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Glutamate microinjection into the hypothalamic
paraventricular nucleus attenuates ulcerative colitis

in rats
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Aim: To investigate the effects of glutamate microinjection into hypothalamic paraventricular nucleus (PVN) on ulcerative colitis (UC) in

rats and to explore the relevant mechanisms.

Methods: 2,4,6-Trinitrobenzenesulfonic acid (100 mg/kg in 50% ethanol) was instilled into the colon of adult male SD rats to induce
UC. A colonic damage score (CDS) was used to indicate the severity of the colonic mucosal damage. The pathological changes in the
colonic mucosa were evaluated using immunohistochemistry, Western blotting, biochemical analyses or ELISA. Ten minutes before UC
induction, drugs were microinjected into the relevant nuclei in rat brain to produce chemical stimulation or chemical lesion.

Results: Microinjection of glutamate (3, 6 and 12 ug) into the PVN dose-dependently decreased the CDS in UC rats. This protective
effect was eliminated after kainic acid (0.3 pg) was microinjected into PVN or into the nucleus tractus solitarius (NTS) that caused
chemical lesion of these nuclei. This protective effect was also prevented when the AVP-V, receptor antagonist DPVDAV (200 ng) was
microinjected into the NTS. The discharge frequency of the vagus was markedly decreased following microinjection of glutamate into
the PVN. Microinjection of glutamate into the PVN in UC rats significantly increased the cell proliferation and anti-oxidant levels, and
decreased the apoptosis and Bax and caspase 3 expression levels and reduced the pro-inflammatory factors in the colonic mucosa.
Conclusion: The activation of hypothalamic PVN exerts protective effects against UC, which is mediated by the NTS and vagus. The
effects may be achieved via anti-oxidative, anti-apoptotic, and anti-inflammatory factors.
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Introduction

Ulcerative colitis (UC) belongs to the spectrum of inflamma-
tory bowel diseases (IBD), and refers to a chronic, relapsing
and nonspecific inflammation of the colon and rectal mucosa.
Long-standing UC can result in fibrosis, polyp formation and
carcinogenesis in the colon. The prevalence of UC is con-
tinuously increasing. However, our understanding of the
pathogenesis of UC is incomplete. In the past decade, some
advancements have been achieved in our understanding of
the role of environmental factors?. Enteric microflora, genetic
and immune factors have been implicated in the pathogenesis
of UCP7L. Barbara et al advanced a challenging hypothesis
that human colitis may be caused by neurogenic inflamma-
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tion in the gut®™. Recently, Lin et al provided direct evidence
in support of this hypothesis and revealed that rat colitis can
be induced directly by substance P (SP) stimulation of cen-
tral neurokinin-1 receptor (NK1-R) in the lumbar spine. The
authors also showed that migration inhibitory factor (MIF)
activity and expression were increased in experimental colitis
induced by dinitrochlorobenzene (DNCB), and that the sym-
pathetic nerve could inhibit MIF activity in colitis®. Ji et al
observed that excessive activation of endogenous acetylcho-
line (ACh) may be one of the factors aggravating UC pathol-
ogy and MIF pro-inflammatory cytokine expression/release
in DNCB-induced colitis!"”. These results suggested that both
the peripheral and central nervous systems were involved in
experimental colitis. Nevertheless, little is known about the
systemic regulation of UC, and the role of the relevant central
nuclei in UC.

In the hypothalamus, the PVN is an important and complex
nucleus. It is a site of coordination for the neuroendocrine,
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immune, autonomic, and behavioral responses to stress. It
contains many neurotransmitters and neuropeptides such as
arginine vasopressin (AVP), neurotensin (NT), neuropeptide Y
(NPY), cholecystokinin (CCK), oxytocin (OXT), and corticotro-
pin-releasing factor (CRF). AVP may influence cardiovascu-
lar-related functions and help to regulate pain and stress. The
PVN has complex connections with other brain areas, receiv-
ing various information inputs and projecting directly to the
brainstem, cerebellum, spinal cord, and the median eminenco-
pituitary stalk from its parvocellular subdivision. It also con-
nects to the neurohypophysis from its magnocellular subdi-

[11]

vision Previous anatomical studies have demonstrated

direct bidirectional connections between the PVN, NTS, and
12-14]

DVC (dorsal vagal complex)! Vasopressin neurons in
the PVN, particularly its parvocellular sub-nuclei, innervate
the NTS. The fiber tracts descending from the PVN transport
AVP to the NTS" ™. In situ hybridization studies and autora-
diographic binding assays have demonstrated the presence of
AVP V;-receptor mRNA and dense V;-receptors in the NTS!M,

Our previous studies have demonstrated that the PVN and
NTS are important brain sites for regulating the development
of gastric ischemia-reperfusion injury (GI-RI) and stress gas-
tric mucosal damage (SGMD). Either electrical or chemical
stimulation of the PVN can attenuate GI-RI, but markedly
aggravate SGMD. The electrolytic ablation and chemical
ablation of the NTS can abolish the protective effect of PVN
stimulation on GI-RI, indicating that the NTS takes part in the
modulation of GI-RI by the PVN".

