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Abstract

Objective—We have previously shown that heparin-binding EGF-like growth factor (HB-EGF)
protects the intestines from multiple forms of injury via direct cytoprotective effects on the intestinal
mucosa. In this study, we examined the effects of HB-EGF on the hemodynamics of intestinal
arterioles, the major resistance vessels that regulate blood flow to the intestines, as an additional
mechanism of HB-EGF-mediated intestinal protection.

Methods—The hemodynamic effects of HB-EGF in rodent terminal mesenteric arterioles and
human submucosal arterioles were examined ex vivo using a video dimension analyzer. Cultured
human intestinal microvascular endothelial cells (HIMEC) were used to elucidate the mechanisms
of HB-EGF-induced vasodilation.

Results—HB-EGF significantly increased vessel diameter under conditions of increasing
intraluminal pressure and increased flow rate. These HB-EGF-mediated vasodilatory effects were
observed in terminal mesenteric arterioles from adult rats and 3 day old rat pups. These effects were
confirmed in submucosal arterioles from human intestine. Furthermore, HB-EGF significantly
reduced endothelin-1-induced mesenteric arteriolar vasoconstriction. The vasodilatory effects of HB-
EGF were blocked by ETg receptor antagonism in adult rat arterioles, and also by nitric oxide
synthase inhibition in rat pup and human infant arterioles. In HIMEC, HB-EGF significantly
increased endothelin B (ETg) receptor protein expression and provoked intracellular calcium
mobilization.

Conclusions—HB-EGF is a potent vasodilator of the intestinal microvasculature, further
supporting its use in diseases manifested by decreased intestinal blood flow, including necrotizing
enterocolitis.
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INTRODUCTION

Necrotizing enterocolitis (NEC) is the most common gastrointestinal emergency in newborns,
afflicting 7% of all very low birth weight (<1500 gram) prematures (Kliegman and Fanaroff,
1984). The incidence of NEC continues to increase, and has overridden neonatal respiratory
distress syndrome as the leading cause of death in premature infants (Rowe et al., 1994).
Numerous risk factors contribute to the pathogenesis of NEC, and recent studies demonstrate
that compromised intestinal blood flow in the perinatal period is involved (Nowicki, 1990,
Hsueh et al., 1994). Severe hypoxia and sustained intestinal ischemia cause a significant
reduction of mesenteric blood flow leading to decreased tissue oxygen delivery and intestinal
damage. Although it is not clear that ischemia occurs prior to tissue destruction in the
pathogenesis of NEC, there is abundant evidence that ischemia is highly associated with the
histopathologic findings in NEC (Nowicki, 1990).

Endothelin-1 (ET-1) is a potent vasoconstrictor that is known to play a critical role in regulating
the microcirculation of the intestine. We have demonstrated increased tissue concentrations of
ET-1 in human intestine acutely afflicted with NEC (Nowicki et al., 2005). These findings
were supported by animal studies showing increased expression of ET-1 mRNA in
experimental NEC (lto et al., 2007). These important observations support the argument that
ET-1 compromises mesenteric blood flow during the pathologic course of NEC.

The functions of ET-1 are controlled by its two key receptors, ET 5 and ETg receptors (Pollock
etal., 1995). ETa receptors are mainly found in the smooth muscle cells of blood vessels, and
binding of endothelin to ET p receptors increases vasoconstriction. The location of ETg
receptors is variable. The binding of endothelin to ETg receptors located on endothelial cells
leads to the release of nitric oxide or increased prostacyclin formation leading to vasodilation.
The activation of ETg receptors also increases natriuresis and diuresis, leading to lower blood
pressure (Nakano et al., 2008, Pollock and Pollock, 2008). Furthermore, the ETg receptor acts
as an inducible receptor that may cause vasoconstriction when present on vascular smooth
muscle cells (Masaki et al., 1991, Adner et al., 1998). The distribution of these two endothelin
receptor subtypes in vessels may vary from tissue to tissue, and in physiological or pathological
conditions. The tissue distribution or activation state of these two receptor subtypes determines
whether a vessel will constrict or dilate. In intestine afflicted with NEC, it appears that the
normal balance between endothelin dilator (ETg) and constrictor (ET a) receptors may be lost,
favoring net vasoconstriction (Nankervis and Nowicki, 2000, Nankervis et al., 2000,
Marasciulo et al., 2006).

