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Background/Aims: Although studies using conventional
animal models have shown that specific stressors cause irri-
table bowel syndrome (IBS), it is unclear whether depression
itself causes IBS. Our aim was to establish a rat model to
determine if depression itself promotes the onset of IBS and
to elucidate the role of gut microbiota in brain-gut axis patho-
genesis during coincident depression and IBS. Methods: Rat
models of depression were induced using our shuttle box
method of learned helplessness. Visceral hypersensitivity
was evaluated by colorectal distension (CRD) to diagnose
IBS. Gut microbiota compositions were analyzed using high-
throughput sequencing. In the subanalysis of rats without
depression-like symptoms, rats with posttraumatic stress
disorder (PTSD) were also examined. Results: The threshold
value of CRD in depressed rats was significantly lower than
that in control rats. Microbial community analysis of cecal mi-
crobiota showed that the relative abundance of Clostridiales
incertae sedis, the most prevalent microbe, was significantly
lower in depressed rats than in control rats. The distribution
pattern of the microbiota clearly differed between depressed
rats and control rats. Neither visceral hypersensitivity nor the
composition of gut microbiota was altered in rats with PTSD-
like phenotypes. Conclusions: Our rat model of depression is
useful for clarifying the effect of depression on IBS and sug-
gests that depression itself, rather than specific stressors,
promotes the onset of IBS. Further, we provided evidence
that various psychiatric diseases, viz., depression and PTSD,
are associated with unique gut microbiota profiles, which

could differentially affect the onset and progression of coinci-
dent IBS. (Gut Liver 2019;13:325-332)
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INTRODUCTION

Psychological stress is a major factor in health and well-being
that causes many psychiatric disorders, such as depression and
anxiety, which are associated with the development of some
gastrointestinal diseases, including irritable bowel syndrome
(IBS). It has been reported that individuals with a history of
depression are at high risk of developing IBS, and indeed, a
relatively large number of IBS patients have coincident depres-
sion."” Therefore, it has been suggested that psychological stress
might affect the brain-gut axis,” resulting in motility disorders
and hypersensitivity of the gastrointestinal tract. Although stud-
ies using conventional animal models have shown that specific
stressors cause IBS to develop, it is not clear whether depression
per se contributes to the development of IBS.

Recent reports have also shown that gut flora play a role in
pathogenesis in the brain-gut axis.” Recent high-throughput mi-
crobial community analyses of gut flora have shown that there
are significant differences in gut flora between normal subjects
and patients with IBS.* Therefore, some therapeutic attempts
have been made to treat patients with IBS using probiotics.”
Furthermore, depressed patients also have different gut flora
than normal subjects.’ These results suggest that there could be

Correspondence to: Kengo Tomita (https://orcid.org/0000-0003-2625-6445)" and Ryota Hokari (https://orcid.org/0000-0002-8511-2540)"
Division of Gastroenterology and Hepatology, Department of Internal Medicine, National Defense Medical College, 3-2 Namiki, Tokorozawa 359-

8513, Japan

Tel: +81-4-2995-1211 (ext. 2369), Fax: +81-4-2996-5201, E-mail: *kengo@ndmc.ac,jp and "ryota@ndmc.ac.jp
Received on June 28, 2018. Revised on August 26, 2018. Accepted on September 5, 2018. Published online February 12, 2019

PISSN 1976-2283 eISSN 2005-1212 https://doi.org/10.5009/gnl18296

@ This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/by-nc/4.0)
which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.



326 Gut and Liver, Vol. 13, No. 3, May 2019

some pathological correlations among gut flora, IBS, and de-
pression.

In the present study, we first aimed to establish a rat depres-
sion model to clarify whether depression itself promotes the on-
set of IBS, and, if so, to determine the pathological mechanism.
Second, we aimed to elucidate the role of gut flora in brain-gut
axis pathogenesis in coincident depression and IBS using high-
throughput microbial community analysis of gut flora in a rat
model of depression.