Efferent vagal fibers innervating the gut originate from the
DVC™ 2 A literature review demonstrated that stimulating
the PVN influenced the activity of vagal efferent fibers. PVN
stimulation also produced orthodromic inhibitory impulses
in the NTS and DMNV (dorsal motor nucleus of the vagus),
which would in turn decrease vagal efferent activity™'l.

Functionally, the PVN is a higher center controlling the
activities of the autonomic nervous system in the mammalian
brain. The PVN exerts profound effects on gastrointestinal
function™. The PVN, NTS, and the vagal fibers are important
structures in the regulation of gastrointestinal function. A pre-
vious study indicated that an increase in the expression of cor-
ticotropin-releasing factor (CRF) mRNA in the hypothalamic
PVN and the amygdala were observed during acute colitis,
and the effect in the PVN maintained following recovery'?”.

The aim of the present study was to investigate the mecha-
nisms and nervous pathway underlying the protective effect
of chemical stimulation of the PVN against UC. The experi-
ments were performed on a UC model established in rats.
We demonstrated that the PVN participates in the regulation
of UC, and that the NTS and vagus might exert critical roles
in regulating several anti-oxidation, anti-apoptosis and anti-
inflammation factors that mediate the protective effect of the
PVN.

Materials and methods
Animals
Adult male Sprague-Dawley rats were obtained from the
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Experimental Animal Center of Xuzhou Medical College,
Xuzhou, China (Certificate No: SYXK (SU) 2002-0038). The
animals weighing 200-230 g were housed in wire mesh cages
under a controlled condition (temperature 23+1°C, relative
humidity 65%+5%, 12 h light/dark cycle) and given free access
to standard laboratory food and water. The experiments
were conducted under National Institute of Health Guide for
the Care and Use of Laboratory Animals (USA). Prior to the
experiments, all rats were kept fasting for 24 h, but allowed
free access to water.

All animal experiments were approved by the Committee
on Research Animal Care and Use of the Xuzhou Medical Col-
lege.

Reagents

2,4,6-Trinitrobenzene sulfonic acid (TNBS), glutamate, kainic
acid (KA), the glutamate receptor antagonist kynurenic acid
(KYNA), and the AVP-V, receptor antagonist [Deamino-pen’,
val’, D-Arg®]-vasopressin (DPVDAV) were obtained from
Sigma-Aldrich (St Louis, MO, USA). The SABC immuno-
histochemistry detection kit, BCIP/NBT assay kit, anti-Bcl-2
polyclonal antibody, anti-Bax polyclonal antibody and anti-
caspase-3 polyclonal antibody were purchased from Boster
Bio-engineering (Wuhan, China). The anti-rat PCNA poly-
clonal antibody was obtained from Santa Cruz Biotechnology
(Santa Cruz, CA, USA). Malondialdehyde (MDA) and super-
oxide dismutase (SOD) assay kits were obtained from Nanjing
Jiancheng Bioengineering (Nanjing, China). The enzyme-
linked immunosorbent assay (ELISA) kits were obtained from
Xitang Biotech Co (Shanghai, China).

Experimental groupings
The rats were divided into different groups at random (n=6
per group).

The control groups included: a normal group; a UC model
group (TNBS 100 mg/kg in a vehicle of 50% ethanol (v/v) was
instilled into the colon); and a vehicle group (0.9% saline 0.3
uL was microinjected into PVN+UC).

The experimental groups included: chemical stimulation
of the PVN (glutamate 3, 6, 12 ng)+UC; chemical ablation of
the PVN+UC; chemical ablation of the PVN+chemical stimu-
lation of the PVN (12 pg glutamate)+UC; KYNA microin-
jected into the PVN+chemical stimulation of the PVN (12 pg
glutamate)+UC; KYNA microinjected into the PVN+vehicle
microinjected into the PVN+UGC; vehicle microinjected into the
NTS+chemical stimulation of the PVN (12 pg glutamate)+UC;
chemical ablation of the NTS+chemical stimulation of the PVN
(12 pg glutamate)+UC; DPVDAYV microinjected into the NTS
+chemical stimulation of the PVN (12 pg glutamate)+UC; and
DPVDAYV microinjected into the NTS+vehicle microinjected
into the PVN+UC.

