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Abstract

Inflammatory bowel disease (IBD) comprises Crohn’s disease and ulcerative colitis. In patients with IBD, intestinal inflammation

and psychological comorbidities affect the quality of life. Evidence for the effectiveness of antipsychotics drugs or psychological

therapies in patients with IBD is currently lacking. However, several studies have reported that intranasal oxytocin (OT)

administration is effective in individuals with psychological disorders. Therefore, in this study, we evaluated the effects of

intranasal OT on psychological disorders, using an IBD mouse model established via dextran sodium sulfate (DSS). Our results

showed that intranasal OT improved DSS- induced abnormal stress-related behavior and restored the DSS-induced alterations in

nNOS/NO, oxytocin receptor (OTR), pERK/ERK and BDNF expression in the hippocampus. Intranasal OT also ameliorated

intestinal inflammation. The activity of the hypothalamic-pituitary-adrenal axis and the sympathetic-adrenal medulla axis

were also altered by intranasal OT, without affecting the peripherally-secreted OT. Thus, while intranasal OT administration

increased the concentration of OT in the hypothalamus compared to that in the untreated IBD mouse, the OT levels in the

serum did not change. Intranasal OT increased the percentages of the M1 and M2 type macrophages and regulatory T (Treg)

cells in the IBD mice, in contrast it decreased the M1/M2 ratio and the percentage of NKp46+NK cells in the spleen. We found

that the protective effects of intranasal OT administration on impaired stress-coping behavior and intestinal inflammation could

be abolished by splenectomy. In conclusion, the present study demonstrates that intranasal OT can ameliorate DSS-induced

abnormal stress-related behavior and intestinal inflammation.

Introduction

Inflammatory bowel disease (IBD) represents a group of inflammatory conditions of the small intestine
and colon, including Crohn’s disease (CD) and ulcerative colitis (UC). IBD is considered a primary health
issue, with increasing prevalence and incidence1. However, the disease processes associated with IBD are not
limited to the gastrointestinal tract. These disease processes may spread to the brain, thus increasing the risk
of psychological disorders through changes to the hypothalamus-pituitary-adrenal (HPA) axis, inflammatory
cytokines, and neurotransmitters2-5. For instance, depression is closely related to a clinical relapse of IBD;
the occurrence of depression appears to shorten the time to clinical relapse, and increase both the onset
and complications of the relapse6-8. The presence of a psychological disorder can also adversely affects the
course of IBD, which can then, in turn, exacerbate psychological wellbeing9. Moreover, while psychological
therapies may not have any beneficial effects on IBD activity, antidepressant and anti-anxiety drugs can
reduce the effects of anti-inflammatory treatments. Further, they may even aggravate the symptoms and
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cause harmful side effects1011. Therefore, there is an urgent clinical need for the development of improved
treatments for IBD.

Oxytocin (OT) is a neuropeptide produced by the hypothalamus and paraventricular nucleus and is released
by the posterior pituitary gland12. OT plays an important role in both nonsocial and social functions,
including reproduction, pain perception, immune regulation, maternal behavior, sexual behavior, pair bond-
ing, aggression, social memory and stress13-15. Recently, OT and its receptor have been shown to have a
substantial effect on several psychiatric disorders, including anxiety and autism spectrum disorder1617. The
effects of OT on the brain have been previously investigated via intranasal administration of OT. Intranasal
administration bypasses the blood-brain barrier allowing the delivery of OT to specific brain regions18-21.
Moreover, because OT is absorbed and metabolized in the intestine and has a short half-life in blood, the oral
administration of OT is problematic22. In addition, intranasal administration is convenient and noninvasive.

Interestingly, Reichmann previously reported that dextran sodium sulfate(DSS)-induced colitis impaired
normal behavior in mice during a water avoidance stress test (WAST). Thus, DSS-treated mice exhibited an
abnormal stress-coping ability and presented a depression-like phenotype23. The implications of intranasal
OT treatment on the regulation of IBD-induced psychological disorders remains to be determined. Here, to
provide insights into this phenomenon, we investigated whether intranasal OT administration can improve
abnormal stress-related behavior in mice with colitis.

