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Abstract

Background VEGF-induced vascular permeability and
blood vessels remodeling are key features of inflammatory
bowel disease (IBD) pathogenesis. Dopamine through D2
receptor (D2R) inhibits VEGF/VPF-mediated vascular
permeability and angiogenesis in tumor models. In this
study, we tested the hypothesis that pathogenesis of IBD is
characterized by the disturbance of dopaminergic system
and D2R activity.

Methods 1L-10 knockout (KO) mice and rats with
iodoacetamide-induced ulcerative colitis (UC) were treated
intragastrically with D2R agonists quinpirole (1 mg/100 g)
or cabergoline (1 or 5 pg/100 g). Macroscopic, histologic,
and clinical features of IBD, colonic vascular permeability,
and angiogenesis were examined.

Results  Although colonic D2R protein increased, levels
of tyrosine hydroxylase and dopamine transporter DAT
decreased in both models of IBD. Treatment with quin-
pirole decreased the size of colonic lesions in rats with
iodoacetamide-induced UC (p < 0.01) and reduced colon
wet weight in IL-10 KO mice (p < 0.05). Quinpirole de-
creased colonic vascular permeability (p < 0.001) via
downregulation of c-Src and Akt phosphorylation.
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Cabergoline (5 ng/100 g) reduced vascular permeability
but did not affect angiogenesis and improved signs of
iodoacetamide-induced UC in rats (p < 0.05).
Conclusions Treatment with D2R agonists decreased the
severity of UC in two animal models, in part, by attenuation
of enhanced vascular permeability and prevention of ex-
cessive vascular leakage. Hence, the impairment dopamin-
ergic system seems to be a feature of IBD pathogenesis.
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Introduction

Inflammatory bowel diseases (IBD)—Crohn’s disease
(CD) and ulcerative colitis (UC)—are chronic debilitating
gastrointestinal disorders that markedly impair quality of
life and account for substantial costs to the healthcare
system and society [1, 2]. IBD may develop at any age,
often resulting in increased susceptibility to colorectal
cancer and mortality [2, 3].

Extensive experimental and clinical studies confirmed
the important role of pathologic angiogenesis with mal-
formed, leaky vessels in the pathogenesis of IBD, espe-
cially in its chronicity [4-10]. We and others showed that
vascular endothelial growth factor, also known as vascular
permeability factor (VEGF/VPF), plays a central role in the
initiation and perpetuation of abnormal vascular changes
during IBD [11-14]. Moreover, VEGF was recommended
as an additional vascular marker into a diagnostic algo-
rithm for improved accuracy of IBD identification and
differentiation of CD from UC [15]. We reported for the
first time that diminished VEGF/VPF bioavailability by
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neutralizing antibody to VEGF significantly ameliorates
experimental UC in rats by preventing excessive vascular
permeability and decreasing inflammatory cells infiltration
via VEGF-VEGF receptor 2 (VEGFR2)-Src-dependent
mechanism [11]. Recently, treatment with bevacizumab, a
humanized IgG1 monoclonal antibody to VEGF, showed
promising results in patients with IBD [16].

Despite positive experimental and clinical data on the
inhibition of VEGF-induced pathologic angiogenesis in
IBD treatment, high cost of neutralizing antibody [17] and
non-specificity of anti-angiogenic multikinase inhibitors
[18] encourage the search for inexpensive and more
specific targets. Dopamine strongly and selectively inhibits
vascular permeability and angiogenic action of VEGF/VPF
in mouse models of ovarian tumor, human breast, and
colon cancer with concomitant inhibition of tumor growth
[19, 20]. VEGFR2 phosphorylation, which is critical for
promoting angiogenesis and vascular permeability, is sig-
nificantly enhanced in tumor endothelial cells collected
from the dopamine-depleted and D2R knockout mice [21].
Dopamine prevented VEGF/VPF-induced vascular per-
meability via inhibition of VEGFR2-Src intracellular
pathway [22] and stabilized tumor blood vessels via D2R-
dependent upregulation of angiopoietin 1 (Angl) in peri-
cytes and the zinc finger transcription factor, Kriippel-like
factor 2 (KLF2), in tumor endothelial cells [23]. Impaired
synthesis of dopamine was demonstrated in inflamed mu-
cosa of CD and UC patients [24] as well as in colonic
mucosa of TNBS-treated rats [25]. D2R TaqlA polymor-
phism, which confers a decreased receptor density, was
associated with refractory CD [26].