HB-EGF is a member of the epidermal growth factor (EGF) family (Higashiyama et al.,
1991) that was initially identified in the conditioned medium of cultured human macrophages
(Besner et al., 1990). We have shown that HB-EGF protects the intestine from ischemia/
reperfusion injury (Pillai et al., 1999, El-Assal and Besner, 2004, Rocourt et al., 2007),
hemorrhagic shock and resuscitation (HS/R) (El-Assal et al., 2007), and experimental NEC
(Feng et al., 2006). HB-EGF protects the intestine from injury, in part, by promoting restitution
(El-Assal and Besner, 2005) and angiogenesis (EI-Assal et al., 2007, Mehta and Besner,
2007), by decreasing reactive nitrogen (Lara-Marquez et al., 2002) and oxygen species
production (Kuhn et al., 2002), and by decreasing inflammatory cell infiltration (Xia et al.,
2003) and pro-inflammatory cytokine production (Rocourt et al., 2007). We have recently
demonstrated that HB-EGF increases intestinal villous microvascular blood flow during HS/
R (El-Assal et al., 2007) and during experimental NEC (unpublished observations). The goal
of the current study was to further examine the effect of HB-EGF on the hemodynamics of
terminal mesenteric arterioles (TMA) and submucosal arterioles (SMA), the major resistance
vessels controlling blood flow to the intestines, and to investigate the mechanism(s) of HB-
EGF-mediated vasodilatory effects.
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MATERIALS AND METHODS

Preparation and mounting of terminal mesenteric arterioles (TMA) and submucosal
arterioles (SMA)

All procedures were approved by the Institutional Animal Care and Use Committee (protocol
#AR07-00058) and the Institutional Review Board (Protocol #1RB06-00267) of the Research
Institute at Nationwide Children’s Hospital. Four week old adult male Sprague-Dawley rats
(180-200g) or 3 d old rat pups (8—10g) were sacrificed by cervical dislocation following
COy, narcosis and the mesentary removed. The TMA represent the distal-most branches of the
mesenteric arterial arcade in rats. A significant pressure drop occurs from the origin to the
endpoint of the TMA, a feature that characterizes them as resistance vessels in the mesenteric
arterial arcade. SMA are resistance vessels that regulate blood flow to individual villi (Vanner
et al., 1990, Nowicki, 2005). SMA are located between the intestinal mucosal layer and the
muscular layer. SMA were dissected from human intestinal specimens resected during
operative procedures for intestinal atresias or ostomy closures in five patients (age range 2-11
months, average age 5.8 months, mean age 5.8 + 3.9 months).

Examination of arterioles by video dimension analysis

Rat TMA (adult rat, outer diameter = 229 + 6 um, n=54; rat pup, outer diameter = 67 + 7 um,
n=17), and human SMA (outer diameter = 262 = 7 um, n=9) were mounted in the proper
proximal to distal orientation on two glass micropipettes seated within a plastic vessel chamber
(CH2/AS, Living Systems, Burlington, VVT). Arterial pressure and flow were adjusted by means
of a pressure-servo system (PS/200/Q), allowing discrete manipulation of pressure and flow
within arterioles. Arteriolar perfusion was obtained using standard Krebs buffer of the
following composition (in mM): 118.1 NaCl, 4.8 KCI, 2.5 CaCl,, 1.2 MgSQy, 1.2 KH,PO4,
25 NaHCO3, 11.1 glucose, 0.26 EDTA. The buffer was continuously aerated with 95% 02—
5% CO, giving ita pH of 7.4 at 38°C. The vessel chamber, and thus the exterior surface of the
arterioles, was continuously suffused with warm (38°C) aerated Krebs buffer at a rate of 50
ml/min. All vasoactive agents used in these experiments were added to the suffusion buffer
reservoir. All experiments used mature recombinant HB-EGF corresponding to amino acids
74-148 of the HB-EGF precursor, that was produced in our laboratory using recombinant DNA
technology and purified as previously described (Davis et al., 1996).

