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Microangiopathy triggers, and inducible nitric oxide
synthase exacerbates dextran sulfate sodium-induced

colitis

Hiroki Saijo'?, Norifumi Tatsumi', Seiji Arihiro?, Tomohiro Kato®, Masataka Okabe', Hisao Tajiri** and

Hisashi Hashimoto'

Ulcerative colitis (UC) is a representative clinical manifestation of inflammatory bowel disease that causes chronic

gastrointestinal tract inflammation. Dextran sulfate sodium (DSS)-induced colitis mice have been used to investigate UC
pathogenesis, and in this UC model, disturbance and impairment of the mucosal epithelium have been reported to cause
colitis. However, how DSS sporadically breaks down the epithelium remains unclear. In this study, we focused on the
colonic microcirculation and myenteric neurons of DSS-induced colitis. Moreover, we examined the potential of myenteric
neurons as a target to prevent exacerbation of colitis. Fluorescent angiographic and histopathological studies revealed
that DSS administration elicited blood vessel disruption before epithelial disorders appeared. Ischemic conditions in the
lamina propria induced inducible nitric oxide synthase (iNOS) expression in myenteric neurons as colitis aggravated. When
neuronal activity was inhibited with butylscopolamine, neuronal iNOS expression decreased, and the exacerbation of
colitis was prevented. These results suggested that DSS-induced colitis was triggered by microcirculatory disturbance in
the mucosa, and that excessive neuronal excitation aggravated colitis. During remission periods of human UC, endoscopic
inspection of the colonic microcirculation may enable the early detection of disease recurrence, and inhibition of neuronal
iNOS expression may prevent the disease from worsening.
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Ulcerative colitis (UC) and Crohn’s disease are clinical
manifestations of inflammatory bowel disease (IBD) that
causes intractable gastrointestinal tract inflammation.! Many
possible etiologies, such as genetic factors,> environmental
factors,?> and autoimmune overactivity,4 have been proposed
for IBD, but none have been confirmed. Various mouse
models of IBD have been introduced to investigate its patho-
genesis and pathophysiology, including genetically modified
interleukin (IL)-10-deficient mice and mice with colitis
chemically induced by the administration of dextran sulfate
sodium (DSS) and acetic acid.>® DSS-induced colitis mice
exhibit pathological and pathophysiological features that
resemble human UC. However, how DSS induces colitis is
not clear.?

Many researchers have ascribed DSS-induced colitis to
impaired host defense in colonic mucosal epithelium that
leads to enterobacteria translocation via dysfunction of
the mucosal epithelium. Subsequently, inflammatory cells

infiltrate the lamina propria, secrete inflammatory cytokines
such as IL-1f, IL-6, and tumor necrosis factor-a (TNF-a),
and exacerbate inflammation.” Indeed, 4-day incubation of
MCA-38, a mouse epithelial cell line, in DSS-containing
culture medium reduced cell proliferative activity.® Patholo-
gical changes in the epithelium begin ~3 days after the
initiation of oral DSS administration, before colitis.” How-
ever, orally administered DSS has been reported to penetrate
the lamina propria within 1 day and be engulfed by
macrophages.'®!! Pathological changes occur sporadically in
the mucosa of the distal colon. Consequently, it is unclear
why this length of time is necessary to elicit colitis, and the
precise pathogenesis of DSS-induced colitis is difficult to
define according to the above mechanism.

Disturbances and disruptions of colonic circulation
including tissue microcirculation are involved in the patho-
genesis of many bowel diseases such as ischemic colitis.
In DSS-induced colitis, few observations concerning blood
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circulation have been reported beyond the finding that
vascular permeability was enhanced at an early stage of DSS
administration.!? Although continuous oral administration of
DSS causes hemoccult-positive or bloody stools before
pathological changes in epithelium are remarkable,” it is
unclear why intraluminal bleeding precedes the onset of
colitis and when or how blood vessels are injured.

In this study, we attempted to reveal alterations in the
colonic microenvironment and microcirculation induced by
DSS administration before colitis onset. Sequential changes in
vascular structure and distribution in the colon of DSS-
administered mice were three-dimensionally examined with a
confocal laser scanning microscope. Hypoxic conditions were
analyzed by exploring the expression and localization of
hypoxia-inducible factor 1 (HIF1a)'®!* and inducible nitric
oxide synthase (iNOS).!>1¢ Because iNOS-expressing neuro-
nal hyperactivity might exacerbate DSS-induced colitis, the
effect of the anticholinergic agent, butylscopolamine, on
colitis progression was also investigated. This study is the first
to characterize the role of colonic microcirculation in the
onset and progression of DSS-induced colitis.

MATERIALS AND METHODS

Animals

Male C57BL/6] mice were purchased from Japan Charles
River Laboratories (Kanagawa, Japan). The mice were fed a
commercial diet (CE-2; Japan CLEA, Tokyo, Japan) and given
tap water to drink ad libitum. They were housed 5 per cage
and under a constant temperature of 22 °C and a 12-h light/
12-h dark cycle. The following experiments were performed
when the mice were 9—-10 weeks old.

Experimental Design

DSS (MW 36 000-50 000, 160110; MP Biomedicals, Tokyo,
Japan) was administered to the mice as a 2% aqueous solution
in their drinking water.> Control mice received normal tap
water supplied in a bottle. The DSS-administered mice were
killed each day and evaluated.

Evaluation of Colitis

The progression of colitis was evaluated as previously
described.!” In all mice, weight, stool consistency, and occult
blood or gross bleeding were scored each day during the
experimental period. Disease activity index (DAI) was deter-
mined by calculating the mean of each score. The criteria for
scoring are shown in Table 1.

Antibodies
The primary and secondary antibodies used in this study are
summarized in Table 2.

Histological Observation

At the time of killing, mice were anesthetized with sodium
pentobarbital (50 mg/kg intraperitoneally) and perfused with
20 ml of a fixative consisting of 4% paraformaldehyde (PFA)
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Table 1 Scoring of disease activity

Score  Weight loss (%) Stool consistency Occult blood or gross
bleeding

0 None Normal Normal

1 1-5

2 5-10 Loose stools Hemoccult

3 10-15

4 >15 Diarrhea Gross bleeding

Disease activity index (DAI)=average of three scores.

in sodium phosphate buffer (SPB, pH 7.2) through the left
ventricle. Then, the colon was removed and slit open with
scissors from the caudal end, and stools were removed with a
wooden stick. Another wooden stick was placed under the slit
and used to roll up the cleaned colon segment.!® The
specimen was further fixed in the same fixative, dehydrated
through an ascending series of ethanol, embedded in paraffin,
and sliced at a thickness of 4 yum with a sliding microtome.
For routine histological observation, the paraffin sections
were stained with hematoxylin and eosin (H&E).

Immunohistochemistry for KI67 and HIF1a on Paraffin
Sections

The paraffin sections were deparaffinized with xylene,
rehydrated, and washed with 0.01 M phosphate-buffered
saline (PBS, pH 7.4). For KI67 detection, the sections were
heated in 0.01 M sodium citrate buffer (pH 6.0) in an
autoclave at 105°C for 15min to retrieve antigen epitopes.
After washing with PBS, the sections were incubated with
10% normal goat serum at room temperature (RT) for 60
min, and then with the rabbit anti-KI67 antibody at 4 °C
overnight. The sections were rinsed with PBS and incubated
with the biotinylated goat anti-rabbit IgG antibody at RT for
60 min. The sections were then washed with PBS and
incubated with avidin-biotin-horseradish peroxidase com-
plexes (Vectastain ABC Elite kit PK-6100; Vector Labora-
tories) at RT for 45 min. After rinses with PBS, the sections
were incubated in a coloring solution containing 0.5 mg/ml
of diaminobenzidine tetrahydrochloride (DAB, 349-00903;
Dojindo, Kumamoto, Japan) and 0.15ul/ml of H,O, in
0.05M Tris-HCI, pH 7.6, for 30s. The sections were then
washed three times with distilled water. The nuclei were
stained with Mayer’s hematoxylin. The slides were dehydrated
through an ascending series of ethanol, cleared in xylene, and
mounted with Entellan new (107961; Merck Millipore,
Tokyo, Japan). For HIFla detection, the sections underwent
the same processes described above without the antigen
retrieval step, using rabbit anti-HIFla as the primary
antibody. Washing with PBS was performed three times for
5 min each.
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Table 2 Antibodies used in this experiment