Orientations of brain nuclei

The rats were anesthetized with chloral hydrate (400 mg/kg)
by intraperitoneal injection and subsequently fixed onto a
stereotaxic apparatus. The scalp was incised, and then a hole



with a diameter of 0.5 mm was drilled in the cranium dor-
sal to the target site. The location of the PVN and NTS were
obtained according to the rat brain stereotaxic coordinates®!.
The PVN was located at AP 1.5 mm, LR 0.4 mm, H 7.7-7.8 mm
and the NTS at AP 12.9 mm, LR 0.7 mm, H 7.8 mm. The inci-
sor bar was positioned 3.3 mm below the center of the aural

bars.

Chemical stimulation or chemical destruction of brain nuclei

To provide chemical stimulation of the PVN, three different
doses of glutamate (3, 6, and 12 pg in a volume of 0.3 pL 0.9%
saline) were microinjected into the PVN via a cannula con-
nected to a micro-syringe with a polyethylene tube 10 min
prior to the induction of UC. The injection lasted for 2 min
and the injection cannula was left in place for an additional 5
min to prevent backflow®. When the same brain nuclei was
injected of two different drugs, the interval is 7 min. Similarly,
the glutamate receptor antagonist, KYNA (3.15 pg in a volume
of 0.3 uL 0.9% saline) was injected into the PVN. The AVP
receptor antagonist, DPVDAV (200 ng in a volume of 0.3 uL

7] Chemical

0.9% saline) was injected into the paired NTS
ablation of the PVN or NTS was performed by microinjec-
tion of kainic acid (KA, 0.3 pg in a volume of 0.3 pL 0.9%
saline)™ *! into the PVN or paired NTS, respectively. In the
vehicle control (sham chemical stimulation or sham ablation)
groups, only the vehicle (0.3 pL 0.9% saline) was microinjected
into the PVN or NTS.

In all experiments where the PVN or NTS were stimulated
or ablated the drugs were given 10 min before the induction of
UcC.

To determine whether the brain sites were microinjected
or ablated correctly, the colons were removed 72 h later and
4% neutral formaldehyde was perfused into the hearts of the
rats. The brains were removed and fixed in 10% paraformal-
dehyde for 48 h. Then, the frozen brains were sectioned into
50 pm slices. The sections were then stained with 1% neutral
red solution to identify the sites of microinjection and lesion.
The data from the rats whose target sites did not correspond
with the histological criteria were removed from the statistical
analysis.

Model preparation of UC

Experimental UC was induced with TNBS instillation accord-
ing to the method of Morris et al™. Prior to the induction
of colitis, all rats were fasted for 24 h and were allowed free
access to water. The rats were anesthetized with 10% chloral
hydrate, and then a polyurethane cannula with an external
diameter of 2 mm was inserted through the anal canal 8 cm
into the colon. TNBS (100 mg/kg) in a vehicle of 50% ethanol
(v/v) was instilled into the colon through the cannula. Follow-
ing the instillation, the rats were held in a head-down position
for 2 min to prevent the leakage of the intra-colonic instilla-
tion?]. They were sacrificed 72 h after the colitis induction.

Histological analysis
After macroscopic observation, the colon tissue samples were
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fixed in 10% paraformaldehyde. Then, the paraffin-embedded
tissue samples were sectioned into 5 pm-thick slices. The sec-
tions were stained with hematoxylin and eosin (H&E) and
examined by microscopy (Model IX71, Olympus, Tokyo,

Japan).

Macroscopic assessment of colonic damage score (CDS)

At the end of the experiment, the distal 10 cm of the rat
colon was removed, opened longitudinally, and washed
with cold phosphate-buffered saline (PBS). The extent of
macroscopic damage was assessed by a scoring system as
described by Reuter et al® and Strober et al™ with the follow-
ing modifications: grade 0: no ulcer, no inflammation; grade
1: no ulcer, local hyperemia; grade 2: ulcer with no significant
hyperemia and bowel wall thickening; grade 3: ulcer with one
site of inflammation; grade 4: two or more sites of ulceration
or inflammation; grade 5: major ulceration extending more
than 1 cm along the length of the colon; grade 6-10: when the
area of ulceration extended more than 2 cm along the colon,
the score was increased by 1 for each additional cm of involve-
ment. To assess the severity of diarrhea, the following criteria
was used: grade 0: no diarrhea; grade 1: mild diarrhea; grade
2: severe diarrhea. To evaluate the presence or absence of
adhesions between the colon and other organs, the scores were
counted as follows: grade 0: no adhesions; grade 1: mild adhe-
sions (colon can be easily separated from other tissue); grade
2: major adhesions (colon cannot be separated from other tis-
sue with little effort). The total CDS represented the extent
of damage to the colon, which was scored by two researchers
who were blinded to the experiments to avoid bias.