All vessels were kept at a pressure of 20 mmHg for 30 min after mounting to develop
spontaneous tone, and then the suffusion buffer was replaced with Krebs buffer containing 40
mM KCI. Vessels which failed to contract to 50% of their baseline diameter were discarded.
The suffusion buffer was then replaced with standard Krebs buffer. The relationship between
vessel diameter and pressure in the absence of flow or with increasing flow rate was determined
independently in adult rat TMA. The microvascular perfusion/suffusion chamber was mounted
on the stage of an inverted microscope set in line with a video camera. VVascular dimensions
were measured and continuously monitored with a precalibrated video analyzer (V94, Living
Systems, Burlington, VVT) that displayed vessel luminal diameter. Flow rate across the vessels
was measured with a flowmeter set in-line with the perfusion system (Omega, Putnam, CT).
Vessel luminal diameters were recorded while intraluminal pressure was increased from 0-
100 mmHg in 20 mmHg increments or while flow rate was increased from 0 to 100 ul/min.
HB-EGF (10 ng/ml) was then added to the suffusion buffer, and arteriolar diameters were re-
measured under conditions of either increasing intraluminal pressure or increasing flow rate
three hours later. In preliminary pilot studies, the effect of HB-EGF-induced vasodilation was
tested by incubating vessels with HB-EGF for 1, 2, 3, 6 and 12 h, and we found thata 3 h
incubation led to satisfactory vasodilatory effects.
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Maximal passive diameters were determined by removing Ca2* from the perfusion and
suffusion buffers and adding EGTA (1 mmol) and papaverine (10 umol) before initiation of
the pressure ramp, as previously described (Nankervis et al., 2001a). Additional vasoactive
agents added to the suffusion buffer in these experiments included: BQ788 (ETg receptor
blocker; 20umol; Peptides International, Louisville, KY); BQ610 (ET a receptor blocker;
20pmol; Peptides International, Louisville, KY); L-NMMA (non-selective NOS inhibitor;
100pmol; Cayman Chemical, Ann Arbor, MI); indomethacin (COX-1/2 nonselective inhibitor;
10umol; Sigma, St. Louis, MO), and endothelin-1 (20 pmol; Sigma, St. Louis, MI).

Real time reverse-transcription polymerase chain reaction (RT-PCR)

Total RNA was isolated from adult rat TMA after incubation with or without HB-EGF (10 ng/
ml) for 3 h. Isolated RNA was treated with Rnase free Dnase (Amp Grade; Invitrogen-Gibco,
Grand Island, New York) to eliminate DNA contamination, and the quantity and quality of
RNA assessed by 1% agarose gel electrophoresis and spectrophotometry. Total RNA was
reverse-transcribed with random hexamers using a first-strand cDNA synthesis kit (Invitrogen-
Gibco, Grand Island, New York). cDNA (5 pl) was used for PCR amplification. Real time RT-
PCR was carried out usinga SYBR Green RT-PCR kit (Applied Biosystems Inc., Branchburge,
NJ) and an ABI Prism 770 Sequence Detection System (Applied Biosystems, Foster City,
California). Similar experiments were performed on harvested HIMEC after a 3, 6 or 24 h
incubation with HB-EGF (10ng/ml) in the presence or absence of 2-
aminoethoxydiphenylborate (2-APB) (IP3-sensitive calcium channel blocker; 100 umol,;
Sigma, St. Louis, MO).

ET A and ETg receptors were amplified using the following primers: ET 5 sense primer (rat):
5-TGCCCACAGCAGACTAAACG-3’; anti-sense: 5-CCAATGGCGGTAATCAAGA-3';
ETg sense primer (rat): 5-GGCTCTGGGAG ACCTACTA-3’; anti-sense: 5'-
TAGCGGCAAGCAGAAGTA-3’; ETg sense primer (human): 5'-
GCCAAGGACCCATCGAGAT-3’; anti-sense: 5-GAAGTGTGGAGTTCCCGATGAT-3.
Amplification of the housekeeper gene (GAPDH) cDNA was used as an internal control for
quantification, which was performed using Relative Quantification Software, version 1.01
(Applied Biosystems, Foster City, California).

Immunohistochemistry

Mesentery or intestinal specimens were immersed in cold (4°C) sterile Dulbecco’s modified
Eagle’s medium (DMEM, Mediatech, Inc, Manasas, VA) supplemented with 1% fetal bovine
serum, penicillin 100 U/ml and streptomycin 100 pg/ml (Sigma, St. Louis, Missouri)
immediately upon removal. TMA or SMA were dissected from adherent tissue and cut into 1
mm long segments. Up to a dozen segments were placed in each well of a 12-well plate
containing DMEM (1 ml) and incubated at 37°C in humidified 5% CO, in air. HB-EGF (10
ng/ml) was added to the culture medium in random wells, and segments incubated for 3 h.