Materials and Methods

Animals

The animals used in this experiment were in line with the “Guidelines for the Care and Use of Laboratory
Animals” formulated by Shandong Province, China, and approved by Medical Ethics Committee for Ex-
perimental Animals, Shandong University School of Basic Medicine Sciences (ECAESDUSM 2014056). We
separated wild-type C57BL6/J mice (male, 6–8 weeks of age) randomly. The investigators were blinded to
the group allocation. Animals were euthanized by cervical dislocation after DSS administration.

Intranasal administration

Atosiban is a competitive OT receptor antagonist24. Both OT and atosiban have been shown to be bioavail-
able when administered intranasally25,26. The intranasal dose of normal saline was 20μl/day. The intranasal
dose of OT was 1mg/kg/day, diluted in 20μl saline. The intranasal dose of atosiban was 10mg/kg/day,
diluted in 20μl saline. Mice were handled daily one week before the start of intranasal treatments to reduce
the stress associated with the procedure. Two days before DSS-induced colitis, mice had been received an
intranasal saline, OT or OT with atosiban. Mice were picked up by the scruff of the neck and exposed in a
supine position to immobilize them for the intranasal administration. This position of head was maintained
throughout procedure preventing drainage of drug solution to trachea and esophagus. The total volume of
20μl solutions was administered by pipette in 5μl drops in alternating naris every 30 seconds. The drop was
placed at the naris opening while occluding the opposite naris allowing the animal to snort the drop into the
nasal cavity.

Study design

Behavior and biochemical test comprised four groups: NC, DSS, DSS+IN OT, DSS+IN OT+IN atosiban.
NC group was treated with plain drinking water for seven days; untreated DSS group was treated with 2%
DSS powder in plain drinking water for 7days; DSS+IN OT group was treated with 2% DSS powder in
plain drinking water and intranasal administration of OT for seven days. DSS+IN OT+IN atosiban group
was treated with 2% DSS powder, intranasal administration of OT and atosiban forseven days. At seventh
day, half of each group were submitted to a water avoidance stress test for 10 minutes. The other half were
sacrificed to perform a biochemical test.

In the second series of experiments, chemical colitis was induced in mice 15 days after splenectomy. Splenec-
tomy mice were assigned to the following experimental groups: splenectomy, DSS +splenectomy and DSS+IN
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OT +splenectomy. With NC, DSS and DSS+IN OT groups together, these three groups were performed
the same experiments as the first series. The design can be seen in Supplementary figure.

Water avoidance stress test (WAST)

We performed water avoidance stress test as previously described23.The equipment of water avoidance stress
was used to provide an assessment of stress response. After 7-day drug treatment, each group of mice in
behavioral test were placed on a small platform in the center of water-filled tank, the level of the water
(25 °C) in the tank being 1 cm below the platform. The stress procedure was carried out in a brightly lit
room. Immediately after submission to WAS, the behavior of mice was recorded for 10 min to evaluate their
behavioral reaction to stress and recorded. Time being moving, time being immobile and time spent on
grooming on the platform were measured. After exposure to WAST, the mice were returned to their cage.

Evaluation of colitis

The severity of colitis was evaluated by continuously weight change, colon length, disease activity score,
macroscopic damage score, histological score and colonic cytokines levels following an established protocol
27.

For assessing disease activity score, two investigators scored the results by body weight loss, stool consistency
and rectal bleeding in a double-blinded manner. The scores were quantified as follows: body weight loss on a
scale of 0–5 for <5%, 5–10%, 10–15%, 15–20%, 20–25%, >25%, respectively; stool consistency on a scale of
0–2 for normal, soft, liquid, respectively; and rectal bleeding on a scale of 0–1 for absent, present, respectively.