Antigen Product code/manufacturer Antibody Label Applications Dilution
Kle7 ab15580; Abcam, Tokyo, Japan Rabbit polyclonal — IHC-P 1:2000
HIFT1a NB100-479; Novus Biologicals, Littleton, CO, USA Rabbit polyclonal — IHC-P 1:100
WB 1:1000
PECAM1 DIA 310; Dianova, Hamburg, Germany Rat monoclonal — IHC-Fr 1:10
aSMA ab5694; Abcam Rabbit polyclonal — IHC-Fr 1:200
Peripherin sc-7604; Santa Cruz Biotechnology, Dallas, TX, USA Goat polyclonal — IHC-Fr 1:50
iNOS ab15323; Abcam Rabbit polyclonal — IHC-Fr 1:100
— WB 1:200
VEGF-A ab1316; Abcam Mouse monoclonal — WB 1:1000
B-Actin sc-47778; Santa Cruz Biotechnology Mouse monoclonal — WB 1:1000
TATA ab818; Abcam Mouse monoclonal — WB 1:2000
Rabbit 1gG BA-1000; Vector Laboratories, Burlingame, CA, USA Goat polyclonal Biotin IHC-P 1:200
Rat IgG A-11006; Life Technologies, Tokyo, Japan Goat polyclonal Alexa 488 IHC-Fr 1:500
Rabbit IgG A-21070; Life Technologies Goat polyclonal Alexa 633 IHC-Fr 1:500
Goat IgG A-11055; Life Technologies Donkey polyclonal Alexa 488 IHC-Fr 1:500
Rabbit 19G AP182S; Merck Millipore, Billerica, MA, USA Donkey polyclonal Cy5 IHC-Fr 1:100
Rabbit 1gG NA934-100UL; GE Healthcare, Tokyo, Japan Donkey polyclonal HRP WB 1:10000
Mouse IgG NA931-100UL; GE Healthcare Sheep polyclonal HRP WB 1:10000

Vascular Cast with RITC-Labeled Gelatin

Gelatin (gelatin RR; AIBIS, Osaka, Japan) was labeled with
rhodamine isothiocyanate (RITC, R1755, Sigma-Aldrich
Japan K.K., Tokyo, Japan) as previously described.!® Before
perfusion, the RITC-labeled gelatin solution (hereafter
designated as RITC-gelatin) was dissolved in a hot (~60 °C)
water bath, diluted with PBS for a final gelatin concentration
of ~10%, and loaded into a 20-ml syringe connected to a 24-
G needle by means of a plastic tube. The syringe with plastic
tube and needle was kept at 37°C in a warm water bath
until use.

At the time of killing, mice were anesthetized with sodium
pentobarbital and perfused with 20ml of RITC-gelatin
through the left ventricle as blood flowed from the right
auricle. After perfusion, the mice were immersed immediately
in a chilled fixative consisting of 0.5% PFA and 15% (vol/vol)
of a saturated picric acid solution in SPB for 20 min. Then,
the colon was removed and further fixed in the same fixative
at 4°C.

Double Immunofluorescence Staining for PECAM1 and
aSMA, or for iNOS and Peripherin on Thick Frozen
Sections

The RITC-gelatin-perfused and fixed colon was sliced
transversely with razor blades, rinsed several times with cold
PBS, and transferred to PBS containing 20% sucrose and 10%
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glycerin for 5h. The specimen was then rapidly frozen on a
freezing stage (K400; Microm Laborgerate, Walldorf, Ger-
many) attached to a sliding microtome (HM400R; Microm
Laborgerate) and sectioned at a thickness of 100 ym. The
sections were rinsed with chilled PBS and pretreated with 3%
aqueous solution of sodium deoxycholate overnight at 4 °C.
After rinsing with chilled distilled water, the sections were
double immunostained for platelet endothelial cell adhesion
molecule 1 (PECAM1) and a-smooth muscle actin (aSMA),
or for iNOS and peripherin. For PECAM1 and aSMA, the
pretreated sections were rinsed with chilled PBS, incubated
with 10% normal goat serum overnight at 4 °C, and incubated
with a mixture of rat anti-PECAMI1 and rabbit anti-aSMA
antibodies for 3 days at 4 °C. The sections were then rinsed
repeatedly with chilled PBS for several hours and incubated
with a mixture of Alexa 488-conjugated goat anti-rat IgG and
Alexa 633-conjugated goat anti-rabbit IgG antibodies for
2 days at 4°C. For iNOS and peripherin, the pretreated
sections were incubated with 10% normal donkey serum and
then with a mixture of goat anti-peripherin and rabbit anti-
iNOS antibodies. The secondary antibodies were a mixture
of Alexa 488-conjugated donkey anti-goat IgG and Cy5-
conjugated donkey anti-rabbit IgG antibodies. After incuba-
tions, the sections were rinsed repeatedly with chilled PBS,
mounted with a mounting medium consisting of 0.05M
Tris-HCI buffered saline (pH 8.0) containing 90% (vol/vol)
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nonfluorescent glycerin and 10 mg/ml 1,4-diazabicyclo[2.2.2]
octane (DABCO), and observed with a Carl Zeiss LSM-510
Meta laser scanning microscope (LSM).

Observation of the Flat-Mounted Whole Distal Colon and
Its Thick and Thin Transverse Sections

After perfusion with RITC-gelatin and fixation as described
above, the colon was removed, cut open at the opposite site
attached to the mesocolon, and further fixed in the same fixative
overnight at 4 °C. The colon was rinsed with cold PBS several
times and was treated with 3% aqueous solution of sodium
deoxycholate overnight at 4 °C. After several rinses with cold
PBS, the colon was immersed in the mounting medium
overnight at 4 °C. Then, the colon was flat mounted on a glass
slide with the same mounting medium and was observed with
the LSM. After observation, thick transverse sections of the flat-
mounted colon were obtained by slicing with razor blades and
observed transversely with the LSM. The thick sections were
then rinsed with cold PBS several times and fixed in 4% PFA in
0.1 M SPB for 30 min at RT. After several rinses with SPB, the
thick sections were dehydrated with a graded series of ethanol,
immersed in a modified hydrophilic resin mixture of 2-
hydroxypropyl methacrylate, triethylene glycol dimethacrylate,
and 2-butoxyethanol at a ratio of 7:0.25:1 containing 0.05% (wt/
vol) benzoin methyl ether,2 and embedded in the same resin
mixture to create transverse sections. The resin mixture was
cured under ultraviolet irradiation for 1 h at RT. The resin block
was sectioned at a thickness of 2 ym with an ultramicrotome
(Ultracut UCT; Leica, Tokyo, Japan). Each section was stained
with methylene blue and basic fuchsine’! and observed with a
Carl Zeiss Axio Imager light microscope.

Quantitative Evaluation of Vascular Permeability
Vascular permeability was determined by the Evans blue dye
method?»?® with slight modification. Briefly, mice were
anesthetized with sodium pentobarbital and received a median
abdominal incision. The inferior vena cava was exposed, and
20 mg/kg of Evans blue dye solution (10 mg/ml, dissolved in
saline solution containing 100 U/ml of heparin) was injected
into it. At 5min after injection, the mice were perfused with
20 ml of saline solution through the left ventricle. The distal
colon was removed, cleaned, immediately weighed, and placed
in a centrifuge tube containing 2.0 ml of formamide. After
incubation for 24h at 60°C, the formamide extract was
collected, and colorimetric measurements were performed with
a Nano Drop 1000 spectrophotometer (ND-1000; Thermo
Scientific, Yokohama, Japan) at the absorption maximum for
Evans blue (620 nm). The Evans blue content in the extract was
quantified with an external standard curve in formamide?* and
calculated per gram of tissue.