Radial cryosections (6 um) were prepared from adult rat TMA incubated with or without HB-
EGF. Primary polyclonal goat anti-ETg receptor antibody (10 pug/ml; Alomone Labs,
Jerusalem, Israel) was added with overnight incubation at 4°C. Sections were then incubated
with secondary fluorophore-conjugated goat anti rabbit IgG (Green, 4 ug/ml; Alexa 488,
Molecular Probes) for 1 h at room temperature, washed in PBS, and mounted using an anti-
fade reagent (SlowFade, Molecular Probes, Eugene, Oregon). Fluorescent staining was
examined using a Zeiss AxioSkop 2 Plus microscope (Carl Zeiss Inc., Thornwood, New Y ork).

Human intestinal microvascular endothelial cell (HIMEC) culture

HIMEC (ScienceCell Research Laboratories, Carlsbad, CA) were plated onto fibronectin-
coated flasks and grown to confluence in Endothelial Cell Medium (ScienceCell Research
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Laboratories, Carlsbad, CA) supplemented with 20% fetal bovine serum (FBS) and endothelial
cell growth factor (Upstate Biotechnology, Lake Placid, NY). Cultures of HIMEC were

maintained at 37°C in 5% CO», fed twice a week, and split at confluence. All experiments were
carried out on cells between passage 8 to 12, with all experiments repeated at least three times.

Human intestinal microvascular endothelial cell (HIMEC) immunocytochemistry

For immunocytochemistry, HIMEC were seeded in human fibronectin coated 8-well culture
slides and starved with serum free ECM for 16 hours. HB-EGF (10 ng/ml) was then added to
the cells for 3, 6, 12 or 24 h. ETg receptor immunostaining was performed with rabbit anti-
human ETg receptor antibody (USBiological, Swampscott, MA). After incubation, cells were
washed in PBS and the incubated in secondary fluorophore-conjugated goat anti-rabbit 1gG.
Immunostaining was carried out as described above. Image-Probe 6.2 (Bethesda, MD) was
used to quantify the fluorescent intensity of ETg receptor staining.

Human intestinal microvascular endothelial cell (HIMEC) endothelin ELISA

The culture medium of HIMEC was collected after a 3 h incubation with or without HB-EGF
(10 ng/ml or 100 ng/ml), and endothelin secretion was measured by Enzyme Immunoassay Kit
(Cayman, Ann Arbor, MI). Cells treated for 24 h with TGF-B1 (100 ng/ml; Sigma, St. Louis,
MO) were used as a positive control for endothelin secretion.

Measurement of HIMEC intracellular calcium levels

HIMEC (106 cells) were loaded with the Ca2*-sensitive fluorescent dye Indo-1 AM (5 uM;
Molecular Probes, Eugene, OR) for 30 min at 37°C. To minimize Indo-1 leakage, probenecid
(4 mM; Molecular Probes, Eugene, OR) was added. Prior to stimulation, Indo-1 loaded cells
were resuspended in 1 ml cell loading media (HBSS plus 1 mM calcium and 1 mM magnesium)
maintained at 37°C. Intracellular calcium [Ca2*]; was monitored using a BD LSR Il flow
cytometer (BD Biosciences, San Jose, CA) with excitation wavelength of 355 nm and emission
wavelengths of 405 and 485 nm. [Ca2*]; was expressed as a ratio (R) of the fluorescent intensity
at 405 nm divided by the fluorescent intensity at 485 nm, with an increase in the ratio indicating
an increase in intracellular calcium. Data were collected for 50 s to establish the baseline
405:485 nm ratio prior to the addition of HB-EGF (10ng/ml). Data were collected for a total
of 6 min after HB-EGF addition and analyzed using FlowJo software (Tree Star Software,
Ashland, OR). BQ788 (20uM) was added to Indo-1 labeled HIMEC 30 min prior to addition
of HB-EGF.

Statistical analyses

RESULTS

ANOVA was used to determine significance within each data set. One- or two-way ANOVA
formats were used depending on the number of variables under consideration. If the F-statistic
of the ANOVA was significant (p < 0.05), then the Student t test was used to determine the
sites of significance at the p < 0.05 level.

HB-EGF amplifies pressure-induced vasodilation in adult rat TMA

Under conditions of increasing intraluminal pressure (0 to 100 mmHg), adult rat TMA undergo
a gradual increase in vessel diameter. After exposure of the vessels to HB-EGF for 3 h, there
was significantly increased vasodilation at all measured pressures (Figure 1). To begin to
investigate the mechanism(s) of HB-EGF-induced vasodilation, BQ788, a specific ETg
receptor inhibitor, was added to the suffusion buffer after HB-EGF treatment. The vasodilatory
effect of HB-EGF was specifically blocked by BQ788 (Figure 1A), but was unchanged after
the addition of either L-NMMA (a non-selective NOS inhibitor, Figure 1B), or indomethacin
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(a non-selective COX1/2 inhibitor, Figure 1C). These observations suggest that the
vasodilatory effect of HB-EGF was dependent upon the activation of ETg receptors but not
nitric oxide or cyclooxygenase activation.