For assessing macroscopic damage score, two investigators scored the results by presence of strictures and
hypertrophic zones, adhesion areas and intraluminal hemorrhage in a double-blinded manner. The scores
were quantified as follows: presence of strictures and hypertrophic zones on a scale of 0–3 for absent, one
stricture, two strictures, more than two strictures, respectively; mucus on a scale of 0–1 for absent, present,
respectively; adhesion areas between the colon and other intra-abdominal organs on a scale of 0–3 for absent,
one adhesion area, two adhesion areas, more than two adhesion areas, respectively; intraluminal hemorrhage
on a scale of 0–1 for absent, present, respectively; erythema on a scale of 0–2 for absent, presence of a
crimsoned area < 1 cm2, presence of a crimsoned area > 1 cm2 , respectively; and ulcerations and necrotic
areas on a scale of 0–2 for absent presence of a necrotic area < 1 cm2, presence of a necrotic area > 1 cm2,
respectively.

For assessing colonic histology score, two investigators scored the results by epithelial surface damage, the
loss of crypts and inflammatory infiltration in a double-blinded manner. The scores were quantified as follows:
crypt damage on a scale of 0–4 for no damage, basal one-third damaged, basal two-thirds damaged, only
surface epithelium intact, and entire crypt epithelium lost, respectively; depth of injury on a scale of 0–3 for
no, mucosal, mucosal and submucosal, and transmural injury, respectively; and inflammatory infiltration on
a scale of 0–3 for no, slight, moderate, and severe inflammation, respectively.

Western Blot Analysis

Hippocampus samples were collected in RIPA buffer (Beyotime, Shanghai, China) and centrifuged for 20
min at 12 000 × g and 4°C. Then we collected supernatants calculated protein concentration. We took 40
to 60μg protein per sample, and performed protein separation by SDS-PAGE electrophoresis. After blocked
by the 5% milk powder at room temperature for 2h,the membranes were incubated with primary antibodies
against pERK (Cell Signaling Technology, #4370), ERK (Cell Signaling Technology, #4695), OTR(Abcam,
#ab217212), nNOS (Cell Signaling Technology, #4231), GAPDH (Cell Signaling Technology, #5174) at
4°C overnight. The membrane was incubated with a secondary antibody at room temperature for 1h. We
detected signals by enhanced chemiluminescence following the manufacturer’s recommendations.

ELISA

BDNF (CUSABIO, #CSB-E04505m), Cortisol (CUSABIO, # CSB-E05113m), ACTH (CUSABIO, #CSB-
E06874m), CRH (CUSABIO, #CSB-E14068m), catecholamine (Fitzgerald, #3-CAT ELISA Kit), OT (CU-
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SABIO, #CSB-E09245m), Ach(CUSABIO, #CSB-E04744m) ,TNF-α(CUSABIO, #CSB-E04744m) and IL-
1β(CUSABIO, CSB-E08054m)was detected by using relevant ELISA kit following the manufacturer’s in-
structions.

Measurement of NO

NO was measured by nitric oxide assay kit (Nanjing Jiancheng Bioengineering, #A012) following the man-
ufacturer’s instructions.

Splenectomy

Splenectomy was performed 15 days before DSS-induced colitis. Mice were fasted for eight hours before
surgery. Then mice were anesthetized by intraperitoneal injection of pentobarbital 50 mg/kg. The spleen
was removed after abdominal surgery and ligation of blood vessels. After the surgical intervention, mice were
monitored daily to examine their health state. We reconfirmed the absence of spleen when the specimens
were retained.

Flow Cytometry Assays

We followed previous research method to perform flow cytometry assay27. For isolation of splenocytes, spleen
was mechanically dispersed through a 100μm cell-strainer and washed with PBS. The cellular suspension
was then centrifuged at 1500r for 10 min at 4°C, then incubated with Red Blood Cell Lysis Buffer (Solarbio,
# R1010) for 5 min in the dark. Afterward, samples were centrifuged at 1500 RCF for 10 min at 4°C,
then washed with PBS and re-suspended in 1 mL PBS. The obtained cellular suspension was stained with
fluorescent antibodies.