MATERIALS AND METHODS
1. Animals

Seven-week-old male Wistar rats (CLEA, Tokyo, Japan) were
used. The care and use of the laboratory animals were in ac-
cordance with the guidelines of the “Methods and welfare
considerations in behavioral research with animals: report of a
National Institutes of Health Workshop” published by the US
National Institutes of Health (Bethesda, MD, USA) and with the
guidelines of the animal facility at the National Defense Medi-
cal College (NDMC) in Japan. All experimental protocols were
approved by the Animal Research Committee of the NDMC (No.
15089). Rats were housed in plastic cages at a density of 3 per
cage and were maintained under a 12-hour light and dark cycle
at a temperature of 24°C and with 55% humidity. The rats were
fed standard laboratory chow (CLEA Japan, Tokyo, Japan), and
food and water were available ad libitum.

2. Establishment of a rat model of depression using the
shuttle box method

We used a shuttle box behavior analysis system as previously
described.”"" Seven-week-old male Wistar rats were used after
acclimation for 7 days. The rats were given 60 inescapable foot
shocks (current, 0.8 mA; duration, 15 seconds; intertrial interval
(ITI), 15+7.5 seconds) without any conditioned stimulus (CS) in
a dark shuttle box consisting of two compartments (Med Asso-
ciates, Inc., St. Albans, VT, USA). Two weeks later, the locomo-
tor activity of the rats was measured during a 5-minute adapta-
tion period to the surrounding environment.

Then, an avoidance/escape task (AET) procedure was repeated
80 times (standby time, 15+7.5 seconds) in the same shuttle box.
In the AET procedure, after 5 seconds of light stimulation as a
CS, rats were electrically shocked (current, 0.8 mA; maximum
duration, 15 seconds) until they passed through the central gate
into the next compartment of the box. As previously described,
the rats were then assessed for learned helplessness (LH),"*"
which is thought to be a depression-like behavior corresponding
to a rat model of depression. When the rats continued to allow
exposure to electric shock by not passing through the central
gate of the box in more than 10 out of 80 exposures, they were
diagnosed with LH. Among the rats not diagnosed with LH
(non-LH), some rats had both low activity (passing through the

central gate less than 10 times) during the adaptation period
and high activity (passing through the central gate more than
40 times) during the ITI and light stimulation (CS) periods. As
this behavior could be regarded as a bidirectional behavioral
pattern of activity and reactivity characteristic of posttraumatic
stress disorder (PTSD), these rats were diagnosed with PTSD as
previously described.”*'" Control group rats were not subjected
to foot shocks or the AET procedure.

3. Colorectal distension

Visceral hypersensitivity was evaluated using colorectal dis-
tension (CRD), as previously described." In brief, a 4-cm long
collapsible balloon was inserted 6 cm beyond the anus in each
rat under anesthesia. Then, each rat was placed in a small Lu-
cite cubicle (KN-325-A; Natsume Seisakusho Co., Ltd., Tokyo,
Japan) and acclimated in an awake state for 30 minutes. The
intraluminal pressure at which the abdominal muscles of the
rat started contracting after the balloon was gradually pressur-
ized was taken as the threshold CRD value. The procedure was
repeated five times, and the threshold CRD value was measured
by two observers blinded to the experimental conditions.

4. High-throughput sequencing of the gut microbiota

Fresh stool was taken from the cecum of each rat after CRD
evaluation and stored at -80°C. Bacterial DNA was extracted
from the stool samples using a QIAamp Stool Mini Kit (Qiagen,
Valencia, CA, USA) as previously described.” The V4 region of
16S rRNA was amplified using region-specific primers (forward:
515F, reverse: 806rcbc33~52) and TaKaRa Ex Taq® (Takara Bio
Inc., Osaka, Japan) as previously described.' The polymerase
chain reaction (PCR) amplicon was purified using a QIAquick
PCR Purification Kit (Qiagen) according to the manufacturer’s
instructions. Library quantification, normalization, and pool-
ing were performed according to the Sequencing Library qPCR
Quantification Guide (Illumina, San Diego, CA, USA). The size
and quality of the pooled libraries were ascertained using Mul-
tiNA (Shimadzu Corp., Kyoto, Japan). Following NaOH dena-
turation, the libraries were loaded into the MiSeq cartridge and
sequenced on a MiSeqlll instrument ([llumina) according to the
manufacturer’s instructions. The sequence data were analyzed
using the Quantitative Insights Into Microbial Ecology (QIIME)
tool."”