Endoscopic Assessment of Mucosal Damage and
Vascular Permeability

Properties of the colonic mucosa and vascular permeability of
the DSS-administered colon was directly observed by using
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the endoscope for small animals (AE-C1 and AE-F16070;
AVS, Tokyo, Japan). After anesthesia and injection of Evans
blue dye as described above, the colon was washed with
warmed PBS and inspected thoroughly.

Enzyme-Linked Immunosorbent Assays (ELISAs) of
Serum VEGF-A

Blood was obtained through the inferior vena cava of DSS-
administered mice at days 0, 2, 3, 4 and 5, and serum samples
were prepared by centrifugation. Serum levels of vascular
endothelial growth factor A (VEGF-A) isoforms were
measured with a mouse VEGF-A ELISA kit (MMV00; R&D
Systems; Minneapolis, MN, USA). In brief, 50 ul of standard
or each serum sample and 50 ul of assay diluent RDIN were
applied to a well of the assay plate, and mixed by shaking the
plate for 1 min. The plate was then sealed and incubated for
2h at RT. Each well was washed five times with 1 X wash
buffer, and 100pul of 1x mouse VEGF-A conjugate
concentrate was added to each well. Then, the plate was
sealed and incubated for 2 h at RT. The wells were washed five
times, and 100 ul of substrate solution was added to them and
incubated for 30 min at RT. The reaction was terminated by
adding 100 ul of stop solution and then read with a Corona
Grating Microplate Reader SH-1200 Lab (Corona Electric,
Ibaraki, Japan) at dual wavelengths of 450/540 nm.

Western Blot Analysis of iNOS, VEGF-A, and HIF1a

At the time of killing, mice were anesthetized with sodium
pentobarbital and perfused with 20 ml of cold PBS through
the left ventricle, and then the distal colon was removed. The
distal colon was homogenized in a lysis buffer (0.05M Tris-
HCI, pH 7.4, 0.1 M NaCl, and 1% Triton X-100) containing
complete protease inhibitors (4693116; Roche Diagnostics,
Tokyo, Japan) at 4°C. The supernatant was collected after
30 min of centrifugation at 13 000 g and assayed for protein
concentration using a BCA Protein Assay Kit (23225; Thermo
Scientific). The protein concentration in each supernatant
sample was adjusted to 5 mg/ml with the lysis buffer. Of each
supernatant sample, 1 ml was mixed with 950 ul of Laemmli’s
sample buffer (161-0737; Bio-Rad Laboratories, Tokyo,
Japan) and 50 ul of 2-mercaptoethanol and incubated at
95 °C for 10 min. Then, 8 ul of each mixture was subjected to
sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE). The acrylamide concentration was 7.5, 15, and
15% for the detection of iNOS, VEGF-A, and p-actin,
respectively. After electrophoresis, proteins in the gel were
electrotransferred to a Hybond-P polyvinylidene fluoride
(PVDF) membrane (2322450; Atto Corporation, Tokyo,
Japan). After washing with 0.05M Tris-HCI buffered saline
(pH 7.6, hereafter designated as TBS) containing 0.1%
Tween-20 (TBS-T) for 3 X5min, each PVDF membrane
was blocked with 0.1% gelatin, 0.1% casein, 0.05% Tween-20,
and 0.02% NaNj in TBS at RT for 1 h. Then, the membrane
was washed in TBS-T for 3 x5 min and incubated with the
primary antibody (polyclonal rabbit anti-iNOS, monoclonal
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mouse anti-VEGF-A, or mouse anti-f-actin antibody) at 4 °C
overnight. The membrane was washed in TBS-T for 3 X 5 min
and incubated with the corresponding ECL horseradish
peroxidase-conjugated secondary antibody at RT for 1h.
After washing with TBS-T for 3 X 5 min, the immunoreaction
was detected with a chemiluminescence ECL Prime Western
Blotting Detection Reagent (72-AS01-21; GE Healthcare)
using a ChemiDoc XRS+ gel imaging system (170-8265J2PC;
Bio-Rad Laboratories).

For analysis of HIF1a, the distal colon was similarly removed
from mice. Cytosolic proteins and nuclear proteins were
extracted from the distal colon using the NE-PER Nuclear and
Cytoplasmic Extraction Reagents (78835; Thermo Scientific)
according to the manufacturer’s instructions. Protein concen-
tration in each extract was adjusted to 2.5mg/ml with the
extraction reagent. SDS-PAGE and western blotting of each
extract were performed as described above using the anti-
HIFla antibody as the primary antibody. The anti-TATA-
binding protein antibody and anti-f#-actin antibody were used
as nuclear and cytoplasmic loading controls, respectively.

Tissue Preparation for In Situ Hybridization

Mice were perfused with 4% PFA in SPB, and the colon was
obtained as described above. The colon was sliced transversely
with razor blades and further fixed in the same fixative at 4 °C
overnight. Then, the specimen was rinsed several times with
cold PBS, immersed in 30% sucrose in PBS at 4 °C, embedded
in Tissue Tek OCT compound (4583D; Sakura, Tokyo,
Japan), and frozen. The specimen was sectioned at a thickness
of 10 um with a cryostat (CM3050S; Leica, Tokyo, Japan).

Isolation of cDNA Encoding HIF1a and iNOS

Total RNA was extracted from the colon of a wild-type mouse
to isolate HIF1a, and from the colon of a DSS-fed mouse to
isolate iNOS, using TRIzol Reagent (15596-026; Life Tech-
nologies). First-strand cDNAs were reverse transcribed using
PrimeScript II 1st strand cDNA Synthesis Kit (6210A; Takara
Bio, Tokyo, Japan). For HIFla isolation, specific primers
(forward primer, 5-CATCGACACAGCCTCGATA-3'; reverse
primer, 5-TTCAGCCCTAGCTTCCTTCA-3") were used. For
iNOS isolation, two primer sets for independent regions (forward
primer, 5'-TCTTGTGTTGGAGGTGACCA-3'; reverse primer,
5'-AGCTGGAAGCCACTGACACT-3’' and forward primer,

Table 3 Real-time PCR primer sequences

5'-AAGCCCCGCTACTACTCCAT-3'; reverse primer, 5-CT
CGAGCCTCGTGGCTTTGGGCT-3") were used. PCR using
Blend Taq Plus (BTQ-201; Toyobo, Osaka, Japan) was
performed under the following conditions: 95°C for 30s,
and 30 cycles of 55°C for 30s and 72°C for 1 min. PCR
products were ligated into pGEM-T Easy Vector plasmids
(A1360; Promega, Tokyo, Japan) and sequenced.

In Situ Hybridization for HIF1a and iNOS

A digoxigenin-labeled antisense RNA probe was synthesized
using the DIG RNA Labeling Kit (T7, 1175025; Roche
Diagnostics) with plasmids containing the genes for HIF1a or
two different regions of iNOS. Processes of in situ hybridiza-
tion were performed as previously described®®> with some
modifications. Briefly, the cryosections were permeabilized
with proteinase K (5 pug/ml, 3115828; Roche Diagnostics) in
PBS with 0.1% Tween-20 for 10 min at 37 °C, incubated with
1 pg/ml digoxigenin-labeled riboprobe in hybridization buffer
for 16 h at 70 °C, blocked with 10% heat-inactivated sheep
serum in TBS-T for 30 min at RT, and incubated with anti-
digoxigenin antibody conjugated with alkaline phosphatase
(1:2000 dilution, 1333089; Roche Diagnostics) in TBS-T
containing 1% heat-inactivated sheep serum for 2h at RT.
Antibody detection was performed by incubating the sections
with 0.2% nitroblue tetrazolium and 0.2% 5-bromo-4-
chloro-3-indolyl-phosphate toluinium in detection solution
(0.1 M Tris-HCI, pH 9.5, 0.1 M NaCl, 0.05M MgCl,, 1%
Tween-20, and 1.25 mM levamisole) for 72 h at RT.