Before immunofluorescent staining, the cellular suspension of splenocytes was incubated with Fc (Biole-
gend, #101319) for 10 min in the dark at 4°C, in order to block non-specific binding sites for antibo-
dies. The following antibodies were used:CD11b (FITC, Biolegend, # 101205), F4/80(Percpcy5.5, Bio-
legend, #123127), CD206(PE, Biolegend,#141705), CD86(APC, Biolegend,#105011), CD4(FITC, Biole-
gend, #100405), CD25(APC, Biolegend, #102011), Foxp3(PE, Biolegend, #126403), CD3(FITC, Biolegend,
#100203), NKp46(PE, Biolegend, #137603).

Samples were analyzed using CytExpert software. The spleen cell populations were defined as fol-
lows: Treg cell (CD4+CD25+FoxP3+), M1 macrophage (CD86+F4/80+CD11b+), M2 macrophage
(CD206+F4/80+CD11b+), NK cell (CD3-NKp46+). Percentages were reported to the total number of
splenocytes or MLN cells of each mouse to calculate the number of cells per population.

Statistical Analysis

The visualized patterns of western blot were analyzed by ImageJ 1.48 and Image Lab 4.1.0 to transfer images
to digits. All data, each one representing the outcome of a single animal, were presented as means ± SEM.
Comparisons among experimental groups were made using analysis of variance (one-way or two-way ANOVA)
followed by the Tukey-Kramer multiple comparisons post-test when P < 0.05, chosen as level of statistical
significance, was achieved. All analyses were performed using Prism 4 software (GraphPad Software Inc.,
San Diego, CA, United States).

Result

Intranasal OT improved the DSS-induced abnormal stress-related behavior of mice

Analysis of the WAST results indicated that the IBD mice showed a decreased tendency to explore (Fig.1A),
spent more time immobile (Fig.1B) and were less willing to self-care, compared with the mice in the control
group (Fig.1C). Thus, DSS treatment induced an abnormal stress response in the IBD mice. Following
intranasal OT treatment, the IBD mice recovered their motivation to explore, spent less time being immobile,
and were more willing to self-care. However, the effects of intranasal OT were nullified in the intranasal OT
+ intranasal atosiban co-treated IBD mice (Fig.1A-C).
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Intranasal OT restored DSS-induced hippocampal change of gene expression

We next investigated the role of the nNOS/NO, BDNF and ERK signaling pathways of the hippocampus
in abnormal stress-related behavior. We also examined whether intranasal OT attenuated DSS-induced
abnormal stress-related behavior through these pathways2829,30. While the expression of nNOS/NO, OTR,
pERK/ERK and BDNF increased in the hippocampus of the IBD mice, intranasal OT treatment caused
the expression of these genes to return to normal levels (Fig.2A-F). Again, intranasal atosiban co-treatment
attenuated many of the effects of intranasal OT except its effect on OTR and BDNF expression (Fig.2C and
F).

Intranasal OT ameliorated DSS-induced intestinal inflammation

In addition to improving abnormal stress-related behavior in the IBD mice, intranasal OT treatment ame-
liorated intestinal inflammation. Furthermore, the intranasal OT treated mice recovered their weight loss
compared to the untreated IBD mice. Besides the intranasal OT treated mice showed an increase in colon
length, decreased disease activity score, decreased histological score, decreased colon macroscopic damage
score, and a reduction in the levels of TNF-α and IL-1β(Fig.3A-H). However, the intranasal OT+ intranasal
atosiban co-treated mice showed effects opposite to those observed in the intranasal OT mice (Fig.3A-H).

Intranasal OT reverted the changes induced by DSS in HPA axis and the sympathetic-adrenal
medulla (SAM) axis