Measurement of discharge frequency of the vagus
The discharge frequency of the vagus was measured accord-
ing to the method described by Horn and Friedman'”.

The rats were anesthetized and then fixed on a stereotaxic
apparatus. The coordinates of the PVN and microinjection of
glutamate (12 pg in a volume of 0.3 pL 0.9% saline) were the
same as those described above. The discharge frequency of
the vagus was recorded for 2~3 min before and after chemical
stimulation of the PVN using single-barrel glass electrodes.
The discharge signals of the vagus were amplified and filtered
using a preamplifier. The signals were stored in a MedLab-
U/4C501 biological signal acquisition system (Nanjing Meiyi
Science and Technology Co, Ltd), which examined the dis-
charge frequency of the vagus automatically. Only stable dis-
charge was investigated.

Immunohistochemistry analysis

To evaluate proliferation of the colonic epithelium, cells under-
going proliferation were examined by immunohistochemistry
for proliferating cell nuclear antigen (PCNA) using an anti-rat
PCNA polyclonal antibody (Santa Cruz Biotechnology) and
the immunohistochemistry two-step detection kit (Zhongshan
Golden Bridge Biotech Co, Beijing, China). We chose anti-
PCNA antibodies (diluted to 1:100 with PBS) and the polyHRP
anti-rabbit IgG as the primary and the secondary antibod-
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ies, respectively”. The quantitative analysis was performed

blinded under a research microscope (Model IX71, Olympus,
Tokyo, Japan). The number of PCNA positive cells in ten ran-
dom microscopic fields was counted at 400xmagnification.

Western blot

Colonic tissues were excised and stored at -80°C. The frozen
samples were weighed and homogenized in ice-cold buf-
fer. The sample protein concentration was determined with
a BCA protein assay kit according to a previously described
method®™. The sample proteins were separated by 10% SDS-
polyacrylamide gel electrophoresis (SDS-PAGE) and elec-
trophoretically transferred onto a nitrocellulose membrane.
The membrane was then incubated with specific primary
antibodies at 4°C overnight. The anti-Bax antibody and anti-
Bcl-2 antibody were used at a dilution of 1:500, and the anti-
caspase-3 antibody and anti-p-actin antibody were used at
dilutions of 1:750 and 1:2000, respectively. After washing
with PBS, each blot was incubated with the anti-mouse IgG
antibody at a dilution of 1:1000. The signal detection was per-
formed using a BCIP/NBT assay kit. The blots were scanned
and analyzed by Image-Pro Plus 6.0 (Media Cybernetics,
Bethesda, MA, USA).

Measurement of SOD activity and MDA contents

The measurement of SOD and MDA was performed as
described™!. The protein concentrations were determined
using a Coomassie brilliant blue protein assay. The SOD
activity was determined spectrophotometrically at 550 nm,
using the xanthine/xanthine oxidase method. The MDA con-
tent was detected by the thiobarbituric acid reaction and was
determined spectrophotometrically at 532 nm. SOD activity
and MDA contents were expressed in U/mg and nmol/mg of
protein, respectively.

Enzyme-linked immunosorbent assay

The protein levels of TNF-a and IL-1§ in colonic tissue were
detected by ELISA kits (Xitang Biotech Co, Shanghai, China)
according to the methods described by Tsune™.. The protein
levels of TNF-a and IL-1p were calculated from a standard
curve and the results are expressed in pg/mg.

Statistical analysis

All data are expressed as the mean+SD. Statistical analysis
was performed using GraphPad Prism 5 and SPSS 13.0 sta-
tistical software (SPSS Inc, Chicago, IL, USA). Differences
between two groups were analyzed using Student’s t-test and
multiple-group analyses were made using one-way analysis of
variance (ANOVA). With all analyses, P<0.05 was considered
statistically significant.

Results

Histological verification

All target sites of microinjections or chemical lesions of the
PVN and NTS were verified histologically according to
Paxinos and Watson’'s stereotaxic atlas™™ (Figure 1A, 1B).
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Figure 1. The target sites of PVN and NTS in the rat brain. The photo-
micrographs of PVN (A) and NTS (B) of microinjection or chemical ablation
sites, respectively. The coronal sections were stained with 1% neutral red,
showing the position of needle tip (Scale bar: 200 pm).

Histological assessment of the colon

No signs of histological damage were observed in the normal
group. In both the UC and vehicle groups, severe necrosis in
the colonic epithelium and destruction of tubular glands were
observed. Extensive granulation tissue and a massive invasion
of inflammatory cells were also apparent in the sub-mucosa.
However, in the PVN group the ulceration was milder and
there were fewer inflammatory cells (Figure 2).