HB-EGF amplifies flow-induced vasodilation in adult rat TMA

Flow is another characteristic stimulus that induces vessel dilation. We next tested the ability
of HB-EGF to induce vasodilation in adult rat TMA under the conditions of increasing flow
(0-100 pl/min.) with constant pressure. The addition of HB-EGF significantly increased flow-
induced vasodilatation in adult rat TMA (Figure 2).

HB-EGF reduces ET-1-induced vasoconstriction in adult rat TMA

ET-1 is one of the most potent vasoconstrictors known. Similar to the observations of others,
we have demonstrated that ET-1-induced vasoconstriction was selectively blocked by the

ET A receptor antagonist BQ610 (Supplementary Figure 1). Since ET-1 expression has been
shown to be increased in acute necrotizing enterocolitis, we next tested the effect of HB-EGF
in adult rat TMA which were pretreated with ET-1. When ET-1 was added to the suffusion
buffer it caused a marked vasoconstriction after 10 min that lasted for at least 4 h. When HB-
EGF was added to the suffusion buffer in the continued presence of ET-1, HB-EGF-induced
arteriolar dilation was still present (Figure 3). This demonstrated that HB-EGF exerts its
vasodilitory effects even in the presence of the potent vasoconstrictor ET-1.

HB-EGF dilates TMA from 3 day old rat pups and submucosal arterioles from human infants

Since several studies have demonstrated important differences in the pressure-flow
characteristics of newborn compared to adult TMA (Unthank et al., 1990, Nankervis et al.,
2001b, Reber et al., 2002, Nankervis et al., 2008), and since NEC is a disease that only affects
neonates, we next tested the effect of HB-EGF on TMA from 3 day old rat pups, the youngest
pups from which we could dissect arterioles that could be successfully tested in the video
dimension analysis apparatus. We observed a significant myogenic vasoconstrictive response
in TMA from 3d-old rats with an increase of intraluminal pressure from 40 to 80 mmHg.
Substitution of calcium free buffer containing 1 mmol EGTA and 10 umol papaverine reversed
this response (Supplementary Figure 2). As observed in adult rats, HB-EGF was able to amplify
pressure-induced vasodilation in 3 day old rat TMA, and its vasodilatory effect was eliminated
in the presence of ETg receptor blockade (Figure 4A). Interestingly, the HB-EGF-induced
vasodilatory effects in 3 d old rat TMA were also blocked by the NOS inhibitor L-NMMA
(Figure 4B), an effect that was not observed in adult rat TMA (Figure 1B). In addition, similar
to our findings in 3 d old rat TMA, HB-EGF-mediated vasodilatory effects were also present
in submucosal arterioles harvested from human infants, where the vasodilatory effects of HB-
EGF were blocked by either the ETg receptor blocker BQ788 or the NOS inhibitor L-NMMA
(Figure 5).

HB-EGF upregulates ETg receptor expression

Real time RT-PCR demonstrated a significant increase in ETg receptor mRNA expression in
adult rat TMA cultured for 3 h in the presence of HB-EGF (Figure 6). HB-EGF incubation led
to a 4-fold increase in ETg receptor mRNA levels, whereas there was no significant effect on
ET a receptor mRNA expression (Figure 6A). To further examine ETg receptor protein
localization in TMA after treatment with HB-EGF, immunohistochemistry using ETg receptor
antibodies was performed. ETg receptor staining was significantly increased after HB-EGF
incubation, and was predominantly located in endothelial cells (Figure 6B). To determine
whether calcium mobilization was involved in HB-EGF-mediated augmentation of ETg
receptor expression, we used real time RT-PCR to quantify ETg mRNA expression in HIMEC
after HB-EGF treatment in the presence or absence of the intracellular calcium entry blocker
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2-Aminoethyl diphenylborinate (2-APB) (Figure 7A). We found that ETg-receptor mRNA
expression was significantly upregulated after HB-EGF treatment for 3, 6 or 24 h. Furthermore,
HB-EGF-ETg receptor mMRNA upregulation was blocked by the addition of 2-APB. These data
suggest that early calcium transients are related to HB-EGF-induced ETg receptor mRNA
expression in HIMEC. Immunocytochemistry in HIMEC also demonstrated a significant
increase in ETg receptor immunostaining in HIMEC after incubation with HB-EGF (Figure
7B). Maximal ETg immunoreactivity occurred 3 h after addition of HB-EGF. We next
examined whether HB-EGF-induced ETg receptor activation could be related to the secretion
of the ETg receptor agonist ET-1. We found that HB-EGF did not cause significant ET-1
protein secretion in HIMEC after a 3 h incubation (Supplementary Figure 3).