Communication between the gut and the brain is largely dependents on different pathways: the HPA axis;
neural communication (vagal and sympathetic system); and systemic communication which include peptides
(such as OT) and other small molecules31. In the next stage of our study, we investigated the activity
of these different pathways. For HPA axis pathway, the enzyme-linked immunosorbent assay (ELISA)
analysis demonstrated that the levels of corticotropin-releasing hormone (CRH) were up-regulated in the
hypothalamus of the IBD mice in response to DSS-induced inflammation response compared to those in
the control mice and that intranasal OT treatment decreased the expression of CRH. Similar results were
obtained with adreno-cortico-tropic-hormone (ACTH) and cortisol(Fig.4A-C). Again, these changes were
diminished by intranasal atosiban co-treatment(Fig.4A-C). For the systemic communication pathway, we
detected the expression of OT in the hypothalamus and OT levels in serum. Endogenous OT is known
to play a role in intestinal immunity, and intraperitoneal injection of OT can repair intestinal injury32,
While the OT levels in serum increased in the IBD mice, the expression of OT in the hypothalamus did not
change (Fig.4D-E). Interestingly, although intranasal OT increased expression of OT in the hypothalamus,
the OT levels in serum did not increase following intranasal OT treatment (Fig.4D-E). For the neural
communication pathways, we analyzed the catecholamine levels in serum using ELISA to assess the activity
of the sympathetic system. The results showed that the catecholamine levels were elevated in IBD mice, and
that, in comparison, intranasal OT suppressed catecholamine levels in serum in comparison (Fig.4F). In the
vagus nerve system, we decided to focus on the vago-splenic pathway, and in particular, the cholinergic anti-
inflammation pathway(CAP)33. Compared with the control group, DSS-induced colitis was associated with
a decrease in acetylcholine(ACh)and an increase of TNF-α in the spleen (Fig.4G-H). Intranasal OT treatment
reversed the observed decrease in ACh and increase in TNF-α in the spleen of mice with DSS-induced colitis
(Fig.4G-H).

Intranasal OT attenuated the DSS-induced changes in macrophage cell, NK cell and Treg cell
populations in the spleen

To investigate the mechanism underlying the effects of intranasal OT on IBD mice, we performed a flow
cytometry analysis of M1 and M2 type macrophages, NKp46+NK cells and Treg cells isolated from spleens
obtained from mice in the different treatment groups. DSS treatment remarkably augmented the percentages
of the M1 and M2 type macrophages in the spleen, while it simultaneously decreased the percentage of Treg
cell (Fig.5A, B and D). Intranasal OT administration further increased the percentages of M1 and M2 type
macrophages in the spleen, increased the percentage of Treg cells and decreased the M1/M2 ratio and the
percentage of NKp46+NK cell (Fig.5A-D).
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Splenectomy abolished the protective effects of intranasal OT against DSS-induced abnormal
stress-related behavior and intestinal inflammation

Stress-related behavior and colitis severity were similar between the DSS-treated mice who had undergone
splenectomy and the non-operated animals. However, the protective effects of intranasal OT administration,
in particular, its effect on mobilization time, immobilization time, weight change, colon length, disease
activity score, histological score, colon macroscopic damage score, were negated (Fig.6A-I).

Discussion

Psychological disorders have long been related to gastrointestinal dysfunction. For example, patients with
IBD have more opportunity to suffer from anxiety and depression, in contrast, children with autism spectrum
disorders have a higher prevalence of CD and UC7,34,35. Evidence have now been published to support the
hypothesis that intestinal disorders can lead to psychological disorders, including depression and anxiety, and
vice versa . This mutual effect is mediated by bidirectional communications involving reciprocal signaling
between the brain and gut. In our experiments, DSS-induced colitis invoked an abnormal stress response
in mice. Compared with mice in the control group, the IBD mice were immobile for long periods and were
less motivated to perform self-care activities. While immobilization reflects a reduced willingness to explore,
mobilization and grooming reflect motivation and beneficial self-care. The cause of stress-related behavior
in mice with colitis appears to be the activation of nNOS/ NO pathway. In a previous report, an elevation
in the nNOS/NO activity in the hippocampus was shown to account for stress-induced anxiety behavior28.
As a consequence of the increased nNOS/ NO activity, increase in OTR, ERK and BDNF expression may
be expected in order to alleviate the stress response. In addition, previous research has demonstrated that
BDNF mRNA and protein expression in the hippocampus increased after chronic restraint stress29. The
increased NO level leads to neurodegeneration, the induction of acidosis, and inflammation. Morris et al .
reported that the increased NO impaired mitochondrial function, contributing to depression36. In the central
nervous system, nNOS neurons co-exist with OT in the hypothalamus37. Therefore, a decrease in the NO
level after intranasal OT administration may facilitate recovery from intestinal inflammation. In addition
to the above mechanisms, other brain regions, and other genes, may be involved in the behavioral changes
observed after intranasal OT administration. However, the importance of additional mechanisms has not
been explored.