5. Statistical analyses

All data are displayed as the mean+standard error of the
mean (SEM). The CRD thresholds were analyzed using one-way
analysis of variance followed by the Tukey-Kramer post hoc
test. The relative abundances of cecal microbe groups were ana-
lyzed using the Kruskal-Wallis test followed by the Steel-Dwass
post hoc test. All analyses were performed using JMP Pro,
version 12.2.0 (SAS Institute Inc., Cary, NC, USA). Probability
values less than 0.05 were considered statistically significant.



Additionally, microbial diversity was analyzed with QIIME.

RESULTS
1. Visceral hypersensitivity is induced in rats with LH

The mean threshold CRD value for each rat was measured af-
ter the behavior test. The mean values were 29.07+1.07 mm Hg
in the control group, 21.42+1.57 mm Hg in the LH group, and
28.43+1.49 mm Hg in non-LH group. The value in the LH group
was significantly lower than that in the control group, whereas
there were no significant differences between the non-LH and
control groups (Fig. 1).

2. The composition of the gut microbiota is altered in rats
with LH

High-throughput microbial community analysis of the ce-
cal microbiota at the phylum level for each rat showed that the
relative abundance of Actinobacteria was significantly higher
in the LH group than in the control group (Fig. 2). We next per-
formed high-throughput microbial community analysis of the
cecal microbiota at the family level for each rat and identified
microbe families with relative abundances of 0.1% or greater
(Fig. 3). The relative abundances of Lactobacillaceae, Turicibac-
teraceae, Peptostreptococcaceae, and Bifidobacteriaceae were
significantly higher in the LH group than in the control group,
whereas that of Clostridiales incertae sedis was significantly
lower in the LH group than in the control group (Fig. 3). In ad-
dition, the relative abundance of S24-7 was significantly higher
in the non-LH group than in the control group, while that of
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Mogibacteriaceae was significantly lower in the non-LH group
than in the control group (Fig. 3). Furthermore, we identified
the rat cecal microbes with relative abundances of 0.1% or
greater at the genus level (Table 1). The relative abundances of
Lactobacillus, Turicibacter, Peptostreptococcaceae incertae sedis,
and Bifidobacterium were significantly higher in the LH group
than in the control group, whereas that of Clostridiales incertae
sedis was significantly lower in the LH group than in the con-
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Fig. 1. Visceral hypersensitivity is induced in rats with learned help-
lessness (LH). The mean threshold value of colorectal distension in
each rat (CON: 5 control rats subjected to neither foot shock nor the
avoidance/escape task procedure; LH: 5 rats diagnosed with LH; NLH:
10 rats diagnosed as not having LH) was measured after the behav-
ioral test. The mean threshold value was 29.07+1.07 mm Hg in the
control group, 21.42+1.57 mm Hg in the LH group, and 28.43+1.49
mm Hg in the NLH group. *p<0.05 vs control rats. p-values obtained
via one-way analysis of variance with Tukey post hoc test.
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Fig. 2. Comparison of gut microbiota composition at the phylum level in rats from each group. (A) Variation in gut microbiota composition in
the cecum at the phylum level in each rat (CON: 5 control rats subjected to neither foot shock nor the avoidance/escape task procedure; LH: 5
rats diagnosed with LH; NLH: 10 rats diagnosed as not having LH). (B) Relative abundance of gut microbiota composition in the cecum at the
phylum level in rats from each group. The relative abundance of Actinobacteria was significantly increased in the LH group compared to that in
the control group: 1.94%=+0.72% in the LH group, 1.22%2+0.32% in the NLH group, and 0.46%2+0.11% in the control group. The relative abun-
dance of Firmicutes was 92.78%=+1.46% in the LH group, 91.37%3+1.24% in the NLH group, and 94.79%:0.98% in the control group. The relative
abundance of Verrucomicrobia was 1.96%:+0.30% in the LH group, 2.85%:+0.49% in the NLH group, and 2.20%4+0.80% in the control group. The
relative abundance of Bacteroidetes was 2.67%=+0.72% in the LH group, 3.91%=+0.75% in the NLH group, and 2.06%:0.31% in the control group.
*p<0.05 vs control rats. p-values obtained via the Kruskal-Wallis test followed by the Steel-Dwass post hoc test.
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Fig. 3. Comparison of gut microbiota composition at the family level in rats from each group. (A) Variation in gut microbiota composition in the
cecum at the family level in each rat (CON: 5 control rats subjected to neither foot shock nor the avoidance/escape task procedure; LH: 5 rats di-
agnosed with learned helplessness (LH); NLH: 10 rats diagnosed as not having LH). (B) Relative abundance of gut microbiota composition in the
cecum at the family level in rats from each group. *p<0.05 vs control rats. p-values obtained via the Kruskal-Wallis test followed by the Steel-