Quantitative Reverse Transcriptase-PCR (qRT-PCR)
Analysis

Total RNA was isolated from the distal colons using TRIzol
reagent and followed by DNase treatment (DNase I, Amplifica-
tion Grade, 18068-015; Life Technologies) to avoid contaminat-
ing genomic DNA. Total RNA (1.0 ug) was reverse transcribed
using PrimeScript II Ist strand ¢cDNA Synthesis Kit and SYBR
green-based qRT-PCR was performed by using SYBR Select
Master Mix (4472908; Life Technologies). Primers used were
previously described,’® and they are listed in Table 3.

Induction of Venous Congestion in the Colon
Venous congestion in the colon was induced by ligation of the
inferior mesenteric vein. Mice were anesthetized under

Gene Forward primer (5'-3’) Reverse primer (5'-3’) Product size
Actb CAACGGCTCCGGCATGTGC CTCTTGCTCTGGGCCTCG 153 bp
Vegfa AGTCCCATGAAGTGATCAAGTTCA ATCCGCATGATCTGCATGG 220bp
Hifla TCATCAGTTGCCACTTCCCCAC CCGTCATCTGTTAGCACCATCAC 198 bp
iNos ATGTGCTGCCTCTGGTCTT CCTGGAACCACTCGTACTTG 114 bp
Prph AGCTACTGGAAGGGGAGGAG CGGGTCTCAATTGTCCTCAT 431 bp
732 Laboratory Investigation | Volume 95 July 2015 | www.laboratoryinvestigation.org
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isoflurane inhalation. A midline abdominal incision was
made, and the inferior mesenteric vein was identified and
separated from the surrounding tissue. A ligature was tied
around the inferior mesenteric vein at the site where it left the
colon to join the superior mesenteric vein. Then, the
abdominal wall was closed by suturing the abdominal muscle
and skin. At the end of anesthesia, mice were allowed to
recover on a heating pad. At 24 and 48 h after ligation, the
mice were killed, and the colon was obtained and processed as
mentioned above. The paraffin sections were stained with
H&E and immunostained for KI67 and HIFla. The thick
frozen sections were double immunofluorescence labeled for
iNOS and peripherin.

Bevacizumab (rhuMAb VEGF) Administration in
DSs-Colitis Mice

Mice were given intraperitoneal injection of bevacizumab
(10 mg/kg body weight in 0.1 ml saline solution) 24 h before
receiving a course of DSS administration. At 48 h after the
beginning of DSS administration, the mice received the
second intraperitoneal injection of the same dose of bevaci-
zumab. At 2, 3, 4, and 5 days of DSS administration, the colon
was obtained and processed as described above. Paraffin
sections were stained with H&E and HIFla. Thick frozen
sections were double immunofluorescence labeled for iNOS
and peripherin.

Butylscopolamine Treatment

Continuous administration of butylscopolamine was com-
menced 30h after the beginning of DSS administration.
Briefly, mice were given 2% (wt/vol) DSS in their drinking
water. At 30 h of DSS administration, an osmotic minipump
(1007D; Alzet, Cupertino, CA, USA) that had been filled with
PBS containing butylscopolamine (also known as scopola-
mine N-butylbromide, 5 ug/g body weight/day; S7882-1G;
Sigma-Aldrich) was embedded in the subcutaneous tissue of
the back?” under isoflurane inhalation anesthesia. The DAI of
each mouse was calculated each day from the beginning of
DSS administration. At 3, 5, and 7 days of DSS administra-
tion, the mice were killed, and the colon was obtained and
processed as described above. Paraffin sections were stained
with H&E and immunostained for K167 and HIFla. Thick
frozen sections were double immunofluorescence labeled for
PECAM1 and aSMA, or for iNOS and peripherin. The
sections that were made by a cryostat were investigated for
HIFla and iNOS by in situ hybridization. Control mice
received only 2% (wt/vol) DSS supplied in a bottle.

Statistical Analysis

Statistical analysis was performed with the Student’s -test for
comparisons between two groups. Differences between multi-
ple groups were assessed with the Steel multiple comparison
test. The P-values of <0.05 were considered to be statistically
significant.
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Study Approval
The experimental design was approved by the institutional
animal care and use committee of the Jikei University (23-
040, 25-049) and performed under the guidelines for animal
experimentation.

RESULTS

The colon was evaluated each day during the experiments,
and here we present characteristic changes observed in each
experiment.

Vascular Permeability
At first, to assess the vascular permeability in the distal colon,
Evans blue dye solution was intravenously injected. The colonic
mucosa was inspected with an endoscope and the content of
Evans blue dye was measured by spectrophotometry.
Endoscopic examination of the day 0 colon showed that the
mucosa had a smooth surface and was faintly colored with
Evans blue. Some fine blood vessels were running in the
mucosa. On day 2, a few vessels were dilated and Evans blue
dye leaked out to perivascular spaces. On day 3, the leaked
Evans blue dye spread in the mucosa and intramucosal
hemorrhages were noticed (Figure la). The leaked blood and
Evans blue dye spread in the mucosa on day 4 and the mucosa
was eroded on day 5. The content of Evans blue dye in tissue
extract (n=4 each) was gradually increased by the adminis-
tration of DSS. A significant increase was detected from day 3
to day 5 (Figure 1b, *P<0.05).

Changes in Colorectal Vascular Networks and Epithelium
The distribution and breakdown of vascular networks
during the progression of DSS-induced colitis were investi-
gated in a whole-mount preparation of the distal colon
by perfusing the blood vessels with RITC-gelatin. Thick
transverse sections obtained from the whole mount were
observed again with the LSM. Furthermore, semi-thin resin
sections of the thick sections were examined with a light
microscopy.

On day 0, ramified blood vessels were regularly distributed
throughout the distal colon. Thick transverse sections
revealed blood vessels that branched into the lamina propria
running vertically toward the mucosal subepithelial region.
The epithelium evenly invaginated into the lamina propria
and formed deep crypts (Figure 2a). On day 3, halo-like
fluorescence was observed at a few points in the flat mount
where vascular density was low, indicating leakage of RITC-
gelatin from a blood vessel. Thick transverse sections
demonstrated RITC-gelatin leakage from a blood vessel
running just above the muscularis mucosa, spreading into
the lamina propria. On semi-thin sections, the crypts were
shortened or lost, whereas the epithelium was unchanged
(Figure 2b). No pathological changes were observed in the
mucosa obtained from any other region. On day 5, RITC-
gelatin leakage occurred throughout the distal colon. Thick
transverse sections revealed leaked RITC-gelatin spreading
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Figure 1 DSS administration increases vascular permeability. (a) Representative endoscopic images of the colon during DSS administration. These
images were obtained after intravenous injection of Evans blue dye. On day 0, the colonic mucosa is faintly bluish and fine blood vessels are
recognizable. From day 2, bluish smudges, indicating the leakage of Evans blue dye, are discernible in the perivascular region and the leakage spreads
day by day (arrowheads). In addition, bleeding in the mucosa begins on day 3, and becomes severer on day 4 and 5 (arrows). (b) Evans blue dye
leakage from blood vessels was measured as an indicator of vascular permeability. A significant increase in the amount of Evans blue dye was observed
from day 3 to day 5. Data are expressed as mean +s.e.m.; n=4 each. *P<0.05 vs day 0 (WT).

over the lamina propria and accumulating in the subepithelial
region. The epithelium as well as crypts were lost, and most
blood vessels were expanded (Figure 2c).

Effects of DSS on Vascular Structure, aSMA-Positive
Cells, and PECAM1-Positive Cells

Sequential changes of vascular fine structure and distribution
were examined by double immunostaining for aSMA and
PECAM1 on thick frozen sections of the RITC-gelatin
perfused colon.