In the present study, we confirmed that DSS-induced colitis could activate the HPA axis. Moreover, we
show that subsequent intranasal OT administration can inhibit this HPA axis activation. Considering the
anti-inflammatory properties of glucocorticoids, the observed elevation in plasma cortisol levels is likely a
manifestation of the restoration of homeostasis. However, superabundant cortisol levels have been shown
to increase vulnerability to psychological disorders38. Indeed, hypercortisolism is a common finding in
patients with depression and anxiety 3940. Thus, the inflammatory response caused an increase of cortisol.
Elevated cortisol crossed the blood-brain barrier to enter the brain, which leads to increase of negative factor
(nNOS/NO) and compensatory protective factors (BDNF). Intranasal OT administration also increased
the concentration of OT level in the hypothalamus. This externally administered OT may activate the
hypothalamus neurons to release more OT through an autofeedback mechanism41. OT can also prevent
transcription of CRH in the hypothalamus by interfering with promotor activity42. Thus, changes in the
HPA axis and alleviation of intestinal inflammation may be attributed to intranasal OT. Increased serum
OT caused by DSS-induced colitis may be a compensatory response of the body considering the protective
role of OT in intestinal inflammation. Importantly, our results showed that increased OT expression in the
hypothalamus did not result in increased OT levels in the periphery. Since we can also exclude the possibility
that intranasally administered OT was released into the blood, OT must exert its influences through another
pathway.

The induction and development of IBD disturbs the balance between the sympathetic and vagal nervous sys-
tems which are responsible for the maintenance of homeostasis43,44. In IBD patients, this autonomic dysfunc-
tion manifests itself in higher concentrations of serum catecholamine and low heart rate variability4,45,46. As
a component of the sympathetic nervous system, catecholamine plays a crucial role in maintaining homeosta-
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sis in the gut47. Our results show a fluctuation in catecholamine levels consistent with the changes in HPA
activity. We hypothesize that that intranasal OT activates neurons in the dorsal vagal complex (DVC), the
primary center of the CAP that regulates gastrointestinal immunity. The DVC is known to express OTR and
microinjection of OT into the DVC can enhance gut motility48-50. In future studies, we aim to investigate
whether intranasal OT can enhance the activity of DVC and if so, to determine the underlying mechanism.

An elevation in the M1 and M2 macrophages in the spleen of the IBD mice and a decrease in the M1/M2
ratio have both been reported in earlier research51. The M2 macrophages, which possess anti-inflammatory
activity, are known to reside in the gut and to counteract intestinal inflammation52. However, not much is
known about the macrophage activity in lymphoid organs outside the gut (e.g. spleen). For the first time,
we reported here that intranasal OT administration could shift the M1/M2 equilibrium in the spleen of DSS-
treated mice toward the M2 type. The classic mechanism in the vago-splenic pathway involved the release
of ACh from T lymphocytes residing in the spleen, Ach activation α7nAChR channels on macrophages, and
inhibition of release of TNF-α53. In the gut, ACh promotes macrophage polarization to the M2 phenotype
in the gut54,55. The observed decrease in TNF-α level and increase in Ach level in the spleen after intranasal
OT administration are consistent with the intranasal OT activation of the vago-splenic pathway (part of the
CAP). NKp46(+) NK cells have been reported to be increased in the intestinal mucosa of patients with CD
compared with controls56. However, the role of splenic NKp46+NK cells in the regulation of gut inflammation
is unknown. For the first time, our results indicate that DSS-induced colitis did not change the expression
of peripheral NKp46+NK cells. Moreover, we specifically demonstrated that intranasal OT administration
down-regulated NKP46+NK cells in the spleen. We speculate that the decrease in NKp46+NK cells in the
spleen was related to activation of the vago-splenic pathway. DSS-induced colitis did reduce the percentage
of Treg cells in the spleen. Similarly, patients with IBD exhibited reduced numbers of peripheral Treg cells57.
Peripheral Treg cells have been reported to serve as a protective mechanism in IBD58. In a model of viral
myocarditis, activation of the cholinergic anti-inflammatory pathway increased the portion of Treg cell in
the spleen59. The observed increase in Treg cells in DSS-treated mice after intranasal OT administration
may be related to the decrease of TNF-α and increase of ACh2760.