Vehicle

Figure 2. Histopathology of rat colon. Normal: regular colon surface
epithelium; UC: necrosis at epithelium, congestion under the surface
epithelium, epithelium granulation tissue, intense inflammatory cells
at sub-mucosa; PVN: inflammatory cells in the mucosa and sub-
mucosa; Vehicle: severe necrosis at epithelium, intense congestion
under the surface epithelium, epithelium granulation tissue and intense
inflammatory cells at sub-mucosa; H&E staining with low power (x10)
maghnification.

Effect of chemical stimulation or chemical ablation of the PVN
on UC

The CDS was 9.50+1.05 (1=6) in the UC group, and 10.53+3.32
(n=6) in the vehicle group. The CDS values decreased
(7.17£0.98, 5.17+0.75, 3.50+1.05, n=6, respectively) after chemi-
cal stimulation of the PVN (glutamate 3, 6, and 12 pg in a vol-



ume of 0.3 pL saline) in a dose-dependent manner (r=-0.867,
P<0.05). The CDS was 12.00+1.41 (n=6) after chemical ablation
(KA, 0.3 pg in a volume of 0.3 uL 0.9% saline) of the PVN+12
pg glutamate chemical stimulation of the PVN. A statistical
analysis revealed the CDS following chemical stimulation in
the PVN groups were significantly lower than both the UC
group and vehicle group (P<0.01) (Figure 3).

154

104

Colonic damage score

Figure 3. Effect of chemical stimulation or chemical ablation (CA) of PVN
on UC in rats. Normal: normal; UC: TNBS (100 mg/kg) in a vehicle of 50%
ethanol (v/v) was instilled into the colon, only; Vehicle: microinjection of
saline into PVN+UC; 3, 6, and 12 pg: microinjection of different doses
of glutamate into PVN individually+UC; CA+12 pg: chemical ablation of
PVN+12 pg glutamate stimulation of PVN+UC; Sham CA+12 pg: sham
chemical ablation of PVN+12 ug glutamate stimulation of PVN+UC.
Mean+SD. n=6. °P<0.01, compared with UC and vehicle groups.
P<0.01, compared with the sham CA+12 pg group. r=-0.867, P<0.05.

Role of glutamate receptor antagonist (KYNA) in the protective
effects of chemical stimulation of the PVN on UC

The CDS was 10.00+1.26 (n=6) in the vehicle control group
and similar to that of the above group after KYNA (3.15 pg in
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a volume of 0.3 pL 0.9% saline) microinjection into the PVN
in conjunction with sham chemical stimulation of the PVN
(CDS: 10.50+1.22, n=6). The CDS was 3.50+1.52 (n=6) after
vehicle was microinjected into the PVN with 12 pg glutamate
chemical stimulation. The CDS increased to 9.50+1.05 (1=6)
in the group in which KYNA was microinjected into the PVN
in conjunction with 12 pg glutamate chemical stimulation. A
comparison revealed that the difference between the latter two
groups was significant (P<0.01) (Figure 4A).

The role of NTS in the protective effect of chemical stimulation
of the PVN on UC

To clarify whether the NTS participates in the protective
effects of chemical stimulation of the PVN during UC devel-
opment, the induction of colitis and chemical ablation (KA,
0.3 pg in a volume of 0.3 pL 0.9% saline) of the NTS were per-
formed 72 h before chemical stimulation of the PVN.

The CDS was 9.50£1.05 (1=6) in sham ablation of NTS+sham
chemical stimulation of PVN+UC group, and 3.33+0.82 (n=6)
in the group of sham chemical ablation of the NTS+12 pg
glutamate chemical stimulation of the PVN+UC. The CDS
was 10.00+1.79 (1=6) in the chemical ablation of the NTS+12
pg glutamate chemical stimulation of the PVN+UC group. A
comparison between the first two groups and the latter two
groups demonstrated a significant difference (P<0.01, Figure
4B).

Role of AVP-V, receptor antagonist (DPVDAV) microinjected into
NTS in the chemical stimulation of PVN on UC