In control animals, endothelial cells indicated by PECAM1
uniformly lined the luminal surface of blood vessels and were
surrounded by aSMA-positive vascular smooth muscle cells
(Figure 3a and Supplementary Figure 1A). In the lamina
propria, many spindle-shaped aSMA-positive cells were
vertically arranged. On day 3, the blood vessels that ran from
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the submucosa to the lamina propria appeared constricted as
they passed through the muscularis mucosa, and aSMA
immunoreactivity at the vascular wall was decreased in the
lamina propria. The arrangement of PECAMI-positive
endothelial cells was disorganized in the blood vessels that
demonstrated RITC-gelatin leakage. The aSMA-positive
vascular wall was thinning and occasionally ruptured. aSMA
immunofluorescence in spindle-shaped cells was diminished.
RITC-gelatin leaked into the intercellular space of the vascular
wall and the surroundings of the vessels (Figure 3b and
Supplementary Figure 1B). On day 5, leaked RITC-gelatin
spread throughout the lamina propria. The blood vessels
indicated by RITC-gelatin and PECAM1 became dense in the
lamina propria, and some were tortuous. The number of
aSMA-positive cells was increased in comparison with day 3.
At higher magnification, the arrangement of PECAMI-

Laboratory Investigation | Volume 95 July 2015 |


http://www.laboratoryinvestigation.org

Angiopathy/neuropathy and DSS colitis
H Saijo et al

Day 0

transverse section

Day 3

-
Figure 2 DSS administration injures blood vessels running in the deep layer of the lamina propria and evokes damage to the epithelium. Vascular
networks in the distal colon and histology of the colonic mucosa from a wild-type mouse (a) and mice administered DSS for 3 days (b) and 5 days (c).
In the upper image, left is rostral and right is anal. The image on the lower left is a high-power view of the yellow rectangular area in the upper flat-
mount preparation. The lower middle image was obtained from a transverse section through the yellow rectangular area. The image on the lower right
was obtained from a semi-thin section of the transverse section. Scale bars: upper, 5 mm; lower left 100 um, lower middle and right, 50 um. A few halo-
like spots of fluorescence are present in a flat-mount specimen from day 3 (arrows in b). A high-power view of the spot indicates RITC-gelatin leakage.
The transverse section reveals RITC-gelatin leakage spreading from a larger vessel in the deep layer of the lamina propria to the subepithelial region.
The crypts in this area are shortened or lost (arrowheads in b). On day 5, a large area of the distal colon emits misty RITC-gelatin fluorescence. Leaked

RITC-gelatin accumulates in the subepithelial lamina propria region (arrow in c). The surface epithelium is mostly lost, and no crypt is observed. Some
blood vessels are distinguished by their expanded lumen (arrowheads in c).
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Figure 3 DSS administration causes breakdown of the walls of large vessels running in the deep layer of the lamina propria. Vasculature (red: RITC-
gelatin) and double immunofluorescence images for PECAM1 (green) and aSMA (blue) from the distal colon on day 0 (a), day 3 (b), and day 5 (c). Scale
bars: 50 um (left) and 10 um (right). The arrangement of PECAM1-positive endothelial cells and aSMA-positive smooth muscle cells is disturbed (b, c).
RITC-gelatin leakage into the intercellular space of the vascular wall and spreading to the surrounding connective tissue is apparent. Severe stenosis of

large vessels is observed.

positive endothelial cells in a larger vessel running just above
the muscularis mucosa was disturbed, and RITC-gelatin
leaked into intercellular spaces (Figure 3c and Supplementary
Figure 1C).

Pathological Changes of the Distal Colon
To investigate the mucosal disorder by DSS administration,
we performed H&E stain and immunostaining for K167 on
paraffin sections of the colon.

During first 2 days of DSS administration, no histological
changes were observed in the distal colon (Figure 4a).
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However, the number of KI67-immunopositive cells at the
bottom of crypts was remarkably decreased on day 2
(Figure 4b). On day 3, the crypts became shortened or lost,
the arrangement of cells in crypts was distorted, and goblet
cells were decreased in number (Figure 4a). The number of
KI67-positive cells in the remaining crypts was drastically
reduced, and their immunoreactivity markedly diminished,
whereas KI67-positive free cells appeared in the deep layer of
the lamina propria (Figure 4b). On day 4, the mucosal
epithelium was thinning, and the crypts were lost. The goblet
cells in the surface epithelium swelled, and blood vessels in
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Figure 4 DSS administration diminishes cell division in the proliferative zone of crypts of the distal colon before pathological changes of the epithelium
and the crypt become detectable. Paraffin sections of the distal colon from DSS-administered mice were stained with H&E (a) and immunohistochemically for
KI67 (b). Scale bars: 50 um. KI67 immunoreactivity is diminished in the proliferative zone of the crypt on day 2, whereas no pathological changes are

detectable.

the lamina propria and submucosa were dilated. Inflamma-
tory cells appeared and accumulated in the lamina propria
(Figure 4a). KI67-positive cells were lost in the epithelium but
conspicuously aberrant in the lamina propria (Figure 4b). On
day 5, the mucosal epithelium had completely disappeared,
and inflammatory cells increased and accumulated in the
submucosa as well as the lamina propria (Figure 4a).
Similarly, KI67-positive cells increased in the lamina propria
and submucosa (Figure 4b).

HIF1a, iNOS, Peripherin, and VEGF-A Expressions

We assumed that the hypoxic condition of the distal colon
caused damage to colonic tissues, especially to the crypt and
mucosal epithelium. As an indicator of hypoxia, localizations
and expressions of HIFla protein and mRNA were investi-
gated. In addition, iNOS and VEGF-A expressions were
examined because of the following reasons: HIFla enhances
transcription of genes including iNOS and VEGF-A,'*~1¢ iNOS
protein level in the colonic mucosa of UC has been correlated
with disease activity,>»3! and VEGF-A overexpression has been
reported to enhance vascular permeability.>?

On day 0, epithelial cells of the mucosal surface and the
upper region of crypts were immunopositive for HIFla,
whereas no immunoreaction of iNOS was present anywhere
in the distal colon (Figures 5a and 6a and Supplementary
Figure 2). On day 3, HIFla immunoreactivity spread from
the mucosal surface to the bottom of remaining crypts
(Figure 5a). In addition, endothelial cells of the large vessels
in the submucosa and myenteric neurons demonstrated
immunopositivity for HIFla (Figure 5a). HIFla was most
prominent on day 3 and decreased thereafter. Mucosal
epithelial cells also demonstrated iINOS immunoreactivity.
Peripherin-positive nerve fibers running in the lamina pro-
pria, submucosa, and myenteric plexus were also
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immunopositive for iNOS (Figure 6a and Supplementary
Figure 2). On day 4, the thinning epithelium and myenteric
neurons were faintly immunoreactive for HIF1a (Figure 5a).
iNOS immunoreactivity on peripherin-positive nerve fibers in
the lamina propria was reduced in comparison with day 3,
whereas the perikarya of myenteric neurons remained iNOS
immunopositive. Some stromal cells in the lamina propria
were immunoreactive for iNOS (Figure 6a and Supple-
mentary Figure 2). On day 5, no cells in the lamina propria
demonstrated a positive reaction to HIF1ar and the expression
pattern in myenteric neurons was similar to that on day 4
(Figure 5a). iNOS immunoreactivity was scarce in peripherin-
positive nerve fibers in the lamina propria, whereas nerve
fibers and perikarya in the myenteric plexus were still positive
(Figure 6a and Supplementary Figure 2). iNOS-positive
stromal cells in the lamina propria were more abundant than
on day 4 (Figure 6a and Supplementary Figure 2).

HIFla and iNOS mRNA expression was comparable to
that of the protein forms (Figures 5b and 6b). HIF1la mRNA
was evenly expressed in mucosal epithelial cells on day 0, and
iNOS mRNA appeared in patches (Figures 5b and 6b). On
day 3, gene expression of HIFla was observed in the goblet
cells of all crypts and in myenteric neurons that also expressed
iNOS mRNA (Figures 5b and 6b). iNOS expression in
epithelial cells intensified compared with day 0. On days 4
and 5, HIFla expression was decreased similar to HIFla
protein immunoreactivity (Figure 5b). In contrast, iNOS
expressions in mucosal epithelial cells and neurons were
intensified with the progression of DSS administration
(Figure 6b).