Splenectomy did not affect DSS-induced colitis, which means colitis is independent from spleen involvement.
This observation was in accord with the hypothesis that intestinal immune tissue, but not the spleen,
contributes to the development of colitis61. In the DSS-treated mice, who had undergone a splenectomy,
attenuation of colitis severity or of abnormal behaviors was not observed after intranasal OT administration.
Furthermore, while inflammation is initiated from the gut, regulation of circulating immune cells and the
release of cytokine are mediated by the spleen. The beneficial effects of intranasal OT administration on
DSS-induced colitis mice were lost following splenectomy in our mice model. Thus, intranasal OT required
spleen mediation. Elimination of cholinergic anti-inflammatory efficacy in mice following splenectomy has
previously been demonstrated in both DSS- and DNBS- induced intestinal inflammation, lethal endotoxemia,
polymicrobial sepsis and kidney ischemia-reperfusion injury62636465. It should also be acknowledged that the
vagus nerve innervates the proximal colon in addition to the spleen. Therefore, it is theoretically possible
that intranasal OT administration altered enteric nervous system activity in the remainder of the colon66,
and that this, in turn, may result in alterations in immune cell activities, cytokines release, and suppression
of inflammation. This could also account for the effects of vagus nerve signaling on colitis that were observed
in this and other studies6768.

However, the speculation about colon participation should be proven. In future studies, we aim to investigate
the effects of intranasal OT administration on the enteric nervous system.

Further, our study has several limitations. Firstly, a direct correlation between changes in OT and neuron
activity in the DVC has not been shown. Moreover, we did not investigate the relationship between intranasal
OT administration and the enteric nervous system. Secondly, the route, timing, dosage and side effects of
intranasal OT treatment should be elucidated. Finally, our study only reports data from an IBD mouse
model. Few studies have investigated intranasal OT administration in IBD patients. Thus, additional
research in IBD patients is required. In conclusion, our study demonstrates that intranasal OT administration
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significantly attenuates DSS-induced abnormal stress-related behavior and intestinal inflammation. We
conclude that intranasal OT administration may provide a basis for the treatment of both exaggerated
stress responses and intestinal diseases in the future.
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Figure legend

Fig 1. IN OT improved the DSS-induced abnormal stress-related behavior of mice. During
water avoidance stress exposure, DSS-induced IBD mice treated with intranasal oxytocin for 7 days showed
(A) more activity, (B) less immobility and (C) more grooming behavior than untreated mice. IN atosiban
reversed IN OT effects in IBD mice(A-C). Data are presented as means ± SEM. one-way ANOVA, n =
6. ***P<0.001 for main effect: DSS versus normal control; ###P < 0.001 for main effect: IN OT versus
without IN OT in DSS-induced IBD mice;$$$P < 0.001 for main effect: IN atosiban versus without IN
atosiban of DSS-induced IBD mice treated with IN OT.

Fig 2. Intranasal OT restored DSS-induced hippocampal change of gene expression. A. Repre-
sentative Western blots of hippocampal nNOS, ERK, pERK and OTR.B. Statistical graph of pERK/ERK
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ratio in different groups. C. Statistical graph of OTR ratio in different groups. D. Statistical graph of
nNOS ratio in different groups. E. Protein expression of NO in hippocampus between different groups. F.
Protein expression of BDNF in hippocampus between different groups. Data are presented as means +-
SEM. one-way ANOVA, n =3-6. **P<0.01 and ***P<0.001 for main effect: DSS versus normal control;
#P<0.05,##P<0.01,###P < 0.001 and ####P<0.0001 for main effect: IN OT versus without IN OT in
DSS-induced IBD mice;$P<0.05 and $$$P < 0.001 for main effect: IN atosiban versus without IN atosiban
of DSS-induced IBD mice treated with IN OT.