To investigate whether the protective effect of chemical stimu-
lation of the PVN is mediated by AVP, DPVDAYV (200 ng in
a volume of 0.3 pL 0.9% saline) was microinjected into the
paired NTS 10 min before chemical stimulation of the PVN.
This treatment resulted in a CDS of 9.50£1.05 (n=6). The CDS
was 3.83£0.73 (1=6) in the saline microinjected into NTS+12
pg glutamate stimulation of PVN+UC group, and the differ-
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Figure 4. (A) Effect of microinjection of KYNA into PVN on UC. NP+GP+UC: saline microinjected into PVN+12 pg glutamate stimulation of PVN+UC;
KP+GP+UC: KYNA microinjected into PVN+12 pg glutamate stimulation of PVN+UC; KP+SGP+UC: KYNA microinjected into PVN+sham stimulation of
PVN+UC; NP+SGP+UC: saline microinjected into PVN+sham stimulation of PVN+UC. °P<0.01 compared with group NP+GP+UC. (B) Role of NTS in
the protective effect of chemical stimulation of PVN on UC. SAN+SGP+UC: sham ablation of NTS+sham stimulation of PVYN+UC; SAN+GP+UC: sham
ablation of NTS+12 ug glutamate stimulation of PVYN+UC; AN+GP+UC: ablation of NTS+12 ug glutamate stimulation of PYN+UC. °P<0.01 compared
with group SAN+SGP+UC; 'P<0.01 compared with group SAN+GP+UC. (C) Effect of microinjection of DPVDAV into NTS on UC. NN+GP+UC: saline
microinjected into NTS+12 pg glutamate stimulation of PVN+UC; DN+GP+UC: DPVDAV microinjected into NTS+12 pg glutamate stimulation of PVN+UC;
DN+SGP+UC: DPVDAV microinjected into NTS+sham stimulation of PVN+UC; NN+SGP+UC: saline microinjected into NTS+sham stimulation of PYN+UC.
°P<0.01 compared with group NN+GP+UC.
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ence between the two groups was significant (P<0.01). The
CDS was 10.83+1.72 (n=6) in the DPVDAYV microinjected into
the NTS+sham chemical stimulation of the PVN+UC group.
The CDS was 10.17£1.67 (n=6) in vehicle microinjected into
NTS+sham chemical stimulation of PVN+UC group. There
was no significant difference between the latter two groups
(P>0.05) (Figure 4C).

Effect of chemical stimulation of the PVN on the discharge
frequency of the vagus

To investigate the role of the peripheral parasympathetic path-
way in the protective effect of chemical stimulation of the PVN
during UC development, the discharge frequency of the vagus
was recorded before and after the glutamate (12 pg) chemical
stimulation of the PVN. The results showed that the mean
discharge frequency of the vagus decreased from 809+22.32
Hz to 241+20.25 Hz (P<0.05) (Figure 5).
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Figure 5. Effect of chemical stimulation of PVN on discharge frequency
of vagus in UC rats. (A) Original record chart of vagus discharge. The
horizontal (time) scale is 50 ms/Div and the vertical scale (the units for
the voltage signal) is 0.5 mV/Div; (B) Effect of chemical stimulation of PVN
on the discharge frequency of vagus.

Effect of chemical stimulation of PVN on the proliferation of
colonic epithelium

As shown in Figure 6, nuclei of PCNA-positive cells (ie, pro-
liferative positive cells) were stained brown. In the normal
group, the expression of PCNA-positive cells was abundant
and the positive cell percentage was 67.00%+4.98%. The per-
centage of proliferative cells decreased to 23.17%+4.45% in
the UC group and 22.67%+5.28% in the vehicle group. After
glutamate was microinjected into the PVN, the percentage
of PCNA-positive cells increased to 63.50%+*7.56% compared
with the UC group and vehicle group (P<0.05). However,
there was no significant difference between the PVN group
and the normal group (P>0.05).
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Figure 6. Effect of chemical stimulation of PVN on the proliferation of
colonic epithelium in UC rats. Normal: normal; UC: TNBS (100 mg/kg)
in a vehicle of 50% ethanol (v/v) was instilled into the colon, only; PVN:
microinjection of glutamate (12 pg) into PVN+UC; Vehicle: microinjection
of saline into PVN+UC. Scale bar: 50 um. Mean+SD. n=6. °P<0.05
compared with normal group. °P<0.05 vs UC group.

Effect of chemical stimulation of PVN on the level of Bcl-2, Bax,
and caspase-3

As shown in Figure 7, compared with vehicle group the pro-
tein levels of Bax and caspase-3 were increased in the UC
group. Conversely, the level of Bcl-2 was decreased (P<0.05).
Nevertheless, the upregulation of Bcl-2 and the downregula-
tion of Bax and caspase-3 were observed in the PVN group.
The difference was significant compared with the UC group
(P<0.05).

Effect of chemical stimulation of the PVN on SOD activity and
MDA contents

The enzymatic activity of SOD in the normal group reached
a high level (108.88+£17.32 U/mg), while it was significantly
decreased in the UC group (61.09+10.90 U/mg) and the vehi-
cle group (55.93+11.28 U/mg). Compared with the UC group,
the SOD activity in the PVN group was significantly increased
(100.94%33.51 U/mg, P<0.01, Figure 8A).