HIFla mRNA in the colonic extract was upregulated
significantly on days 2 and 3, and reverted to the level of day 0
on days 4 and 5 (Figure 5¢, *P<0.05). Western blot analysis
indicated both nuclear and cytoplasmic HIFla protein were
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increased on days 2 and 3, and subsequently decreased and d, *P<0.05), whereas peripherin mRNA level (n=5
gradually (Figure 5d). Similarly, mRNA levels and protein  each) did not vary significantly during DSS administration
contents of iNOS rapidly increased from day 2 (Figures 6¢c  (Figure 6e).
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Figure 5 Expression of HIF1a is temporarily upregulated in the early phase of DSS administration, and is then gradually decreased as colonic tissue
disintegrates. (a) Immunohistochemistry for HIF1a was performed on paraffin sections of the distal colon from DSS-administered mice. Scale bars:

100 um, high-power fields (insets), 20 um. (b) In situ hybridization for HIF1a was performed on frozen sections. Scale bars: 100 um. HIF1a was most
prominent on day 3 and, thereafter, reduced on immunohistochemistry and in situ hybridization. (c) HIF1a mRNA level increased at days 2 and 3, and
subsequently decreased. Data are expressed as mean+s.e.m.; n=5 each. *P<0.05 vs day 0 (WT). (d) Mucosal content of HIF1a nuclear and cytoplasmic
protein was evaluated in extracts of the distal colon from DSS-administered mice by western blot analysis. HIF1a protein levels increased at days 2 and
3, and subsequently decreased gradually. The upper ratio indicates the relative ratio of HIF1a in nuclear/TATA-binding protein to the left column on day
0, and the lower ratio is HIF1a in cytoplasm/B-actin.

>

Figure 6 DSS administration increases protein and mRNA expression levels of iNOS and VEGF-A in the colon tissues, but not peripherin mRNA and
serum VEGF-A protein expression. Immunoreactivity for iNOS is observed in nerve fibers and perikarya. (@) Immunohistochemistry for peripherin and
iNOS was performed on 100-um-thick frozen sections of the distal colon from DSS-administered mice. Scale bars: 50 um. (b) In situ hybridization for
iNOS was performed on frozen sections. Scale bars: 100 um. iNOS protein and gene expression in mucosal epithelial cells and neurons is intensified with
the progression of DSS administration. (c) The levels of iNOS mRNA were significantly increased from day 2. Data are expressed as mean+s.e.m.; n=5
each. *P<0.05 vs day 0 (WT). (d) Mucosal iNOS protein content was evaluated in extracts of the distal colon from DSS-administered mice by western
blot analysis. The ratio is iINOS/B-actin and the left end band was used as a standard. The iNOS protein level rapidly increased from day 2. (e) No
significant difference was found in peripherin mRNA level between day 0 (WT) and DSS-administered mice. Data are expressed as mean +s.e.m.; n=>5
each. (f) VEGF-A mRNA expression in the colon was significantly increased from day 2. Data are expressed as mean+s.e.m.; n=5 each. *P<0.05 vs day 0O
(WT). (g) Mucosal extracts obtained from the distal colon of mice undergoing DSS treatment revealed significant increase in VEGF-A protein content.
The ratio is VEGF-A/B-actin and the left end band was used as a standard. (h) Serum VEGF-A protein concentration was measured on days 0, 2, 3, 4, and
5. No significant difference was seen in serum VEGF-A protein level between day 0 (WT) and DSS-administered mice. Data are expressed as mean *s.e.
m.; n=5 each.
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DSS administration significantly increased VEGF-A mRNA
levels in the colonic extract from day 2 onward (Figure 6f,
*P<0.05). Western blot analysis also showed increase in
VEGEF-A protein (Figure 6g). However, DSS administration
had no significant effect on serum VEGF-A protein level
(Figure 6h).

Chronological Changes of the Colonic Mucosa Following
Ligation of the Inferior Mesenteric Vein

The increase in HIFla protein level may result from con-
gestion in the distal colon. Therefore, distal colon con-
gestion was artificially induced by inferior mesenteric vein
ligation, and pathological changes of the colonic mucosa
and HIFla, KI67, and iNOS expression were investigated
over time.

Tributaries of the inferior mesenteric vein, which were
wide and dark reddish, ran parallel to branches of the inferior
mesenteric artery, which were narrow and whitish, around
the distal colon. Upon inferior mesenteric vein ligation, its
tributaries were dilated, but inferior mesenteric artery
branches were unchanged (Figure 7a). At 24 h after ligation,
compared with controls, HIFla immunoreactivity appeared
in some myenteric neurons, and iNOS-positive cells appeared
in the mucosal epithelium, lamina propria, and myenteric
plexus. No difference was found in histological structures
of the colonic mucosa or K167 expression pattern (Figure 7b).
At 48h after ligation, the crypt was markedly reduced,
and the submucosa was thickened. In addition to myenteric
neurons, vascular smooth muscle cells in the submucosa
were HIF1la immunoreactive. KI67-positive goblet cells were
markedly decreased, whereas iNOS fluorescence signal
increased in myenteric neurons and mucosal epithelium
(Figure 7c).

Effect of Bevacizumab on DSS-Induced Colitis

We hypothesized that hypoxia due to vascular hyperperme-
ability by VEGF-A caused mucosal disorder. Therefore, the
effects of a VEGF-A inhibitor, bevacizumab, on the progres-
sion of DSS-induced colitis were examined.

The colonic mucosa of bevacizumab-infused mice was
affected from day 4 (Figures 8d and e). The number of crypts
decreased, and some crypts were disrupted on days 4 and 5,
but no exfoliation of the mucosal epithelium was observed
(Figures 8d and e). HIFla immunoreactivity appeared on
myenteric neurons from day 2. The immunoreaction spread
from the surface epithelium to the bottom of crypts and to
the smooth muscle cells of large submucosal vessels as the day
went on (Figures 8b—e). The blood vessels running in the
lamina propria were constricted from day 2 and the leakage of
RITC-gelatin from larger vessels in the deep layer of the
lamina propria occurred on day 5 (Figures 8b-e and
Supplementary Figure 3). Positive immunoreaction for iNOS
was observed at the mucosal epithelium and myenteric neurons
from day 2. The immunofluorescence was particularly
intense in myenteric neurons on day 2 and became more
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prominent chronologically (Figures 8b—e and Supplementary
Figure 3).

Effects of Butylscopolamine on DSS-Induced Colitis
Anyway, iNOS expression in the myenteric neuron was
noticed during exacerbation of DSS-induced colitis. This
suggested that iNOS in myenteric neurons had some roles to
aggravate the colitis. Therefore, we have attempted to reduce
the iNOS expression in myenteric neurons by administering
an anticholinergic agent, butylscopolamine, to the DSS-
induced colitis mouse. In this experiment, DSS administra-
tion was prolonged to 7 days, because the inhibition of
peristaltic movement of the gastrointestinal tract by butyls-
copolamine might delay the action of DSS.

Butylscopolamine infusion prevented relative body weight
from declining and disease activity from progressing (Figures
9a and b *P<0.01).

The colonic mucosa of butylscopolamine-infused mice was
hardly affected by DSS treatment on day 3 and slightly
affected on days 5 and 7 (Figures 9d—f). The number of crypts
was decreased, and some crypts were disrupted on days 5 and
7, but no exfoliation of the mucosal epithelium was observed
(Figures 9¢ and f). However, on day 7, the blood vessels that
run in the deep layer of the lamina propria were expanded
compared with day 5 (Figures 9¢ and f). HIFla expression
extended from the surface epithelium to the bottom of crypts,
the smooth muscle cells of large submucosal vessels, and
myenteric neurons (Figures 9d—f and Supplementary Figure 4).
KI67-positive cells were reduced at the bottom of crypts on
days 3, 5, and 7 (Figures 9d-f). iNOS expression was hardly
observed on peripherin-positive nerve cells on days 3, 5, and 7,
as expected (Figures 9d—f and Supplementary Figures 4 and 5).
Positive immunoreaction for iNOS was principally observed on
stromal cells in the lamina propria on days 5 and 7 (Figures 9e
and f and Supplementary Figure 5). Slight RITC-gelatin leakage
from blood vessels running just above the muscularis mucosa
was observed on day 3 and spread into the deep layer of the
lamina propria on day 5, but did not reach the superficial layer
until day 7 (Figures 9d—f and Supplementary Figure 6). VEGF-
A protein level in the colonic extract was chronologically
increased (Supplementary Figure 4). aSMA immunoreactivity
on the vascular wall was weaker on days 3 and 5 but increased
on day 7. The arrangement of PECAMI-positive endothelial
cell was organized throughout the experimental period (Figures
9d—f and Supplementary Figure 6).

