has been identified in some non-IBD patients with MDD, and has
also been shown to produce gamma-aminobutyric acid (GABA) (Barandouzi et al., 2020;
Strandwitz, 2018; Strandwitz et al., 2018; Valles-Colomer et al., 2019). Interestingly, the
species Parabacteroides distasonis has also been identified in two environmental niches
specific to CD: cavernous fistulae and creeping mesenteric fat (Ha et al., 2020; Rodriguez-
Palacios et al., 2015; Yang et al., 2019).

Here, we use the SAMP1/YitFc (SAMP1) mouse model of CD-like ileitis. The SAMP1
mouse is an extensively characterized congenic mouse model that develops spontaneous
ileitis in a predictable time course (Pizarro et al., 2011). Despite extensive characterization
of the inflammatory profile, prior to this study, no behavioral characterization was
previously documented for the SAMP1.

Here, we demonstrate that despite profound intestinal inflammation, SAMP1 mice do not
exhibit behavioral aberrancies. The SAMP6 mouse, which initially served as a negative
control for depressive-like behavior at young age, surprisingly developed spontaneous
depressive phenotypes at 30 weeks, contrary to previous findings (Niimi and Takahashi,
2014). Onset of depressive-like behavior in our SAMP6 mice was associated with a
concurrent rise in the genus Parabacteroides. We show here that administration of 2
distasonis to naive specific pathogen-free (SPF) mice is sufficient to induce depressive-like
behavior in the SAMP1 ileitis model.

2. Materials and Methods

2.1. Animals

SAMPL/YitFc, AKR, and SAMP6 mice were maintained at Case Western Reserve
University and provided through core services supported by the Animal and Mouse Models
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Cores. Tissue was collected from euthanized mice and processed with Bouin’s fixative for
24 hours, then washed with 70% EtOH prior to paraffinization, sectioning, and staining.

2.3. Behavioral assays

Mouse behavior was assessed using standardized protocols detailed in supplemental
materials. Behavioral tests were conducted at the same time each day to remove circadian
variation, and tests were performed in the same order for each cohort.

2.4. Fecal microbiome homogenization and P. distasonis administration

2 weeks prior to initial gavage, fecal samples from all mice were collected and homogenized
with 1.0mm sterilized glass silica beads (BioSpec Products, Bartlesville, OK) in PBS

with 7% DMSO (Sigma-Aldrich, St. Louis, MQO). The homogenate was passed through
sterile gauze to remove large particulates and prevent blockage of the gavage needle. The
homogenate was then orally gavaged three times over the course of a week (10mL/kg). After
each gavage, mice were returned to a clean cage to prevent influence of soiled bedding
material and coprophagia (Rodriguez-Palacios et al., 2018). 200 uL A, distasonis was
administered in PBS with 5% DMSO at a concentration of 5x10% CFUs/mL. Propagation of
P, distasonisis detailed in supplemental.

2.5. Statistical Analysis

Data were analyzed using Prism 9.1 (GrapdPad software) and RStudio. Selection of
appropriate statistical tests was based on variance and underlying distribution and is
described in each figure legend. Statistical significance is indicated on graphs, with a p-value
< 0.05 considered significant. 16s data was analyzed using the Rhea pipeline (Lagkouvardos
etal., 2017) and visualized with R.

2.6 Rigor and reproducibility

Experiments were conducted at a minimum in duplicate and presented as unique data points.
Age and sex-matched littermates were used at all times. Behavioral assays were scored using
investigator-independent computer analysis and investigators were blinded to mice identities.
Histological samples were scored by blinded pathologists. Key biological resources, data,
and software used are available upon request.

3. Results and discussion

The SAMP1/YitFc (SAMP1) mouse develops spontaneous Crohn’s disease (CD) like ileitis.
SAMP1 and SAMP6 mice are derived from the parental AKR/J (AKR) mouse strain.

Unlike SAMP1, however, SAMPG is a model of senile osteoporosis. Despite a shared
genetic background, neither AKR nor SAMP6 mice develop ileitis or any other intestinal
inflammation (supplemental figure 1). The behavioral profiles of both SAMP6 and AKR
mice have been previously characterized. SAMP6 have been previous reported not to exhibit
depressive-like behavior, whereas AKR mice do (Niimi and Takahashi, 2014; Nikulina et al.,
1991). SAMP6 and AKR were therefore used as negative and positive controls, respectively,
for depressive-like behavior for the initial behavioral characterization of the SAMP1 mouse.
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To measure behavior over the natural course of disease, behavioral assays were performed
at 4 weeks (pre-disease), 10 weeks (acute inflammation), and 30 weeks (chronic
inflammation). Mice were not reused for different time points, and distinct assay-naive mice
were used for all behavioral experiments.