Dwass post hoc test. 'p<0.05 vs. control rats.

trol group (Table 1). The relative abundance of S24-7 incertae
sedis was significantly higher in the non-LH group than in the
control group, while that of Mogibacteriaceae incertae sedis
was significantly lower in the non-LH group than in the control
group (Table 1).

3. The diversity of the gut microbiota is altered in rats with
LH

Next, we compared the o-diversity of the cecal microbiota
in each group by determining Shannon index values (Fig. 4).
The value in the LH group tended to be lower than those in the
other groups. However, there were no significant differences

in the values among the three groups (Fig. 4). Furthermore, we
analyzed the B-diversity of the cecal microbiota in each group
by performing principle coordinate analysis of the weighted
UniFrac distances of the 16S rRNA genes (Fig. 5). The analysis
showed that the distribution pattern of the values was clearly
different between the LH and control groups (Fig. 5).

4. Neither visceral hypersensitivity nor the composition of
the gut microbiota is altered in rats with PTSD

Thorough analysis of the behavior of the rats in the non-LH
group showed that some of the rats could be diagnosed with
PTSD. Therefore, we classified the non-LH group rats into a
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Table 1. Mean Relative Abundance of Major Cecal Microbiota (>0.1%) at the Genus Level

Genus con (o L (0 Ny KnskabWalls o sted-Duass
Clostridiales incertae sedis 29.6665+2.79 15.8018+1.24 20.7234+2.80 0.0407 CON vs LH 0.0326
Lachnospiraceae incertae sedis 17.0738+2.68 10.0771+1.15 13.7927+1.32 0.1014
Lactobacillus 10.8927+1.07 22.5036+2.20 13.4452+2.25 0.0167 CON vs LH 0.0326
Oscillospira 7.7237+1.20 3.2864+1.14 6.3002+1.02 0.0500
[Ruminococcus] 5.5351+0.77 5.0135+0.58 5.9964+0.48 0.7007
Coprococcus 5.1522+1.76 5.9013+1.53 6.0364+0.65 0.5761
Turicibacter 3.2801+0.54 9.5465+1.59 5.3737+0.96 0.0292 CON vs LH 0.0326
Ruminococcus 3.1728+0.21 4.2252+1.26 3.3148+0.32 0.8258
Peptostreptococcaceae incertae sedis 2.3304+0.20 4.5191+0.83 3.3783+0.50 0.0485 CON vs LH 0.0326
Akkermansia 2.1974+0.80 1.9639+0.30 2.8521+0.49 0.6031
Clostridium 2.1533+0.31 3.8920+0.74 4.1808+0.96 0.4089
Ruminococcaceae incertae sedis 1.7582+0.23 1.3899+0.31 1.6280+0.18 0.4909
Roseburia 1.6500+0.23 0.9156+0.33 1.4071+0.31 0.3253
SMB53 1.4993+0.25 3.2816+0.81 2.5161+0.37 0.1365
S24-7 incertae sedis 1.3917+0.20 1.9529+0.49 3.1707+0.69 0.0309 CON vs NLH 0.0446
[Mogibacteriaceae] incertae sedis 0.7687+0.10 0.4628+0.03 0.4052+0.04 0.0151 CON vs NLH 0.0230
Blautia 0.5414+0.26 0.6664+0.42 0.7713+0.36 0.8907
RF39 incertae sedis 0.3690+0.10 0.2143+0.09 0.1640+0.04 0.2683
Rikenellaceae incertae sedis 0.3055+0.10 0.1836+0.07 0.3499+0.14 0.6917
Butyricicoccus 0.2925+0.16 0.1359+0.07 0.2645+0.06 0.6878
Bacteroides 0.2730+0.07 0.2047+0.12 0.1410+0.04 0.1566
Bifidobacterium 0.2420+0.05 1.5455+0.71 0.9765+0.28 0.0500 CON vs LH 0.0326
Erysipelotrichaceae incertae sedis 0.2204+0.09 0.2157+0.14 0.1205+0.03 0.7579
Adlercreutzia 0.1956+0.09 0.3427+0.08 0.2090+0.05 0.2505
Clostridium 0.1533+0.07 0.0379+0.02 0.0516+0.02 0.4385
Clostridium 0.1147+0.03 0.0524+0.02 0.0835+0.02 0.2505
Clostridium 0.1021+0.03 0.0739+0.04 0.0691+0.01 0.6542
[Eubacterium] 0.1010+0.07 0.0435+0.04 0.0178+0.01 0.2421