Low MDA contents were detected in the normal group
(3.25£1.12 nmol/mg). The MDA contents were markedly
elevated in the UC group (6.26+0.79 nmol/mg) compared
with the normal group (P<0.01). Conversely, the MDA con-
tents were markedly decreased in the PVN group (3.48+1.58
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Figure 7. Effect of chemical stimulation of PVN on the expression of protein levels of Bcl-2, Bax, and caspase-3 in UC rats. (A) Bcl-2 expression; (B) Bax
expression; (C) caspase-3 expression. Normal: normal; UC: TNBS (100 mg/kg) in a vehicle of 50% ethanol (v/v) was instilled into the colon, only; PVN:
microinjection of 12 pg glutamate into PVN+UC; Vehicle: microinjection of saline into PVN+UC. Mean+SD. n=6. °P<0.05 compared with normal group.
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Figure 8. Effect of chemical stimulation of PVN on SOD activity and MDA
contents in UC rats. (A) SOD activity; (B) MDA contents. Normal: normal;
UC: TNBS (100 mg/kg) in a vehicle of 50% ethanol (v/v) was instilled into
the colon, only; PVN: microinjection of 12 pg glutamate into PVN+UC;
Vehicle: microinjection of saline into PVN+UC. Mean+SD. n=6. °P<0.01
compared with normal group. "P<0.01 compared with UC group.

nmol/mg) compared with the UC group (P<0.01) (Figure 8).

Effect of chemical stimulation of the PVN on expression of TNF-«
and IL-1 in colonic tissues

As shown in Figure 9, the expression of TNF-a and IL-1(
were both increased in the UC groups (685.65+172.52 pg/mg,
730.78+128.92 pg/mg, respectively) compared with the nor-
mal control groups (94.43+42.40 pg/mg, 144.8+57.18 pg/mg,
respectively). The differences were significant (P<0.01). How-
ever, the TNF-a and IL-1p contents of the colonic tissues were
significantly decreased in the PVN groups (149.44+58.72 pg/
mg, 208.38+107.18 pg/mg, respectively) compared with the
UC groups (P<0.01).
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Figure 9. Effect of chemical stimulation of PVN on expression of protein
levels of TNF-a and IL-1f in the colonic tissues in UC rats. (A) TNF-a
expression; (B) IL-1B expression; Normal: normal; UC: TNBS (100 mg/kg)
in a vehicle of 50% ethanol (v/v) was instilled into the colon, only; PVN:
microinjection of 12 pg glutamate into PVN+UC; Vehicle: microinjection
of saline into PVN+UC. Mean+SD. n=6. °P<0.01 compared with normal
group. P<0.01 compared with UC group.

Discussion

The PVN is a nervous nucleus that is complex in both struc-
ture and function. It is an important brain site in regulating
the development of SGMD and GI-RI. The PVN also regulates
classical neurotransmitters such as ACh, NE, 5-HT. Addition-
ally, the PVN controls the parasympathetic and sympathetic
nervous systems and the three endocrine glands (thyroid,
adrenal and gonad)® *!. The PVN is also involved in TNBS-
induced colitis™” #. In the present research, we produced an
acute colitis model using TNBS (100 mg/kg) and 50% ethanol.
We investigated whether the PVN plays an important role in
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the regulation of UC and the possible mechanisms.

In our study, different doses of glutamate microinjected into
the PVN markedly attenuated UC in a dose-dependent man-
ner. This protective effect was abolished by chemical ablation
of the PVN. These results imply that the protective effect is
due to the excitation of PVN neurons, not the crossing nerve
fibers passing the PVN or a spread of the stimulating effect.

In situ hybridization experiments have shown that metabo-
tropic glutamate receptor subunits and all subtypes of the
ionotropic GluR mRNAs were localized in the PVNP* ¥ The
protective effect was abolished after pretreatment when a glu-
tamate receptor antagonist, KYNA, was microinjected into the
PVN. The results suggest that the effect of chemical stimula-
tion of the PVN neurons was mediated by glutamate recep-
tors.

Anatomical evidence has demonstrated that between the
PVN neurons and the lower brainstem and spinal cord there
are complex connections, including descending projections
from the PVN to the NTS, DVC, pituitary, and the intermedio-
lateral cell column of the spinal cord™. Our results showed
that when the NTS was chemically destroyed bilaterally, the
protective effect of the PVN against UC was abolished. This
result indicates that the NTS is an intermediary link or an
important central nucleus in the regulatory mechanism of
PVN for UC. The PVN might exert its complex modulation
via its neural projections in the NTS region™. Hegarty et
al demonstrated that the NTS has a high density of AVP-V,
receptors and is innervated by vasopressinergic fibers origi-
nating in the parvocellular PVN ", In our study, we observed
that the protective effect was abolished by microinjection of
the AVP-V; receptor antagonist DPVDAYV into the NTS. The
results indicate that the AVP-V; receptors play an important
role in the regulatory mechanism of the PVN for UC. These
results are consistent with our previous studies™.