As expected, none of the experimental mouse groups exhibited anxiety-like behavior in
either the open field (OF) or elevated plus maze (Fig. 1a and 1b). No strain exhibited spatial
memory deficits during Y-maze (Fig. 1c). Similarly, we did not observe decreased locomotor
activity, measured by quantifying computer-defined line crossings during the OF assay, or
impaired motor coordination during the rota-rod test (Fig. 1d and 1e).

We used the tail suspension (TS) test as a measure of depressive-like behavior (Fig. 1f).

TS was chosen over the forced-swim test and the sucrose-preference test, other measures of
depressive-like behavior, to minimize effects that the assays would exert on the microbiome.
As expected, at all time points, AKR mice exhibited depressive-like behavior, and at 4 and
10 weeks, SAMP6 mice did not exhibit depressive-like behavior.

Interestingly, at 30 weeks, SAMP6 mice developed a spontaneous depressive phenotype
(Fig. 1f). This late onset of depressive-like behavior was in contrast to previous

reports where SAMP6 showed no signs of depressive-like behavior at any time points
measured (Niimi and Takahashi, 2014). Even with vigilant husbandry, the microbiome of
mouse strains can differ dramatically between institutions (Alegre, 2019). We therefore
hypothesized that these observed differences were likely due to environmental factors, such
as the microbiome.

To test the potential impact of the microbiome on depressive-like behavior, we performed
16s rRNA analysis of fecal samples. SAMP1 mice had decreased richness and evenness

as measured by Shannon (Fig. 2¢) and Simpson (Fig. 2d) diversity indices. Inflammatory
states are well recognized to be associated with diminished richness and evenness in the
microbiome (Basson et al., 2016; Boulangé et al., 2016). Principal component analysis
(PCA) of the overall composition of the microbiome demonstrated that the microbiomes

of the SAMP6 and AKR mice were largely similar when compared to that of the SAMP1
mice (Fig. 2b). This observation is consistent with our previous findings that show the
microbiome of SAMP1 mice is distinct and more often associated with inflammatory states
(Basson et al., 2019).

16s rRNA analysis of fecal samples also revealed that SAMP6 mice had an expansion of
the genus Parabacteroides at 30 weeks, which coincided with the onset of depressive-like
behavior (Fig 2a). 16s rRNA sequencing also revealed that Parabacteroides was present at
all time points in AKR mice, our positive control for depressive-like behavior. In SAMP1
mice, which did not exhibit depressive-like behavior, Parabacteroideswas increased at 10
weeks only. Importantly, the relative abundance of Parabacteroides observed in the 10-week
old SAMP1 mice was comparable to the abundance of Parabacteroidesin SAMP6 mice at
earlier time points (Fig 2d). Parabacteroides has been previously shown to be abundant in
patients with MDD (Jiang et al., 2015). In addition, the species Parabacteroides distasonis
has been identified in two intestinal niches specific to CD: cavernous fistulae and creeping
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mesenteric fat (Ha et al., 2020; Yang et al., 2019). Interestingly, £, distasonis is capable

of synthesizing GABA, a neurotransmitter known to influence the pathogenesis of MDD
(Luscher et al., 2011; Olson et al., 2018; Strandwitz et al., 2018). We therefore reasoned that
P, distasonis may be capable of inducing depressive-like behavior.

To determine if £ distasonis is sufficient to induce depressive-like behavior, we inoculated
SPF SAMP1 mice with Parabacteroides distasonis ATCC®8503™ via oral gavage. Mice
were gavaged with 108 CFUs of A distasonis versus sham (PBS + 5% DMSO) once

per week for 3 weeks (3 total gavages) after fecal homogenization. Behavioral analyses
were performed 4 weeks after the final inoculation (week 7) and tissue collection was
performed the following week (week 8). SAMP1 mice inoculated with £ distasonis did not
exhibit anxiety-like behavior, locomotor deficits, or spatial memory deficits (supplemental
figure 3a-e). However, administration of P distasonis did result in the development of
depressive-like behavior (Fig 3a). Importantly, intestinal inflammation was unchanged (Fig
3b) implying that the altered behavior was not due to chronic inflammatory illness or
‘sickness behavior’ (Holmes and Miller, 1963).

At all time points following inoculation, apart from Parabacteroides, bacterial genera

were largely equal between sham (Fig. 3c) and inoculated group (Fig 3d). As expected,
Parabacteroides was consistently elevated after inoculation in comparison with the sham
group (Fig 3e). Luminal GABA levels, measured from collected stool, was not significantly
elevated (supplemental figure 3f). However, given the lack of any other consistently

altered bacteria (supplemental figure 4) and the persistent elevation of Parabacteroides, it
seems more likely that the observed behavioral changes are a result of direct action from
Parabacteroides.