Data are presented as mean+SEM. CON (n=5), LH (n=5), and NLH (n=10).
CON, control group; LH, learned helplessness group; NLH, non-LH group.

Kruskal-Wallis test followed by the Steel-Dwass post hoc test.

PTSD group and a non-PTSD group and compared these groups
using the same approach as for the LH comparisons. We ob-
served no significant differences in threshold CRD values among
the control, PTSD, and non-PTSD groups (Supplementary Fig.
1). There were also no significant differences in relative abun-
dances of microbes at the phylum level among the three groups
(Supplementary Fig. 2). High-throughput microbial community
analysis of the cecal microbiota at the family level in each rat
showed that the relative abundance of S24-7 was significantly
higher in the PTSD group than in the control group (Supple-
mentary Fig. 3). In addition, the relative abundance of Mogibac-
teriaceae was significantly lower in the non-PTSD group than in
the control group (Supplementary Fig. 3).

Furthermore, we identified the rat cecal microbes with relative
abundances of 0.1% or greater at the genus level (Supplemen-

tary Table 1). The relative abundance of $24-7 incertae sedis
was significantly higher in the PTSD group than in the control
group (Supplementary Table 1), and the relative abundance of
Mogibacteriaceae incertae sedis was significantly lower in the
non-PTSD group than in the control and PTSD groups (Supple-
mentary Table 1).

DISCUSSION

In the present study, we found that threshold CRD values
were significantly lower in LH group rats, which are thought to
model depression, than in control group rats. Visceral hyper-
sensitivity, which corresponds to low CRD values, is known to
be a hallmark of IBS."" Our results support those of previous
reports showing that individuals with a history of depression
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are at high risk of developing IBS."” In our study, after undergo-

ing the same stress, rats that did and did not develop depression
were examined and compared. We found that IBS significantly
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Fig. 4. The a-diversity of the gut microbiota in rats from each group.
o-Diversity of the cecal microbiota in each group (CON: 5 control
rats subjected to neither foot shock nor the avoidance/escape task
procedure; LH: 5 rats diagnosed with learned helplessness (LH); NLH:
10 rats diagnosed as not having LH), as indicated by the values of the
Shannon index. p-values obtained via one-way analysis of variance
with Tukey post hoc test.

co-occurred in rats that developed depression. The relationship
between depression and gut function has previously been evalu-
ated in some animal models. For example, Zhang et al.”® re-
ported greater contractile force of colonic strips in a depressive
rat model induced by chronic unpredictable mild stress than
in control rats. Furthermore, Park et al.”' showed that colonic
motor activity and the composition of the gut microbiota were
altered in a mouse model of depression induced by bilateral
olfactory bulbectomy. Our findings provide new animal model-
based evidence that depression itself, rather than specific stress-
ors, causes the onset of IBS.