HB-EGF triggers intracellular calcium elevation in HIMEC

Since endothelial cell intracellular calcium spikes are key events in the initiation of vasodilation
(Dawson et al., 2006), we next measured the cytostolic calcium concentration of HIMEC after
addition of HB-EGF (10 ng/ml) to the Indo-1 labeled cells. Addition of HB-EGF led to an
intracellular calcium spike (Figure 8A). However, when HIMEC were pretreated with the
ETg blocker BQ788, the HB-EGF-induced intracellular calcium elevation was inhibited
(Figure 8B).

DISCUSSION

We have previously shown that HB-EGF increases intestinal villous microvascular blood flow
in a rat model of hemorrhagic shock and resuscitation (El-Assal et al., 2007). The HB-EGF-
induced increase in microcirculatory flow resulted in significant preservation of villous
architecture after injury. Recently, we have reproduced these findings in a newborn rat model
of experimental NEC (unpublished observations). To further investigate the mechanism(s) of
these HB-EGF vasodilatory effects, we have directly tested the effect of HB-EGF on TMA
from adult and 3 d old rats, and on SMA from human infants, using video dimension analysis.
We found that HB-EGF significantly increases both pressure- and flow-induced vasodilation.
This study provides the first direct evidence that HB-EGF acts as a vasodilator, representing
an additional potential mechanism underlying its potent intestinal cytoprotective effects.

Necrotizing enterocolitis is a disease that affects neonates, usually those born prematurely.
Enhanced vascular tone and elevated intestinal resistance due to an increased myogenic
response in neonatal mesenteric arteries have been reported (Nankervis et al., 2001b, Su et al.,
2003). The myogenic response is defined as vessel constriction in response to stretch stimuli
such as intraluminal pressure, transmural pressure or blood flow. The intensity of the myogenic
response in arterioles is higher in 1 day old swine compared to 10 day old swine, suggesting
that the myogenic response is age-dependent and developmentally regulated (Su et al., 2003).
Consistent with these observations, we have observed the myogenic response in TMA from 3
day old rat pups (Figure 4), but not in adult rat TMA (Figure 1). Since the myogenic response
leads to vasoconstriction with flow or pressure stimulation, this response in newborns may
make the intestine more vulnerable to ischemia/reperfusion injury. This effect may be
abrogated by the vasodilatory effect of HB-EGF.

Ischemia has been implicated in the pathogenesis of NEC (Nowicki, 2005). Even though
ischemia may not be the sole basis for NEC-related tissue damage, an initial blood flow
perturbation and the consequent cascade of ischemic events contribute to the development of
NEC (Markel et al., 2006). Furthermore, the expression of the potent vasoconstrictor ET-1 is
increased in the diseased tissue of acute NEC removed in the operating room (Nowicki et al.,
2005) and in experimental NEC in rodents (lIto et al., 2007). ET-1 dramatically decreases
capillary perfusion and compromises oxygen consumption in vitro (Nowicki and Minnich,
1999, Nankervis et al., 2000). Here we show that HB-EGF retains its vasodilatory capabilities
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even in the presence of ET-1. These findings suggest that HB-EGF can be used in the treatment
of ET-1-mediated ischemic diseases including NEC. Since preservation of blood flow through
terminal mesenteric arterioles after ET-1-mediated intestinal ischemic injury determines
subsequent tissue viability, we believe that administration of HB-EGF may improve oxygen
delivery and restore tissue metabolism by reversing the vasoconstriction caused by ET-1.