However, little is known about the mechanistic role of
dopamine/D2R in the pathogenesis of IBD. In the present
study, we tested the hypothesis that dopaminergic system is
an important protective factor in IBD by controlling en-
hanced vascular permeability and excessive vascular
leakage via D2R and might be a potential target for IBD
treatment. To study the pattern of dopaminergic system in
IBD pathogenesis, we examined the role of D2R in two
animal models of IBD—iodoacetamide-induced UC in rats
as a model of acute and chronic UC with signs of chronic
inflammation (increased angiogenesis, tissue remodeling,
etc.) at the late time points (7 and 14 days) and sponta-
neously developing colitis in IL-10 KO mice as a model of
chronic IBD.

Methods
Animals

Female Sprague—Dawley rats (170-200 g) (Harlan Labora-
tory, San Diego, CA), female Wistar rats (170-220 g)
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(Animal Research Facility, KNU, Kiev, Ukraine), and IL-10
knockout (KO) mice on a C57BL/6J background (12 weeks
old), sex- and age-matched wild type C57BL/6] (Jackson
Laboratory, Bar Harbor, ME), were used for these ex-
periments. These studies were approved by the Subcom-
mittee for Animal Studies of the R&D Committee of the VA
Medical Center in Long Beach, CA, USA (protocol #
0710-580), and by the Institutional Animal Care and Use
Committee of Taras Shevchenko National University of
Kyiv, Ukraine (protocol # 0109U005336). Animals were
housed in the animal research facility under standard envi-
ronmental conditions (12:12-h light—dark cycle starting at 6
a.m.; temperature 21-23 °C; humidity 30-35 %). All ani-
mals had unlimited access to Purina chow and tap water. Rats
and mice were euthanized by CO, inhalation with subse-
quent cervical dislocation according to the guidelines of the
Institutional Animal Care and Use Committee.

Drugs and Reagents

Iodoacetamide, methylcellulose, hexadecyltrimethylam-
monium bromide, o-dianisidine hydrochloride, myeloper-
oxidase (MPO), Evans blue, fluorescein isothiocyanate-
conjugated (FITC)—dextran, protease inhibitor cocktail, and
other general chemicals of analytical grade were obtained
from Sigma (St. Louis, MO). Phosphatase inhibitors were
from Thermo Fisher Scientific Inc. (Waltham, MA). Ty-
rosine hydroxylase (TH) (#2792), Akt (#9272), phospho-
AktS™73 (#S473), Src (#2123), phospho-Src family™™'®
(#2101) antibodies for immunoblotting were from Cell
Signaling Technology, Inc. (Danvers, MA). Dopamine
transporter DAT (sc-14002) and D2-R (sc-5305) and B-
actin (sc-47778) antibodies for immunoblotting or im-
munohistochemistry were from Santa Cruz Biotech. (Santa
Cruz, CA). GAPDH antibody was obtained from EnCor
Biotech. (Alachua, FL). Anti-Von Willebrand factor anti-
body for immunohistochemistry was obtained from
Chemicon Int. (Temecula, CA). Rubber catheter Nelaton
S-8 was from Riisch (Germany). D2R agonists (—)—
quinpirole hydrochloride (quinpirole) and cabergoline
(Dostinex) were obtained from Sigma (St. Louis, MO) and
Pfizer (Kent, NJ), respectively.

Todoacetamide-Induced UC Model

Experimental UC was induced in rats by the sulfhydryl
alkylator iodoacetamide. A single dose of 6 % iodoac-
etamide is sufficient to induce well-reproducible colonic
lesions, with the initial manifestations (e.g., increased
vascular permeability, massive mucosal edema) seen in
1-2 h after iodoacetamide enema, leading to erosions and
ulcers (6-12 h), followed by extensive acute and chronic
inflammation (7-14 days) [27]. Briefly, 0.1 ml of 6 %
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iodoacetamide dissolved in 1 % methylcellulose or the
vehicle 1 % methylcellulose was given once by enema
(7 cm from anus) with rubber catheter Nelaton S-8 fitted to
1-ml syringe. Rats were euthanized 0.5, 1, 2, 6, 24 h, 7 and
14 days after intracolonic administration of iodoacetamide.
At autopsy, 7 cm of distal colon was removed.

Clinical and Macroscopic Evaluation of UC

A combinatorial disease activity index (DAI), ranging from
0 to 9, was calculated by summation of score (0-3) for each
of the following parameters: lethargy, diarrhea, and weight
loss (Table 1). These parameters were assessed on the first,
third, fifth and seventh day of experiment. For standard-
ization procedure of macroscopic colonic lesions evalua-
tion and prevention of bias through our study, each animal
was weighted immediately before autopsy; at autopsy, the
7 cm of distal colon from anus was removed, opened
longitudinally, rinsed with saline, gently blotted with filter
paper, and weighted. Macroscopic colonic lesions (the
colonic lesion areas (mm?), colonic dilatation (mm), and
colon wet weights (g/100 g body weight)) were assessed as
described [27]. All experiments were repeated at least two
times, and data were pooled.

