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Abstract
INTRODUCTION—Both nitric oxide (NO) and adenosine A1 receptor activation mediate
microvascular vasodilation during intestinal glucose absorption. Our overall hypothesis is that
ATP utilization during glucose absorption would increase adenosine metabolite release, which acts
on adenosine A1 receptors to alter endothelial production of NO and/or activate ATP-dependent
potassium channels (K+

ATP) to dilate intestinal microvessels.

METHODS—Intravital videomicroscopy of the rat jejunum was used to record the vascular
responses of inflow (termed 1A) arterioles and proximal (p3A) and distal (d3A) premucosal
arterioles during exposure to isotonic glucose or mannitol solutions alone or in the presence of the
selective nitric oxide synthase (NOS) inhibitor (L-NMMA), an adenosine A1 receptor antagonist
(8-cyclopentyl-1,3-dipropylxanthine (DPCPX)), or a K+

ATP channel inhibitor (glibenclamide).

RESULTS—As expected, glucose exposure caused rapid dilation of both p3A and d3A arterioles,
while mannitol exposure had no effect on microvascular diameters. Adenosine A1 receptor
blockade completely prevented glucose-induced dilation of the premucosal arterioles. NOS
inhibition significantly blunted the glucose-induced vasodilation of the premucosal arterioles, but
had little effect in the mannitol group. Simultaneous application of both the NOS inhibitor and the
adenosine A1 receptor antagonist gave the same reduction in glucose-induced dilation of the
premucosal arterioles as the adenosine A1 receptor antagonist alone. Blockade of K+

ATP channels
with glibenclamide did not attenuate glucose-induced vasodilation of the premucosal arterioles.

CONCLUSIONS—These data suggest that glucose-induced vasodilation of premucosal jejunal
arterioles is mediated through adenosine A1 receptors, and NO at least partially mediates the
adenosine A1 receptor-induced vasodilation. In addition, K+

ATP channels are not involved in
premucosal arteriolar vasodilation during intestinal glucose exposure.
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INTRODUCTION
Postprandial intestinal hyperemia, or increased blood flow during absorption of ingested
nutrients in the gastrointestinal tract, depends on vasodilation of the gastrointestinal
microvasculature and microvessel recruitment to open previously unperfused premucosal
arterioles and capillaries. Glucose and many L-amino acids are absorbed by sodium-linked,
secondary active transport from the intestinal lumen into the mucosal epithelial cells, which
requires ATP utilization by the epithelial cells. As an ATP degradation product, adenosine
participates in many regulatory processes including vascular reactivity via adenosine
receptor activation (8), and studies have shown that adenosine-related mechanisms are
involved in absorptive hyperemia (15,31,34). Adenosine, an endogenous purine nucleoside,
mediates many physiological actions through four known purinergic (P1) receptors,
designated A1, A2a, A2b and A3 (3). The actions of adenosine are well described and
include decreased heart rate (A1), coronary artery vasodilation (A2a) and bronchospasm
(A2b). Adenosine receptors are thought to be ubiquitous, but the receptor subtypes most
commonly implicated in vascular physiology are the A1 and A2a receptors and to a lesser
extent A2b receptors (3,7,11). Adenosine A1 receptors mediate vasoconstriction in many
vascular beds, while A2a receptors mediate vasodilation. The activity of each adenosine
receptor subtype involves second messenger systems, either stimulatory (A2) or inhibitory
(A1, A3) G-proteins and subsequent increase or decrease in cyclic AMP. A recent intravital
videomicroscopy study in rat intestine suggested that glucose-induced vasodilation of the
intestinal microvessels is primarily mediated by the A1 and A2b adenosine receptors (21).

The mechanisms of adenosine-induced vasodilation have been widely explored in ex vivo
studies (17,29,32) and vary with tissue. Some have proposed that adenosine A2x receptors
are the major subtypes involved in adenosine-related vasodilation (16,17,29), while
activation of the adenosine A1 receptor (ADO A1R) produces vasoconstriction. However,
adenosine A1 receptor-mediated vasodilation has been reported in some in vivo studies
(3,7,11). Perhaps due to the diversity of effectors coupled with adenosine receptors, the
adenosine A1 receptor appears to produce either constriction or dilation in a tissue-
dependent and adenosine concentration-dependent manner. Coupling of nitric oxide (NO),
ATP-dependent potassium channels (K+

ATP) and/or prostaglandins to the activation of
adenosine A1 receptors has been reported in some tissues, which also might explain the
diversity of possible effects during adenosine A1 receptor activity (11). Also, an unusual
low-affinity type of the adenosine A1 receptor has been proposed that might explain
adenosine A1 receptor-induced vasodilation (3), which fits with the observation that high
concentration of an adenosine A1 receptor agonist caused vasodilation in some vascular
beds while low concentration of the agonist did not (32). The mechanisms of adenosine A1
receptor-induced vasodilation have not been reported in the intestinal microvasculature.