Intestinal blood flow is regulated by a delicate balance between arteriolar vasodilators and
vasoconstrictors. Nitric oxide is thought to play a pivotal role in vasodilation. Previous studies
reported that sustained vasoconstriction occurs in neonatal swine due to reduced production
of nitric oxide by newborn gut endothelium (Nankervis and Nowicki, 1995). Lack of nitric
oxide production may leave the vessels more vulnerable to the vasoconstrictive effects of ET-1.
This type of imbalance appears to contribute to the pathogenesis of NEC (Nankervis and
Nowicki, 1995, Nowicki, 1996). The ability of L-NMMA to specifically block HB-EGF-
induced vasodilation in rat pup TMA suggests that HB-EGF-induced vasodilation in rat pups
may occur via increased endogenous nitric oxide production in endothelial cells. Similar
observations were found in SMA resected from the intestine of human infants. However, L-
NMMA did not block the effect of HB-EGF in adult rat TMA. In adult rats, the ETg receptor
antagonist BQ788 significantly blocked HB-EGF-mediated vasodilation, indicating that the
dilatory effects of HB-EGF in adult animals are dependent upon activation of ETg receptors.
This was also true in arterioles from rat pups and human infants. Previous studies have
documented that activation of ETg receptors on vascular endothelial cells leads to vessel
dilation by transient nitric oxide release (Hirata et al., 1993, Tirapelli et al., 2005, Pollock and
Pollock, 2008). However, this may not fully explain HB-EGF-induced vessel dilation which
lasts for at least 90 minutes. To further study the effect of ETg receptor activation, we used
HIMEC and found that HB-EGF increased ETg receptor protein detection in HIMEC
cytoplasm after HB-EGF treatment, especially after 3h HB-EGF treatment. Naturally, ETg
receptor is constitutively internalized and delivered to lysosomes where it is rapidly degraded
(Ozaki et al., 1995, Wu-Wong et al., 1995, Abe et al., 2000). Based on our observation, HB-
EGF may promote ETg receptor protein stabilization or slow its degradation. Detail mechanism
need to be further illustrated. The ETg receptor has also been reported to couple with calcium
pumps and the activation of ETg receptors leads to elevation of intracellular calcium levels
(Jouneaux et al., 1993, Jacques et al., 2006). Vascular endothelial cell initial calcium spikes
with agonist stimulation commonly occur via release of intracellular calcium stores (Nilius and
Droogmans, 2001), which is well known to promote angiogenesis (Mehta et al., 2008), increase
vascular permeability (Bates and Curry, 1997, Tiruppathi et al., 2006) and promote secretion
of vasoactive substances including nitric oxide and endothelium derived growth factor (Adams
etal., 1989, Yamamoto et al., 2000). We found that HB-EGF triggered an instant calcium spike
in HIMEC, and that this HB-EGF-induced calcium spike was blocked by ETg receptor
antagonism. We believe that HB-EGF-induced vasodilation occurs via the activation of ETg
receptors, with associated intracellular calcium mobilization leading to the release of
vasodilatory substances.

In summary, we have shown that HB-EGF is a potent vasodilator of the intestinal
microvasculature which can counteract the vasoconstrictive effects of ET-1. HB-EGF appears
to work by increasing ETg receptor expression in adult rat and rat pup arterioles, and also by
increasing NO production in rat pup and human infant arterioles. HB-EGF exerts its
vasodilatory effect via triggering intracellular calcium mobilization in vascular endothelial
cells. The vasodilatory effects of HB-EGF support its use in the treatment of diseases
manifested by intestinal ischemic injury, including necrotizing enterocolitis.
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Figure 1.

Effect of HB-EGF on pressure-induced vessel diameter in adult rat TMA. Intraluminal
pressures were increased from 0 to 100 mmHg in 20 mmHg increments, initially under control
conditions, then after the addition of HB-EGF (10 ng/ml), and then after the application of
BQ788 (panel A), L-NMMA (panel B), or indomethacin (panel C) to the suffusion buffer in
the presence of HB-EGF. Each point represents the mean vessel diameters of all arterioles
tested, with error bars representing SEM. n = 12 vessels in panel A, n = 11 vessels in panel B
and n = 6 vessels in panel C. *P< 0.05 for HB-EGF vs. control; TP <0.05 for HB-EGF vs. HB-
EGF + BQ788.
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Figure 2.

Effect of HB-EGF on flow-induced vessel diameter in adult rat TMA. Flow rates were
increased from 0 to 100 pl/minute by generating a change in pressure (AP) across the vessel.
TMA were exposed to HB-EGF in the suffusion buffer for 3h prior to measurement. Each point
represents the mean vessel diameter of all arterioles tested, with error bars representing SEM.
N = 12 vessels; *P < 0.05 for HB-EGF vs. control.
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Figure 3.