Histologic Evaluation of Colonic Lesions

To assess histologic damage, full-thickness colonic tissue
samples were fixed in 10 % buffered formalin, embedded
in paraffin, sectioned (5-pum-thick sections), and stained
with hematoxylin and eosin. Histologic slides were coded
and examined by experienced pathologist who was una-
ware of the treatment. Histologic analysis of colon section
from IL-10 KO mice for chronic active inflammation (mild,
moderate, severe), cryptitis (yes, no), crypt abscesses (no,
rare, focal), erosions (yes, no), and ulcers (yes, no) were
performed [14]. The histologic evaluation of rat colon with
iodoacetamide UC was done according to the scoring
system described previously [27].

Table 1 Disease activity index (DAI) score

Myeloperoxidase (MPO) Activity in the Colon

Neutrophil infiltration in the colon was quantified by
measuring of MPO activity, as described earlier [28].
Briefly, about 50 mg of colonic tissue was homogenized in
1 ml of 50 mM phosphate buffer (pH 6.0) containing
0.5 % hexadecyltrimethylammonium bromide on ice. The
homogenate was sonicated for 10 s, freeze-thawed three
times, and centrifuged at 14,000 rpm for 15 min (4 °C).
The supernatant (14 pl) was added to the reaction buffer
(1 mg/ml of o-dianisidine hydrochloride and 0.0005 %
hydrogen peroxide), and the activity of MPO was measured
at 460 nm using serially diluted MPO (0.5, 0.25, 0.125,
0.06, 0.03, and 0.015 U/ml) as standard. The results were
expressed as MPO activity U/gram of tissue.

In Vivo Measurement of Vascular Permeability

For quantitative studies of colonic vascular permeability,
we used Evans blue that binds to albumin and its leakage
reflects the increased vascular permeability of macro-
molecules [29]. Rats were anesthetized by inhalation of
isoflurane, and Evans blue (0.4 mg/100 g in PBS) was in-
jected intravenously 15 min before autopsy; rats were kil-
led at 0.5 and 1 h after 6 % iodoacetamide enema or
vehicle, 1 % methylcellulose. The abdomen was opened;
7 cm of colon was removed, rinsed in saline, gently blotted
with filter paper, and weighed. Evans blue was extracted
from the tissue using chloroform and measured by spec-
trophotometry at 610 nm. Results were expressed as mg
dye/g wet weight colon.

In Vivo Measurement of Epithelial Permeability

To measure colonic epithelial permeability, we used blood
concentration of FITC—dextran (MW 3.0-5.0 kDa) admin-
istered by gavage 20 ml/kg of PBS (pH 7.4) containing
22 mg/ml FITC—dextran 2 h before autopsy as described
previously [30]. Plasma (100 pl) concentration of fluores-
cein was measured using a microplate spectrofluorimeter

Score % Weight Diarrhea Lethargy

loss
0 None Normal droppings Lively/normal

1-10 Soft or watery stool resulting in discoloration of a small (<1 cm?) area near Mildly raised hair and dirtiness

the anus
2 11-15 Yellowish color of the abdominal hair involving >1 cm? are near anus Dirtiness and decreased spontaneous
movements

3 >15 Discoloration of abdomen extending to the chest Barely moving and “neglected” animal
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(NovoStar, BMG LABTECH Inc., Durham, NC) with ex-
citation wavelength of 485 nm and an emission wavelength
of 520 nm using serially diluted samples of the marker as
standard.

Western Blot

At autopsy, the removed colon was cut along anti-mesen-
teric side and thoroughly rinsed in cold PBS. Colon was
gently wiped by paper towel and flat by mucosa side up on
ice. Using metal spatula, we gently scraped mucosa from
the muscular layer. Total proteins (50, 100, or 150 pg)
extracted from colonic mucosa in a lysis buffer containing
protease and phosphatase inhibitors were processed rou-
tinely for Western blot as described previously [31]. The
primary antibodies were used against tyrosine hydroxylase
(TH) (1:1000), Akt (1:500), phospho-Akt>™7 (1:500), Src
(1:1000), phospho-Src family™™'® (1:750), dopamine
transporter DAT (1:250), and D2-R (1:250). The loading
controls were performed using a mouse monoclonal anti-
body to GAPDH (1:2000) or B-actin (1:500). Each Western
blot was repeated at least two times.