Fig 3. IN OT ameliorated DSS-induced intestinal inflammation. weight(A), colon length (B),
disease Activity Score (C), expression of TNF-α (D)and IL-1β (E), histological Score (F), colon macroscopic
damage score (G) was assessed in different groups. H. Representative image of HE staining in different
groups. Data are presented as means ± SEM. one-way ANOVA, n =6-10. **P<0.01 and ***P<0.001 for
main effect: DSS versus normal control; #P<0.05 and ###P < 0.001 for main effect: IN OT versus without
IN OT in DSS-induced IBD mice;$P<0.05,$$P<0.01 and $$$P < 0.001 for main effect: IN atosiban versus
without IN atosiban of DSS-induced IBD mice treated with IN OT.

Fig 4. Intranasal OT reverted the changes induced by DSS in HPA axis and the sympathetic-
adrenal medulla (SAM) axis. CRH in hypothalamus(A), ACTH(B), Cortisol(C), Catecholamine in
serum(D), Oxytocin in hypothalamus(E), Oxytocin in serum(F), Ach(G) and TNF-α(H) in spleen were as-
sessed in different groups. Data are presented as means ± SEM. one-way ANOVA, n =4-7. *P<0.05,**P<0.01
and ***P<0.001 for main effect: DSS versus normal control; #P<0.05,##P<0.01 and ###P < 0.001 for
main effect: IN OT versus without IN OT in DSS-induced IBD mice; NS: Without statistically significant;
$P<0.05,$$P<0.01 and $$$P < 0.001 for main effect: IN atosiban versus without IN atosiban of DSS-induced
IBD mice treated with IN OT.

Fig 5. IN OT attenuated the DSS-induced changes in macrophage cell, NK cell, and Treg cell
populations in the spleen. Percentages of M1 macrophage (A), M2 macrophage(B), CD3-NKp46+NK
cell (C), CD4+ CD25+foxp3+Treg cell(D) in the spleen. Data are presented as means +- SEM. one-way
ANOVA, n =4-6. **P<0.01 and ***P<0.001 for main effect: DSS versus normal control; #P<0.05 and
##P<0.01 for main effect: IN OT versus without IN OT of DSS-induced IBD mice;$P<0.05 and $$P<0.01
for main effect: IN atosiban versus without IN atosiban of DSS-induced IBD mice treated with IN OT.

Fig 6.Splenectomy abolished the protective effects of IN OT against DSS-induced abnormal
stress-related behavior and intestinal inflammation. A-C. Protective effects of IN OT on DSS-induced
abnormal stress-related behavior was abolished by splenectomy. weight(D), colon length (E), disease activity
score (F), histological score (G), colon macroscopic damage score (H) was assessed in different groups. I.
Representative image of HE staining in different groups. Data are presented as means +- SEM. two-way
ANOVA, n =5. **P<0.01 and ***P<0.001 for main effect: DSS versus normal control; #P<0.05 and
##P<0.01 for main effect: IN OT versus without IN OT of DSS-induced IBD mice;$P<0.05 and $$P<0.01
for main effect: IN atosiban versus without IN atosiban of DSS-induced IBD mice treated with IN OT.

Fig 7. Possible mechanisms for IN OT improved DSS-induced abnormal stress-related behav-
ior and intestinal inflammation.Intestinal inflammation “communicated” with brain through systemic
communication, HPA axis and neural communication (vagal and sympathetic system), which induced psy-
chological disorders. IN OT administration improved DSS-induced abnormal stress-related behavior and
intestinal inflammation through HPA axis and cholinergic anti-inflammation pathway.
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Supplementary Fig. Timeline and experiment design for behavior and biochemical tests. 

A. Mice were handled daily one week before the start of intranasal treatments to reduce 

stress associated with the procedure. 2 days before DSS-induced colitis, mice were 

received an intranasal saline, OT or OT with atosiban. At 7th day, half of each group 

were submitted to perform behavior test (water avoidance stress). The other half were 

sacrificed to perform biochemical test. B. Splenectomy was preformed 15 days before 

DSS-induced colitis. 
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