DISCUSSION

Here, we investigated the involvement of colonic micro-
circulation in the onset of DSS-induced colitis in mice. DSS
administration injured the wall of vasculature in the deep
layer of the lamina propria before mucosal epithelial cells
were disorganized. Subsequently, congestion in the lamina
propria affected the epithelium, and finally epithelial cells
were exfoliated. During the course of the disease, HIFla and
iNOS were expressed in neurons of the myenteric plexus.
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continuous
relieved DSS-induced colitis.
The chronological changes

Furthermore, infusion of butylscopolamine
that occurred in DSS-
administered mice were categorized into two phases, namely
the early phase (days 2-3) and the late phase (days 4-5), and
the pathogenic mechanism of DSS-induced colitis is discussed
in each phase (Table 4).

In the early phase of DSS-induced colitis, the vascular
insufficiency occurred before the mucosal disorder. DSS
administration increased vascular permeability before patho-
logical changes in the mucosal epithelium and the crypts have
become detectable. Previous studies have reported that rectal
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bleeding and weight loss occurred within 3—4 days of DSS
administration. It has been presumed that damage to the
epithelium by DSS allowed the dissemination of proinflam-
matory intestinal contents, such as bacteria and their
products, into the underlying tissue and that colonic
inflammation caused rectal bleeding.>>3> On the contrary,
as orally administered DSS penetrated into the lamina propria
within 1 day,'®!! vascular smooth muscle and endothelial
cells may be directly or indirectly affected by DSS. If not
directly, histamine may be a candidate mediator of this effect,
because mast cells were increased in the lamina propria of
DSS-induced colitis mice.*®

after ligating the vein

KI67

—— merge

Figure 7 Blood flow inhibition induces arrest of cell division in the proliferative zone of crypts and increases HIF1a and iNOS protein content in the
colon. (a) Blood vessels surrounding the distal colon before (left) and after (right) ligation of the inferior mesenteric vein. (b, ¢) H&E stain,
immunohistochemistry for HIF1a and KI67, and immunofluorescence labeling for peripherin and iNOS at 24 h (b) and 48 h (c) after the ligation. Scale
bars: 100 um (H&E, HIF1a, and the left immunofluorescence image), 50 um (KI67 and the right immunofluorescence images). At 24 h, some myenteric
neurons demonstrate HIF1a immunoreactivity, and iNOS-positive cells are seen in the epithelium, lamina propria, and myenteric plexus. Histological
structures and expression pattern of KI67 are comparable to those on day 0 in Figure 4. At 48 h, the crypt is reduced, and the submucosa is thickened.
Myenteric neurons and vascular smooth muscle cells in the submucosa demonstrate HIF1a immunoreactivity. KI67-positive goblet cells are decreased,
whereas iNOS fluorescence signal is increased in myenteric neurons and in the epithelium.
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Figure 7 Continued.

Experimental congestion by ligating the inferior mesenteric
vein also induced a mucosal epithelial disorder resembling
DSS-induced colitis (Table 5). This finding supports the
notion that DSS causes vascular insufficiency before mucosal
disorder. One mouse model of ischemic colitis involves
ligating the marginal arteries of the colon, leading to signi-
ficant bleeding and epithelial exfoliation 72h later.’”-*8
However, in the present study, to reveal the effect of conges-
tion on the colon, we ligated the inferior mesenteric vein.

Increased vascular permeability and reduced oxygen supply
arising from disturbances in microcirculation might evoke
mucosal and cryptal epithelium disorganization. Vascular
permeability might be enhanced by VEGF-A.*> VEGF-A
expression in the colon tissue was increased from day 2,
whereas no significant increase in serum VEGF-A level was
observed. These observations coincided with the previous
report by Cromer et al,* indicating that DSS affected locally
in the distal colon. The increase in VEGF-A expression in the
early phase would be because of destruction of vascular
structure as well as the increase in HIFla expression.*’
Oxygen supply insufficiency was demonstrated by the
enhancement of the expression of HIFla and iNOS in the
colonic mucosa. DSS administration induced HIF1a expres-
sion in submucosal endothelial cells and vascular smooth
muscle cells of the large vessels and the perikarya of myenteric
plexus neurons, as well as iNOS expression in nerve fibers
running in the lamina propria and the muscular layer. A
chemical receptor may detect hypoxia in the lamina propria
and transmit the information to neurons in the submucosal
and myenteric plexus, leading them to express HIFla and
iNOS.!
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Inhibition of VEGF-A activity by an anti-VEGF-A anti-
body, bevacizumab, reduced the mucosal disorder by DSS.
Bevacizumab is an anti-human VEGF-A monoclonal anti-
body and strongly binds human VEGF-A to inhibit its
activity. Murine VEGF-A can also bind bevacizumab, but
weakly, so that high concentration of bavacizumab was
required to inhibit its activity.*> Bevacizumab treatment of
DSS-administered mice caused capillary constrictions and
induced expression of HIF1la and iNOS. The progression of
mucosal damage was delayed, but the leakage of RITC-gelatin
from vessels was observed on day 5. The inhibition of VEGE-
A activity would prevent vessels from dilating and decrease
vascular permeability. This might reduce the pressure of
interstitial fluid and minimum blood circulation might be
secured. The increases in HIFla and iNOS expression
occurred in DSS-treated mice in the early phase, irrespective
of the bevacizumab treatment. However, bevacizumab
treatment retarded the progression of mucosal disorder in
the early phase, coinciding with the report on iodoacetamide-
induced UC model rats by Tolstanova et al.*> These results
support the idea that increased vascular permeability by
VEGEF-A advances the mucosal disorder in the early phase.

In the late phase of DSS administration, iNOS produced by
neurons may exacerbate the tissue disorder. The appearance
of aSMA-positive cells may indicate that mucosal hypoxia has
been ameliorated and restoration has begun. aSMA expres-
sion might have increased in proliferating myofibroblasts that
are induced by transforming growth factor-p (TGE-p),
because TGF-f expression is increased at the active stage of
inflammation in DSS-induced colitis mice.** Decreased
HIFla expression after day 3 may also indicate that
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congestion was relieved by leakage of the congested blood and ~ lamina propria. These iNOS-positive cells would be CD11b-
interstitial fluid from the lamina propria into the colonic  positive macrophages derived from circulating monocytes.*>
lumen and temporary improvement of colonic blood flow.  Although the appearance of iNOS-positive cells correlates
However, many iNOS-positive cells also appeared in the  with the activity of experimental colitis and IBD,3*3! whether
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Figure 8 Administration of bevacizumab to DSS-induced colitis mice causes vasoconstriction and upregulation of HIF1a and iNOS, and the mucosal
membrane disorder is slight. (a—e) H&E staining and immunohistochemistry for HIF1a were performed on paraffin sections of the distal colon from
bevacizumab- and DSS-administered mice. Vasculature (red: RITC-gelatin) and double immunofluorescence images for iNOS (green) and peripherin (blue)
of the distal colon on day 0 (a), day 2 (b), day 3 (c), day 4 (d), and day 5(e). Scale bars: 100 um (left two images) and 50 um (right image). Histological
structures of bevacizumab-infused mice are slightly affected by DSS treatment, but the crypts become shortened or lost on days 4 and 5 (d, e). HIF1a
immunoreactivity extends from the surface epithelium to the bottom of crypts, and the smooth muscle cells of large vessels in the submucosa and the
myenteric neurons are immunopositive as well (c-e). The blood vessels that run in the lamina propria are narrow from day 2 (b-e) and RITC-labeled
gelatin leaks from the blood vessels in the deep layer of the lamina propria (e). iNOS protein in mucosal epithelial cells and neurons appear from day 2,
and they are intensified with the progression of DSS administration (b-e).
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Day 4

Day 5

Figure 8 Continued.

nitric oxide (NO) produced by iNOS inhibits the inflamma-
tion remains unclear. Some studies have reported that NO
worsened colitis,*>*” and others reported that it inhibited
inflammation.?! McCafferty et al*® reported that the 2,4,6-
trinitro benzene sulfonic acid (TNBS) colitis worsened when
iNOS-positive white blood cells that inhibited early-stage
inflammation were no longer present. Moreover, Shifrin
et al* reported that coadministration of scopolamine with
rivastigmine to DSS-induced colitis mouse significantly
increased the number of CD11b-expressing cells in the colon
compared with those given rivastigmine alone but showed no
difference in the DAI score. Therefore, we speculated that
increased neuronal iNOS may be involved in exacerbating
colitis, whereas iNOS in macrophages in the lamina propria
may inhibit the inflammation or have no relation with
aggravation of inflammation.