Immunohistochemistry

Immunostaining was performed using paraffin-embedded
5-pm-thick intestinal sections. Sections were deparaf-
finized, hydrated, blocked for endogenous peroxidase using
3 % H,0,/H,0, and subsequently subjected to microwave
antigen retrieval using a Dako target retrieval solution (BD
PharMingen, CA) at pH 10.00. Overnight incubation at
4 °C was performed with primary antibodies: rabbit poly-
clonal anti-Von Willebrand factor (1:100) or rabbit poly-
clonal DAT (1:200), followed by biotinylated secondary
antibodies and a peroxidase-labelled streptavidin—biotin
staining technique, and then the ABC detection method
was performed using a Nikon microscope. To ensure the
specificity of the antibody, immunoabsorption of the anti-
bodies was performed to provide controls.

Morphometric Analysis of Colonic
Microvasculature

Computerized morphometric analysis was performed using
a standardized method for quantification of angiogenesis.
Briefly, immunostained colonic sections with anti-Von
Willebrand factor were examined under a Nikon micro-
scope at low power (40x) to detect the most vascularized
area, after which at least five microphotographs at high
(200x) magnification of the mucosa were taken. The
number of vessels/per field (expressed as mean vascular
density) was measured using MetaMorph 7.0 videoimage
analysis system (Molecular Devices, Downington, PA).
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Experimental Design

Two D2R agonists were used: (1) quinpirole, which is the
most widely used D2R agonist in in vivo and in vitro
studies of D2R-mediated effects; (2) commercially avail-
able drug cabergoline, which has fewer side effects and a
longer half-life in comparison with other commercially
available D2R agonists [32]. Both compounds affect D2R
centrally [33, 34] and peripherally [19, 35]. Dose regime
for quinpirole and cabergoline treatment was designed
based on published data on their effectiveness to prevent
vascular permeability in vivo [19, 35]. Both compounds
were dissolved in 0.9 % saline immediately before use.

Effect of D2R Agonist Quinpirole on lodoacetamide-
Induced UC in Rats

After iodoacetamide enema (the first day of experiment),
rats were treated with quinpirole (1 mg/100 g, i.g.) or
saline (0.8 ml/rat, i.g.) for 5 days starting from the second
day of experiment [19]. Rats were euthanized on the sev-
enth day. Clinical, macroscopic, and microscopic evalua-
tion of UC onset and morphometric analysis of colonic
microvasculature were performed.

Effect of D2R Agonist Quinpirole on Colitis in IL-10 KO
Mice

IL-10 KO mice and WT littermates of 12 weeks old were
divided into four groups: first—WT mice treated with
saline (n = 3); second—WT mice treated with quinpirole
(n = 3); third—IL-10 KO mice treated with saline (n = 9);
fourth—IL-10 KO mice treated with quinpirole (n = 9).
Quinpirole (1 mg/100 g, i.g.) or saline (0.1 ml/mouse, i.g.)
was given for 13 days. Body weight and diarrhea were
recorded on the first, fourth, eighth, and 14th day of the
experiment. Mice were euthanized on the 14th day. At
autopsy, the entire colon from anus to cecum and the
spleen were carefully removed. Colon was opened longi-
tudinally, rinsed with saline, and gently blotted with filter
paper. The wet weights of colon and spleen were recorded
and expressed as mg/10 g body weight. Subsequently,
colonic segment was cut longitudinally: one half was snap-
frozen in liquid nitrogen for further measurement of MPO
activity and the second half was used for histologic
evaluation of colonic lesions. All experiments were re-
peated at least two times, and data were pooled.

The Effectiveness of Cabergoline to Improve Signs
of Experimental UC in Rats

Cabergoline is a synthetic ergoline 1-[(6-allylergolin-83-
yl)-carbonyl]-1-[3-(dimethylamino)  propyl]-3-ethylurea.
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Doses of cabergoline were chosen based on a well-de-
signed dose—effect study on a rat ovarian hyperstimulation
model [35]. It was shown that cabergoline at 1 pg/100 g
had no effect on vascular permeability, while at 5 pg/
100 g, the drug slightly reduced VEGF-mediated vascular
permeability without affecting angiogenesis. In the present
study, cabergoline (1 or 5 pg/100 g, i.g.) or saline (0.8 ml/
rat, i.g.) was given on the second and fifth days after
iodoacetamide enema. Rats were euthanized on the seventh
day. Clinical, macroscopic, and microscopic evaluations of
colitis onset were performed.