4. Conclusion

Here we have identified a candidate for microbially-induced depression in a mouse model
of CD-like ileitis. To our knowledge, this is the first demonstration of bacterially-induced
depression from a specific strain. Remarkably, despite profound inflammation, our mouse
model does not exhibit spontaneous anxiety or depressive-like behaviors. It is uncommon
to find an animal model of significant, persistent inflammation that does not result

in behavioral deficits. Given the well-established connection between inflammation and
psychological symptoms (Dantzer, 2009), these findings provide an important platform for
future studies into the mechanisms by which behavioral symptoms and inflammation are
related.

Our findings with P, distasonis are amplified by previous reports that £, distasonis
specifically colonizes two CD-specific intestinal niches: cavernous fistulae and ‘creeping
fat’. It has been reported that cavernous fistulae have a distinct microbiome, which
includes P, distasonis (Rodriguez-Palacios et al., 2015; Yang et al., 2019). ‘Creeping fat,’
a phenomenon only found in CD patients, also has a distinct microbiome that includes 2
distasonis. Importantly, 2 distasoniswas not identified in the adipose tissue of ulcerative
colitis patients. (Ha et al., 2020) Further corroborating our findings, previous work has
shown that Parabacteroides, and other GABA producing bacteria, are present in human
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patients with MDD (Barandouzi et al., 2020). While luminal GABA was not significantly
altered upon inoculation with £, diistasonis, it is still possible that the GABA from A2
distasonis communicates with the vagus nerve, instead of entering the lumen. Alternatively,
P, distasonis may induce depressive-like behavior through activation of Toll-like receptors
(TLRs) within the nervous system (Garate et al., 2011; Hines et al., 2013).

In conclusion we have identified a candidate for a microbially-induced depressive
phenotype. Given the presence of P, distasonis within two previously identified CD-specific
intestinal niches, as well as human MDD patients, we propose a model in which £~
distasonis opportunistically colonizes the intestinal niches of susceptible CD patients and
exerts depressogenic effects. The proposition that an antibiotic may one day treat patients
with MDD is an exciting one to consider.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

. SAMP1/YitFc, a model of Crohn’s disease, exhibits no behavioral
abnormalities at baseline.

. SAMP1/YitFc can be used for future studies of stress and inflammation.

. SAMP6 mice display depressive-like behavior by 30 weeks.

. Parabacteroides increases concurrently with depressive-like behavior in
SAMP6 mice.

. Parabacteroides distasonis administration induces depressive-like behavior in
SAMPL.
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Figure 1. SAMPG6, but not SAMPL, develop depressive-like behavior at later time points without
anxiety-like behavior, motor, or spatial memory deficits.

Anxiety-like behavior was measured using (a) open field and (b) elevated plus maze.

(c) Short-term spatial memory was measured by novel arm exploration in Y-Maze. (d)

Gross locomotor activity was measured using computer-defined line crossings during the
open field test. () Motor coordination was assessed by measuring fall latency during
rota-rod. (f) Depressive-like behavior was assessed by measuring immobility time during tail
suspension. Each time point is representative of individual mice and behavioral assays were
performed in a consistent order. Mice did not perform behavioral assays more than once.
Data compared with two-way ANOVA (strain and age as independent variables). Symbols
represent individual mice (n=30) from three technical replicates, bars indicate mean +

S.E.M. (n.s. p > 0.05, ****p < 0.0001).
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Figure 2. Depressive-like behavior in SAMP6 mice is associated with expansion of

Parabacteroides.

16s rRNA analysis of the fecal microbiome revealed some changes in the richness and
evenness of the samples as measured by the (a) Shannon and (b) Simpson diversity indices.
(c) Principal component analysis (PCA) of the fecal microbiomes over time. Principal
component 1 and 2 shown here accounting for ~39% of explained variance. (d) 16s
rRNA measured relative abundance of Parabacteroides. Pairwise Wilcoxon Rank Sum tests
performed to analyze data; bars indicate mean £ S.E.M. (*p < 0.05, **p < 0.01, and ****p <

0.0001).
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Figure 3. Inoculation with Parabacteroides distasonis induces depressive-like behavior in SAMP1
mice.

(a) Administration of P, distasonis did increase time immobile during tail suspension

(b) but did not worsen ileitis. Alluvial plot of 16s rRNA data for (c) sham and (d) 2.
distasonis gavaged groups reveals largely similar microbiomes. (e) Relative abundance

of Parabacteroides in sham versus inoculated group. Tail suspension was analyzed using
student’s t-test, histology was analyzed with Mann-Whitney test, and relative abundance was
measured using Wilcoxon Rank Sum test. Symbols represent individual mice (n=10) from
two technical replicates, bars indicate mean £ S.E.M. (n.s. p > 0.05, *p < 0.05, **p < 0.01,
***p< 0.001 and ****p < 0.0001).
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