We hypothesized that if neuronal iNOS exacerbated DSS-
induced colitis, inhibition of their activity by muscarinic
receptor blockade would relieve the inflammation. Butylsco-
polamine, also known as scopolamine-N-butylbromide, is a
quaternary ammonium derivative of scopolamine, cannot
pass the blood—brain barrier, and works only in the peripheral
internal organs without a central effect.’>! Butylscopolamine
administration averted the late phase of colitis; that is, the
DAI remained low and colonic mucosa ulceration was not
observed, whereas the leakage of RITC-gelatin from vessels
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and arrest of cell proliferation in the crypt were still observed.
The downregulation of iNOS by butylscopolamine might
reduce VEGF-A expression, as reported by Abe et al>? The
inhibitory effect of butylscopolamine on DSS-colitis might be
exerted partly by the downregulation of VEGF-A. These
results suggest that neuronal iNOS participated in exacerbat-
ing inflammation and that butylscopolamine administration
did not prevent the early phase of the DSS-induced colitis
such as microangiopathy and hypoxia condition of tissues,
but did inhibit the exacerbation of inflammation and vascular
hyperpermeability by reducing neuronal excitation.

On the basis of these results, we present a novel pathogenic
mechanism of DSS-induced colitis. Past studies have reported
that the mucosal epithelium is affected by DSS cytotoxicity
and that colitis results from impaired host defense of the
colonic mucosal epithelium.>*>* In contrast, the present study
demonstrated that microcirculation impairment in the
colonic mucosa precedes disturbance of the mucosal
epithelium. Our novel pathogenic mechanisms as well as
the classic mechanism are summarized in Figure 10.

The following two problems should be address in future
research. First, why does DSS selectively disrupt the blood
vessels running in the deep layer of the lamina propria?
Second, what is the difference between iNOS in stromal cells
and that in neurons? Although we concluded that neuronal
iNOS exacerbated DSS-induced inflammation, it is unclear
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Figure 9 Administration of butylscopolamine alleviates DSS-induced colitis. (a) Relative body weights. Data are expressed as mean +s.e.m. (n=6 each).
*P<0.01. (b) Disease activity index. Data are expressed as mean +s.e.m. (n=6 each). *P<0.01. (c-f) H&E staining and immunohistochemistry for HIF1a
and KI67 were performed on paraffin sections of the distal colon from butylscopolamine- and DSS-administered mice. Vasculature (red: RITC-gelatin) and
double immunofluorescence images for iINOS (green) and peripherin (blue) or for PECAM1 (green) and aSMA (blue) of the distal colon on day 0 (c), day
3 (d), day 5 (e), and day 7 (f). Scale bars: 100 um (left two images) and 50 um (right three images). Histological structures of butylscopolamine-infused
mice are slightly affected by DSS treatment (d, e). However, on day 7, the blood vessels that run in the deep layer of the lamina propria are expanded
compared with day 5 (e, f). HIF1Ta immunoreactivity extends from the surface epithelium to the bottom of crypts, and the smooth muscle cells of large
vessels in the submucosa and the myenteric neurons are immunopositive (d-f). KI67-positive cells are reduced at the bottom of crypts (d-f). iNOS
immunoreactivity was hardly observed on peripherin-positive nerve cells (arrows in e, f), but principally observed on stromal cells in the lamina propria
(arrowheads in e, f).
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Table 4 Chronological changes to the colon caused by administration of DSS

Day 0 Early phase (days 2-3) Late phase (days 4-5)
Pathological change None None — mild Severe
KI67-positive cells In the bottom of crypts Nonel In the lamina propria

and submucosat

Vascular permeability None 1 ™M
Tissue VEGF expression level Low 1 ™M
Serum VEGF expression level Low - —
Leakage of RITC-gelatin None In the deep layer of the lamina propria Throughout the lamina propria

PECAM1-positive cells

aSMA-positive cells

HIF1a positivity

HIF1a expression level

iINOS positivity

iNOS expression level

Regularly arranged in the wall of vessels
Regularly surrounded PECAM1-positive
cells in the vessel walls sporadically

in the lamina propria

In the mucosal surface epithelial cells

Low

None

None

Irregularly arranged
Irregularly in vessel walls in

the lamina proprial

All cells of the epithelium
including the cryptt

Vascular endothelial and aSMA
cells in the submucosa?t

Neurons in the myenteric plexust
1

Epithelial cellst

Nerve fibers in the lamina propriat

Neurons in the myenteric plexust

Irregularly arranged
Irregularly in vessel walls in

the lamina propriat

All epithelial cells]
Vascular endothelial and
aSMA cells in the submucosal

Neurons in the myenteric plexus|

l

Epithelial cellst

Stroma cells in the lamina propria?t
Nerve fibers in the lamina proprial
Neurons in the myenteric plexust

"

Table 5 Chronological changes to the colonic mucosa following ligation of the inferior mesenteric vein

Oh 24 h later 48 h later
Pathological change None None Mild
KI67 positivity in the cells ++ ++ -

at the bottom of crypt
HIF1a positivity

iNOS positivity

In the mucosal
surface epithelial
cells

None Epithelial cellst

Surface epithelial cells —

Neurons in the myenteric plexust

Surface epithelial cellst

Vascular endothelial and aSMA cells in the submucosat

Neurons in the myenteric plexus?t

Epithelial cellst

Stroma cells in the lamina propriat
Nerve fibers in the lamina propriat

Neurons in the myenteric plexust

Stroma cells in the lamina propriat
Nerve fibers in the lamina propriat

Neurons in the myenteric plexust

whether neuronal iNOS similarly plays some role in
exacerbating inflammation in human UC. Butylscopolamine
is contraindicated for active-stage UC, because it inhibits
colonic peristaltic movement, followed by translocation of
enteric bacteria and increased risk of toxic megacolon.>
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Therefore, it is necessary to develop a drug that specifically
inhibits neural iNOS in the colon to avoid the above risk in
human applications.

In conclusion, this study is the first to demonstrate micro-
vascular deterioration preceding epithelial disorganization in
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Figure 10 Previously reported mechanism of DSS-induced colitis vs our proposed mechanism of DSS-induced colitis.

the pathogenesis of DSS-induced colitis. These findings will
aid in contextualizing future findings arising from this animal
model. Furthermore, microvascular disorder may also be
involved in the onset and recurrence of human UC. In recent
years, endoscopic techniques have progressed, and confocal
laser endoscopy has been introduced into the clinical work-up
and contributes to evaluating inflammatory activity in IBD
and neoplastic lesions.’®>” The bloodstream in active-stage
UC is observed by injecting fluorescent dye into a blood
vessel.”®  Although intestinal inflammation is generally
believed to spread from the superficial layer toward the
deeper layer of the mucosa, vascular disorder may precede
epithelial disturbance in colitis, as shown in this study.
Therefore, confocal laser endoscopic observation of the
vasculature may aid in the early detection of relapse of
inflammation during a temporary remission of IBD.

Supplementary Information accompanies the paper on the Laboratory
Investigation website (http://www.laboratoryinvestigation.org)
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