Effect of D2R Activation on Vascular and Epithelial
Permeability in Rats

The D2R agonist quinpirole (1 mg/100 g) or vehicle
(0.8 ml saline) was administered by gavage 30 min before
iodoacetamide enema. Vascular permeability was assessed
in 0.5 and 1 h after iodoacetamide enema. Epithelial per-
meability was assessed in 1 h after iodoacetamide enema.

Statistical Analysis

Quantitative results are expressed as arithmetic mean =+
SEM. The statistical significance was determined by the
nonparametric Mann—Whitney U test or Student’s ¢ test,
where appropriate. A p value of <0.05 was considered as a
threshold for statistical significance in all analyses.

Results

Colonic Levels of TH, Dopamine Transporter DAT,
and D2R in Experimental Models of IBD

As shown in Fig. la in rat colon during iodoacetamide-
induced UC, colonic protein levels of the rate-limiting
enzyme of dopamine synthesis TH were increased 1.3-fold
at first 30 min, followed by a twofold (p < 0.01) decrease
from 2 h that continued to diminish as the disease pro-
gressed. In 14 days, TH level was 3.8-fold lower versus
control group (p < 0.01). Chronic IBD in IL-10 KO mice
was associated with a twofold decrease in TH levels versus
WT littermates (Fig. 1b).

Dopamine transporter DAT (a regulator of extracellular/
intracellular dopamine balance) along with TH are markers
of dopaminergic system and responsible for dopamine
homeostasis. Strong dopamine transporter DAT-positive
staining was found in colonic epithelial, endothelial cells,
myenteric and submucosal neurons of control rats
(Fig. 2b). Development of iodoacetamide-induced UC was
associated with decreased DAT protein levels (Fig. 2a). At
2, 6 h, 7 and 14 days after iodoacetamide enema, DAT

levels were 1.2-, 1.5-, 1.7- and 1.4-fold lower, respectively
versus control rats. In inflamed colonic mucosa, DAT-
positive staining was predominantly localized in surface
colonocytes (Fig. 2b). Opposite to TH and DAT, protein
levels of D2R in colonic mucosa were significantly in-
creased in both models of IBD (Fig. lc, d).

Effect of D2R Agonist Quinpirole on Iodoacetamide-
Induced UC in Rats

There was a significant difference in the clinical signs of
colitis (DAI) between the saline- and quinpirole-treated
groups (Fig. 3a). At the time of killing, the saline-treated
rats had 1.9-fold higher DAI than quinpirole-treated group
(p < 0.01). Quinpirole markedly reduced the size of colo-
nic lesions (p < 0.01 vs. saline) (Fig. 3b), colonic dilata-
tion (an indicator of inflammation) (p < 0.05 vs. saline)
(Fig. 3c), and ratio of colon wet weight/100 g of body
weight (p < 0.05 vs. saline) (Fig. 3d) in rats with iodoac-
etamide-induced UC. Histologic evaluation confirmed our
macroscopic observation, e.g., rats treated with quinpirole
had smaller colonic ulcers, with minimal inflammation,
while rats treated with saline had extensive ulcers sur-
rounded by acute and chronic inflammatory cells, and no or
minimal mucosal regeneration (Fig. 3e).

Effect of D2R Agonist Quinpirole on Colitis in IL-10
KO Mice

IL-10 KO mice spontaneously developed a chronic IBD,
with incidence of 100 % by 12 weeks of age [36]. We did
not see obvious signs of diarrthea in IL-10 KO mice
treated with saline or quinpirole (data not shown), and
there was no significant change in body weight (Fig. 4a).
Nevertheless, 12-week-old IL-10 KO mice had 2.1-fold
increase in colon wet weight (p < 0.01), 1.8-fold increase
in spleen weight (marker of systemic inflammation), and
1.9-times higher colonic MPO activity (features of in-
flammation and disease severity) versus WT littermates
(p < 0.05) (Fig. 4). Quinpirole administration for 13 days
did not change colon wet weight in WT mice but sig-
nificantly decreased it in IL-10 KO mice versus saline-
treated IL-10 KO mice (p < 0.05) (Fig. 4b). The spleen
weight was also reduced 1.5-fold in IL-10 KO mice by
quinpirole treatment (p < 0.001) (Fig. 4c). MPO activity
was decreased 1.3-fold in quinpirole-treated IL-10 KO
mice, but this difference did not reach statistical sig-
nificance (p = 0.08) (Fig. 4d). Histologic analysis of
slides demonstrated that there was no significant differ-
ence between degree of inflammation in saline- and
quinpirole-treated IL-10 KO mice.