Effect of HB-EGF on pressure-induced vessel diameter in adult rat TMA treated with ET-1.
Pressures were increased from 0 to 80 mmHg in 20 mmHg increments initially under control
conditions, then after the addition of ET-1 (20 pmol/ml) to the suffusion buffer, and then after
the addition of HB-EGF to the suffusion buffer in the presence of ET-1. TMA in the ET-1 +
HB-EGF group were initially exposed to ET-1 (20 pmol/ml) and then treated with HB-EGF
(10 ng/ml) for 3 h before vessel diameters were measured. Each point represents the mean
vessel diameter of all arterioles tested, with error bars representing SEM. N = 10 vessels; *P
< 0.05 for HB-EGF vs. control; tP < 0.05 for ET-1 + HB-EGF vs. ET-1.
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Figure 4.

Effect of HB-EGF on pressure-induced dilation in TMA from 3 d old rat pups. Intraluminal
pressures were increased from 0 to 100 mmHg in 20 mmHg increments, initially under control
conditions, then after the addition of HB-EGF (10 ng/ml), and then after the addition of BQ788
(panel A) or L-NMMA (panel B) to the suffusion buffer in the presence of HB-EGF. Each
point represents the mean vessel diameter of all arterioles tested, with error bars representing
SEM. N =7 vessels in panel A and n = 8 vessels in panel B. *P < 0.05 for HB-EGF vs. control;
tP <0.05 for HB-EGF vs. HB-EGF + BQ788 in panel A; ¥ P <0.05 for HB-EGF vs. HB-EGF
+ L-NMMA in panel B.
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Figure 5.

Effect of HB-EGF on pressure-induced dilation in human submucosal arterioles. Luminal
pressures were increased from 0 to 100 mmHg in 20 mmHg increments under control
conditions and after the addition of HB-EGF (10 ng/ml) to the suffusion buffer. Vessel
diameters are represented as % of maximal passive diameter. Each point represents the mean
ratio (vessel diameter/maximal passive diameter x %) of all arterioles tested, with error bars
representing SEM. SMA were harvested from 5 patients (average age 5.8 + 3.9 months). n=4
vessels in panel A and n= 5 vessels in panel B. *P < 0.05 for HB-EGF vs. control; TP <0.05
for HB-EGF vs. HB-EGF + BQ788 in panel A; ¥ P <0.05 for HB-EGF vs. HB-EGF + L-NMMA
in panel B.
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Figure 6.

Effect of HB-EGF on ET 5 and ETg mRNA expression and protein distribution in adult rat
TMA. A) Real time RT-PCR was performed on total RNA from TMA treated with or without
HB-EGF for 3 h using primers for ETa or ETg. ET or ETg mMRNA expression = SEM is
shown, with data shown as fold change compared to control which was set at 1. The data are
representative of three independent experiments. *P < 0.05 compared to control ETg receptor
expression. B) Panels a and b represent cross-sections of adult rat TMA subjected to
immunohistochemical staining with ETg receptor antibodies after incubation for 3 h in the
presence (panel a) or absence (panel b) of HB-EGF. C) Hematoxylin & eosin staining of the
vessel in panel b. Scale bar=100pm.
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Figure 7.

ETg receptor mRNA expression and protein detection in HIMEC. A. Effect of HB-EGF and
2-APB on ETg mRNA expression in HIMEC. ETg mRNA was quantified using real-time RT-
PCR after treatment of the cells as indicated. ETg mRNA expression = SEM is shown, with
data shown as fold change compared to control which was set at 1. *P < 0.05 for HB-EGF
vs control; **P < 0.05 for HB-EGF + 2-APB vs. HB-EGF. B. Effect of HB-EGF on ETg protein
detection in HIMEC. a—e) Fluorescent microscopic images of anti-ETg receptor
immunoreactivity in HIMEC in the absence or presence of HB-EGF for 3, 6, 12 or 24 h. f)
Quantification of panels a—e using Image-Probe software. Fluorescence intensity was averaged
from ten images under each experimental condition. ETg protein intensity + SEM is shown,
with data expressed as fold change compared to control which was setat 1. *P < 0.05 compared
to control.
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Figure 8.

Effect of HB-EGF on intracellular calcium levels in HIMEC. The fluorescent ratio (405 nm/
485 nm) was used as an indicator of the relative concentration of intracellular calcium. Data

are expressed as the ratio of 405/485 nm over time. The time of addition of HB-EGF is marked
by vertical arrows. A) Treatment of HIMEC with HB-EGF alone. B) Pretreatment of HIMEC
with the ETg receptor blocker BQ788 prior to addition of HB-EGF.
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