In recent years, it has been reported that changes in intestinal
flora are involved in the onset of IBS.”” It has also been reported
that gut microbiome alterations can be important etiological
factors underlying depression.” Therefore, we performed high-
throughput microbial community analysis of the cecal microbi-
ota in our rat model. The present study showed that the relative
abundance of Clostridiales incertae sedis, the most prevalent
microbe group, was significantly lower in depressed rats than in
control rats. Recent reports have shown that the relative abun-
dance of Clostridiales incertae sedis in the gut microbiota is sig-
nificantly lower in chronic variable stress-induced rat models of
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depression than in control rats.”” Furthermore, a recent human
study showed that IBS symptom severity is negatively associ-
ated with enterotypes enriched with Clostridiales species.” These
results suggest that depression-induced decreases in Clostridiales
species may cause IBS.

The present study also showed that the relative abundances of
Lactobacillus, Turicibacter, Peptostreptococcaceae incertae sedis,
and Bifidobacterium were significantly higher in depressed rats
than in control rats. These results do not seem to be compat-
ible with those of a recent study showing that the colonization
of Lactobacillus and Bifidobacterium bacteria is significantly
lower in depressed patients than in control subjects.”*” Pinto-
Sanchez et al.”® also reported that a probiotic, Bifidobacterium
longum NCC3001, ameliorates comorbid depression and affects
the activity of multiple brain areas involved in emotion. On the
other hand, a recent study has shown that Lactobacillus and
Turicibacter are more abundant in Wistar-Kyoto rats, which are
known to exhibit depression-like phenotypes correlated with
stress-associated functional gastrointestinal disorders, than they

are in control Sprague-Dawley rats.” Labus et al.”®

also reported
that patients with IBS have a greater relative abundance of
Lactobacillales and that Lactobacillales are positively correlated
with a history of early life trauma. Furthermore, they showed a
positive association between gut microbiota composition and
regional brain structural changes in IBS. These previous find-
ings, taken together with the results of the present study, sug-
gest that intestinal dysbiosis along with decreases in Clostridi-
ales species and increases in Lactobacillus and Bifidobacterium
species may be characteristics of concurrent depression and IBS.

Furthermore, our results showed that the diversity of the gut
microbiota was altered in depressed rats, supporting recent re-
ports that depression and IBS are associated with decreased gut
microbiota diversity.”>*

Finally, the present study showed that rats with PTSD, unlike
depressed rats, did not have increased visceral hypersensitiv-
ity or significant changes in the gut microbiome. This suggests
that visceral sensitivity and intestinal bacterial flora could differ
among psychiatric disorders.

There are some limitations to this study. First, we did not
evaluate the expression of corticotrophin-releasing hormone,
which is known to be related to the hypothalamic-pituitary-
adrenocortical axis in IBS. Second, we did not examine colonic
5-hydroxytryptamine levels or c-Fos expression, which could
play a role in the pathogenesis of IBS. Such examination would
be helpful to clarify the role of the brain-gut axis in our rat
model of depression coinciding with IBS.

In conclusion, our rat model of depression is useful for clari-
fying the effect of depression on the onset of IBS. Our findings
imply that the development of depression itself, rather than spe-
cific stressors, promotes the onset of IBS. The present study also
shows that individual psychiatric diseases, viz., depression and
PTSD, have unique intestinal flora profiles and that dysbiosis,
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such as decreases in Clostridiales species, accompanying the on-
set of depression could promote the development of IBS. In the
future, it is expected that the brain-gut interaction mechanism
will be further elucidated through examination of the intestinal
flora of patients with coincident depression and IBS. Such stud-
ies may eventually lead to the development of novel therapeutic
strategies.
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