@ Springer



2968

Dig Dis Sci (2015) 60:2963-2975

Fig. 1 Time-dependent
changes in TH and D2R protein
levels during iodoacetamide-
induced colitis in rats (a, ¢) and 1 *
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Fig. 2 Time-dependent changes in dopamine transporter DAT pro-
tein levels during iodoacetamide-induced colitis in rats. a DAT
protein levels in colonic tissue were determined by Western blot.
GAPDH levels were used as loading controls. Assays were repeated
three times with highly reproducible results using protein from three
different animals/groups. *p < 0.05 versus MC (1 % methylcellulose
vehicle)-treated rats; b immunohistochemical localization of DAT in
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Fig. 3 Treatment with D2R
agonist quinpirole significantly
attenuated iodoacetamide-
induced morphologic features of
colitis in rats. a Disease activity
index (DAI) and b—

d macroscopic changes in
colonic mucosa of saline versus
quinpirole-treated rats. Results
were expressed as

mean £+ SEM; n = 10
rats/group. *p < 0.05;

**p < 0.01. e Light microscopy
of the effect of quinpirole on
histologic changes in the colon
during iodoacetamide-induced
colitis in rats (H&E staining,
20x). Colon from rats treated
with saline after iodoacetamide
had extensive ulcers surrounded
by acute and chronic
inflammatory cells, and no or
minimal mucosal regeneration.
Colon from rats treated with
quinpirole after iodoacetamide
had smaller colonic ulcers, with
minimal inflammation

Fig. 4 Treatment with D2R
agonist quinpirole (Quin)
decreased disease severity in
12-week-old IL-10 KO mice
versus mice treated with saline.
a Mean body weights.

b Quantitative measurements of
colon and ¢ spleen wet weight.
d Quantitative measurements of
MPO activity in colonic tissue.
Results were expressed as
mean £ SEM; n = 9
mice/group. *p < 0.05;

*¥p < 0.01; ***p < 0.001
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Effect of Quinpirole Treatment on Blood Vessel
Density in the Colonic Mucosa During
Iodoacetamide-Induced UC in Rats

We used immunohistochemistry with staining for anti-
Von Willebrand factor as a highly selective endothelial
cells marker for the angiogenesis assessment. Despite the
marked differences in morphologic signs of iodoac-
etamide-induced UC after quinpirole treatment, there were
no significant changes in blood vessel density in the ulcer
base between saline-treated group (8 & 2 vessels/per
field) and the quinpirole-treated group (9 £ 1 vessels/per
field).

The Role of D2R in Vascular and Epithelial
Permeability in Pathogenesis of Experimental UC

Development of iodoacetamide-induced UC is character-
ized by increase in colonic vascular permeability as early
as 15 min after iodoacetamide enema with maximal effect
in 1-2 h [30]. Pretreatment with quinpirole 30 min before

iodoacetamide enema markedly attenuated Evans blue
extravasations in colonic mucosa, indicating a reduction in
iodoacetamide-induced increased vascular permeability
(Fig. 5a). The effect of quinpirole was sustained and de-
tected in 0.5h (p =0.06) and 1h (p = 0.03) after
iodoacetamide administration. Unlike colonic vascular
permeability, quinpirole did not affect iodoacetamide-in-
duced increase in colonic epithelial permeability (Fig. 5b).
Quinpirole-induced downregulation of colonic vascular
permeability was associated with decreased phosphoryla-
tion (activation) c-Src and Akt, two main signaling mole-
cules responsible for VEGF-induced vascular permeability
[37, 38], while levels of total proteins c-Src and Akt were
unchanged (Fig. 5¢).