Based on our data we inferred that the protective effect of
the PVN on UC might be mediated by activation of AVP-ergic
neurons in the PVN. These neurons release AVP from the
descending projection fibers and activate the AVP-V, receptors
in the NTS neurons.

Additional data also revealed that electrical or chemi-
cal stimulation of the PVN could inhibit the excitability of
DVC, and decrease the descending efferent impulse from the
vagus®’
colonic mucosal damage was alleviated through a “nicotinic

. As a result, the secretion of ACh was reduced and

anti-inflammatory pathway’ dependent on the a7-nicotinic
acetylcholine receptor (a7nAChR)**?. Our research showed
that the discharge frequency of the vagus was decreased after
chemical stimulation of the PVN, indicating that the vagus
pathway played a critical role in the protective effect.

These results implied that the chemical stimulation of PVN
may have a protective effect against UC via a mechanism
mediated by the NTS and vagus. ACh may be involved in the
regulatory mechanism.

The injuries caused by UC are regulated not only by the
CNS but also by a complex pathological process. It is essen-
tial to keep a balance between proliferation and apoptosis of
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colonic epithelium. Bcl-2, Bax, and caspase-3 are considered
to be the key factors in the regulation of cell apoptosis®’. The
Bcl-2 protein mainly inhibits cellular apoptosis and facilitates
cellular survival and differentiation. The overexpression of
Bax and caspase-3 proteins induces cellular apoptosis and
inhibits the anti-apoptotic effect of Bcl-2*. Our study indi-
cated that chemical stimulation of the PVN can promote the
proliferation of the colonic epithelium by upregulating Bcl-2
protein expression and downregulating both Bax and cas-
pase-3 protein expression. These results demonstrated that
the chemical stimulation of the PVN could effectively attenu-
ate TNBS induced colitis by controlling the anti-apoptotic
pathway in rats.

Previous studies have shown that reactive oxygen species
(ROS) are important factors induced during colonic dam-
age. The ROS impair the integrity of the intestinal epithelial
cells and increase the intestinal mucosal permeability, which
subsequently attenuates the barrier function and host defense
to exogenous bacteria and microorganisms*’. MDA and
SOD are regarded as the oxidative/anti-oxidative index. In
this study, we observed that MDA content was markedly
decreased while SOD activity was elevated in colonic tissue
after microinjection of glutamate into the PVN. This result
indicates that the anti-oxidative effect might be involved in the
regulatory mechanism of glutamate function in the PVN.

Accumulation of ROS stimulates inflammation responses
and secretion of proinflammatory cytokines such as TNF-q,
IL-1B, IL-6 in both plasma and tissues*”. TNF-a and IL-1p are
key inflammatory cytokines produced from inflammatory cells
during the colonic inflammation process. Our present study
showed that the expression of TNF-a and IL-1p were dramati-
cally decreased in the colonic tissues with pretreatment of glu-
tamate microinjected into the PVN. Our data suggest there is
a protective effect of chemical stimulation of the PVN against
inflammation in UC.

Our study suggests that there is a benefit of glutamate
microinjection into the hypothalamic PVN in experimental
colitis. The possible mechanism is thought to be mediated by
the glutamate receptor on the membrane of PVN neurons. In
addition, the AVP-ergic neurons are activated in the PVN,
which synthesizes and releases AVP to follow the descending
projection fibers from the PVN. The result is activation of the
AVP-V; receptors in the NTS neurons. Parallel, vagal efferent
activity was also decreased. The ACh release from the vagus
terminals may be reduced, which may have a protective effect
against the insults of UC. Moreover, expression of PCNA-
positive cells, the protein level of Bcl-2, and the SOD activ-
ity were obviously increased after glutamate microinjection.
Conversely, MDA contents and the protein levels of Bax, cas-
pase-3, TNF-a, and IL-1p were decreased. However, further
research is needed to determine whether ACh is involved in
the regulatory mechanism.

In summary, our data demonstrated that the CNS directly
participates in the regulation of UC in rats. The protective
effect against the development of UC is related to the excita-
tion of the PVN neurons. We found that microinjection of glu-



tamate into the PVN could ameliorate TNBS-induced colitis.
These results suggest a potential clinical use for the therapeu-
tic application of PVN regulation in UC. Our results provide
novel insight and improved understanding of hypothalamic
function, and suggest a possible approach to UC treatment.
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