The Effect of Cabergoline on Iodoacetamide-
Induced UC in Rats

To further confirm the effectiveness of D2R activation for
IBD treatment via prevention of vascular permeability and
to consider possible clinical implications, we treated rats
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Fig. 5 Pretreatment with D2R agonist quinpirole (Quin) decreased
vascular permeability but did not affect epithelial permeability in
colonic mucosa during iodoacetamide-induced colitis in rats. a Quan-
titative measurements of vascular permeability by extraction of
extravasated Evans blue in colonic mucosa. b Quantitative measure-
ments of colonic epithelial permeability by measurement of serum
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concentration of orally administered FITC—dextran. ¢ Representative
Western blots of altered activation of c-Src and Akt signal pathways
in rat colonic tissue during 6 % iodoacetamide-induced colitis.
Results were expressed as mean £ SEM; n =15 rats/group.
*p < 0.05; **p < 0.01; ***p < 0.001 versus saline (S)-treated groups
(MC-1 % methylcellulose vehicle; IA—6 % iodoacetamide)
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with iodoacetamide-induced UC with commercially avail-
able D2R agonist cabergoline. In our study, treatment with
cabergoline at 1 pg/100 g (no effect on vascular perme-
ability [35]) had no significant influence on clinical and
macroscopic signs of iodoacetamide-induced UC in rats
(Fig. 6), while 5 ng/100 g of cabergoline significantly
improved clinical (DAI) and morphologic signs of ex-
perimental UC. Mean DAI in cabergoline-treated group
was 14- (p<0.05), 1.6- (p<001) and 1.5-fold
(p < 0.05) lower versus saline-treated group, respectively,
on the third, fifth, and seventh day of experiment (Fig. 6a).
Cabergoline-treated group had 6 % mortality (1/16 rats)
versus 17 % (3/17 rats) in saline group. These changes
were also reflected in the size of macroscopic (Fig. 6b—d)
and microscopic (Fig. 6e) colonic lesions. As shown in
Fig. 6b—d, 5 pg/100 g of cabergoline markedly reduced the
size of colonic lesions (p < 0.05 vs. saline), colonic di-
latation (p < 0.05 vs. saline), and ratio of colon wet
weight/100 g of body weight (p < 0.05 vs. saline) in rats
with iodoacetamide-induced UC.

Fig. 6 Treatment with A
commercially available D2R

agonist cabergoline in dose of

5 ng/100 g (which reduces S
vascular permeability), but not 4 1
at 1 pg/100 g (no effect on < 3
vascular permeability) (a] 24
significantly attenuated
iodoacetamide-induced

-a- Saline
6 - ——11g/100g
| -+ 5ug/100g

i—__—
/

Discussion

The present study demonstrated for the first time a pro-
tective role of dopamine and D2R in the pathogenesis of
IBD. In two animal models of IBD, acute and chronic
stages of disease were accompanied by diminished syn-
thesis of dopamine in the colonic mucosa. Agonists of D2R
markedly attenuated the features of chemically induced UC
in rats and spontaneously developing colitis in IL-10 KO
mice. Mechanistic study in rats with chemically induced
UC revealed that D2R agonists were able to reduce colonic
vascular permeability. These findings provide compelling
evidence for the importance of dopaminergic system in the
pathogenesis of IBD and might have translational sig-
nificance for new therapeutic considerations. More studies
are needed to design treatment protocols, taking into ac-
count stage of disease and pharmacokinetic of commer-
cially available D2R agonists.

Dopamine synthesis depends on the rate of conversion
by TH of amino acid tyrosine into the immediate precursor
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of dopamine L-3,4-dihydroxyphenylalanine (L-DOPA)
[39]. Studies in sympathectomized animals along with
detection of non-neuronal TH-positive cells and measuring
levels of dopamine metabolite 3,4-dihydroxyphenylacetic
acid (DOPAC) revealed that dopamine activity on the pe-
riphery is far beyond simple precursor of norepinephrine/
epinephrine synthesis [40-43]. Dopamine effects are me-
diated through its interaction with five subtypes of dopa-
mine receptors, which can be grouped in two families: D1-
like family (D1, D5) and D2-like family (D2, D3, D4) [39].
Expression of D2R was detected in adult [19, 44] as well as
progenitor [45] endothelial cells and was found pre-
dominantly in the distal colon versus other parts of the gut
[46]. In endothelial cells, D2R is a negative regulator of
VEGF-VEGFR2-mediated increase in vascular perme-
ability and pathologic blood vessels remodeling [19, 21,
23, 45].

In our study with models of chemically induced UC in
rats as well as spontaneously developed colitis in IL-10 KO
mice, the decrease in colonic levels of TH was correlated
with disease progression. Along with TH, the expression of
dopamine transporter DAT was also decreased. The si-
multaneous decrease in TH and DAT levels represents
augmentation in dopamine synthesis and reuptake, re-
spectively, thereby reducing dopaminergic tone in colonic
mucosa during IBD. We showed the wide distribution of
DAT in normal colonic tissue, namely in epithelial, en-
dothelial cells, as well as enteric neurons. Previously, we
described dopamine binding sites in gastric and duodenal
mucosa and muscularis propria [47], while the expression
of DAT in epithelial cells of stomach, namely parietal
cells, was reported by Mezey et al. [43]. Tian et al. [48]
showed the co-expression of TH and DAT in epithelial
cells of stomach, duodenum, and colon. Profound expres-
sion of DAT on epithelial cells reconfirms the significance
of food [49] and possibly microbiota metabolites [S0] as an
important source of endogenous dopamine. Development
of inflammation during experimental IBD was associated
with significant DAT downregulation that might be re-
sponsible for decreasing of luminal dopamine uptake and,
as a result, dopamine deficiency during IBD. In line with
our findings, Magro et al. [24] showed markedly lower
levels of dopamine and significant reduction in dopamine/
L-DOPA tissue ratio (marker of decrease L-amino acid
decarboxylase activity) in the inflamed mucosa of CD and
UC patients. The expression of DAT in endothelial cells
was not reported before, though uptake of dopamine and its
metabolism by pulmonary endothelial cells has been shown
[51].

Unlike levels of TH and DAT, colonic levels of D2R
were significantly increased in both models of IBD.
Upregulation of D2R might be a compensatory reaction for
decreased local dopaminergic tone and supports the
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importance of D2R in feedback regulation of dopamine
biosynthesis and reuptake showed in experiments on D2R-
KO mice [52] and confirmed in the Parkinson’s disease rat
model [53]. On the other hand, an increased expression of
D2R, similar to expression pattern of VEGFR2, was found
in endothelial cells lining newly formed blood vessels in
mice injected with adenoviral vector (VEGF) [19], likely
due to excessive levels of VEGF. In our previous study
[54], we also showed the increased levels of VEGF as well
as VEGFR?2 in both models of IBD.

Our mechanistic study further confirmed the important
role of dopamine/D2R pathway in IBD pathogenesis.
Treatment of both rats and mice with D2R agonist quin-
pirole significantly decreased morphologic signs of IBD.
We found less profound effect in IL-10 KO mice versus
chemically induced UC in rats, and this might be related to
the insufficient period of treatment for the prevention of
this chronic disease in mice. Treatment of rats started at
early time points of disease development (24 h after
iodoacetamide enema, acute colitis), while at the beginning
of the treatment, all IL-10 KO mice already had well-de-
veloped chronic IBD. Moreover, D2R activation decreased
vascular permeability, which is a major contributor in acute
inflammation. D2R-induced inhibition of colonic vascular
permeability was associated with decreased activation/
phosphorylation of c-Src and Akt that mediate VEGF/
VEGFR2-induced vascular permeability and whose sus-
tained activation was shown in acute and chronic models of
IBD [54]. Further studies are warranted to compare the
usefulness of D2R agonists in chronic and acute disease.

In our study, the D2R agonist did not have a direct effect
on colonic epithelial permeability, supporting the primary
role of endothelial layer restitution for the successful
treatment outcome in IBD [30]. The commercially avail-
able D2R agonist cabergoline which showed effectiveness
in prevention of increased vascular permeability in patients
with ovarian hyperstimulation syndrome [55], in small
doses, activates D2R and reduces VEGF-mediated vascular
permeability without affecting angiogenesis [35], improved
clinical and morphologic signs of experimental UC in our
study.

In the present study, we used two D2R agonists
(quinpirole and cabergoline), both of which are able to
cross blood brain barrier. Thus, we cannot exclude the role
of central D2R in beneficial effect of D2R agonists on
healing of colonic lesions. Based on our previous studies,
both central and peripheral dopamine play a mechanistic
role in duodenal ulceration [56, 57]. So far, no direct data
on the role of central dopamine in IBD pathogenesis are
available, except evidence that patients with Parkinson
disease have elevated colonic level of pro-inflammatory
cytokines [58] and increased intestinal permeability [59,
60], which are hallmarks of IBD pathogenesis.
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Furthermore, the importance of central dopamine in in-
testinal mucosal integrity was confirmed by Ray et al. [61,
62]. They showed that microinjection of dopamine or D2R
agonist bromocriptine in amygdala dose-dependently at-
tenuated stress-induced gastric ulcer formation in rats.
Besides nervous system, immune cells are additional
source of dopamine. Moreover, expression of D2R was
found in the CD4+ T cells, B cells, NK cells, and, in
lesser extent, in neutrophils and dendritic cells [63, 64].
Study on the resting normal-human T cells showed that
D2R agonist was able to upregulate IL-10 expression [64].
Taking into account that IL-10 is the central anti-inflam-
matory cytokine in IBD pathogenesis, the described in our
study beneficial effect of D2R agonist might also be ex-
plained by upregulation of IL-10 levels. Described above
justifies the possible role of central dopamine and immune
cells regulation by D2Rs in IBD pathogenesis, which
needs further investigation.

The successful treatment of two patients with severe
refractory CD [65] and UC [66] with dextroamphetamine
sulfate, which produces its effect through indirect release of
dopamine and edema prevention [67], further supports our
proposal on the new role of dopamine in IBD pathogenesis.
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