Nitric oxide (NO), a potent local vasodilator, has been shown to mediate intestinal
hyperemia during nutrient absorption (5,6,24), and synergy between NO and adenosine has
been suggested in different tissue and vascular beds (1,2,20,30). We have previously shown
that adenosine A1 receptors are involved in glucose-induced intestinal vasodilation (21), but
the hypothesized predominant role of the adenosine A1 receptor subtype in mediating
adenosine-related vasodilation during glucose absorption in the intestine has not been
demonstrated. The focus of the present study was to examine the mechanisms of adenosine
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A1 receptor-mediated vasodilation during intestinal glucose absorption. We hypothesized
that adenosine A1 receptor-mediated vasodilation of intestinal microvessels during glucose
absorption involve NO release or K+

ATP channel activation. To test this hypothesis, we
performed intravital videomicroscopy in the rat jejunum during intestinal glucose exposure
alone or in the presence of an adenosine A1 receptor antagonist, 8-cyclopentyl-1,3-
dipropylxanthine (DPCPX), the selective NO synthase inhibitor, L-NMMA, or the K+

ATP
channel inhibitor, glibenclamide.

MATERIALS AND METHODS
Chemicals and solutions

All chemicals were purchased from Sigma Chemical Company (St. Louis, Missouri, USA).
The baseline physiological salt solution (PSS) for the exposed intestinal segment was a
modified glucose-free Krebs solution, which consisted (in mM) of 25.5 NaHCO3, 112.9
NaCl, 4.7 KCl, and 2.55 CaCl2·2H2O. This solution was used to bathe the intestinal tissue
during both surgical preparation and the baseline period of the microcirculation protocol. To
initiate glucose-mediated vasodilation, a modified salt solution with Tris pH buffering was
used that contained (in mM) 36.29 Tris-HCl, 13.71 Tris-base, 11.1 D-glucose, 88.98 NaCl,
5.87 KCl, and 2.55 CaCl2·2H2O (25). An isotonic mannitol solution was used as an osmotic
control for the glucose solution and had the same components with the exception that
mannitol was substituted for glucose (11.1 mM). Selective NOS inhibitor (L-NMMA) and
ATP-dependent potassium channel inhibitor (glibenclamide) were applied topically to the
jejunum segment in the tissue bath at the final concentrations of 100 μM and 10 μM,
respectively. We have previously utilized these inhibitors in other studies of the intestinal
microcirculation and the doses used in the present study were based on EC50 levels
determined from dose-response curves generated in previous animals. The doses used in this
study are 100 fold greater than the previously observed EC50 doses for each inhibitor.

Animal and tissue preparation
Animals were maintained in a facility approved by the American Association for the
Accreditation of Laboratory Animal Care in temperature and humidity controlled rooms
with a 12-hour light/dark cycle. The research protocol was approved by the Institutional
Animal Care and Use Committee, the Biohazard Safety Committee and the Research &
Development Committee at the Louisville VA Medical Center. Fifty-six (56) male Sprague-
Dawley rats (190-210 g body weight) were acclimated for 2 weeks and received standard rat
chow (20 g/day) and water ad libitum prior to experimental use. Food, but not water, was
withheld 16 hours prior to experimental use to minimize the presence of digestive products
in the intestinal lumen. Rats were anesthetized via intra-peritoneal administration of
pentobarbital (60 mg/kg). A surgical plane of anesthesia was maintained by regular
administration of supplemental pentobarbital (2.5 mg/kg) as needed. Core body temperature
was maintained at 37.0 ± 0.5 °C using a servo-controlled feedback controller, rectal
thermister and heating pad. Tracheotomy was performed to maintain airway patency. The
right carotid artery was cannulated to monitor mean arterial blood pressure and heart rate,
and the left femoral vein was cannulated to infuse saline (1 mL/h) to maintain body fluid
homeostasis.

A right paramedian abdominal laparotomy was performed and a segment of the upper
jejunum was selected 5-6 cm from the attachment of the jejunum and transverse mesocolon.
A jejunal segment (1.5-2 cm) supplied by a single mesenteric artery with intact
neurovascular supply was exteriorized and both ends were ligated to exclude collateral
circulation. The segment was opened along the anti-mesenteric border by electrocautery and
the tissue was positioned over the optical port of a Plexiglas tissue bath. The segment was
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bathed with no-glucose Krebs solution and bubbled with CO2 and N2 to regulate bath pH at
7.40 ± 0.05 and to maintain physiologic O2 concentration. The temperature of the
exteriorized segment was maintained at 37.0 ± 0.5 °C via feedback controller, bath
thermister and bath heating element. The rat and board were positioned on the stage of a
trinocular Zeiss microscope and 45 minutes were allowed for hemodynamic and
microvascular equilibration before data collection began. Animals were considered
equilibrated when hemodynamic parameters remained stable (within 10%) over two 10-
minute baseline periods. Intestinal microvascular images were recorded via a closed-circuit
CCD camera on PC and videotape.

Experimental measurements
Mean arterial blood pressure and heart rate were recorded at each time point. As shown in
Figure 1, the microvascular anatomy was identified according to the description of Bohlen
and Gore (4), and arteriolar diameters were measured at three microvascular levels: large
inflow distributing arterioles (first-order arteriole, A1), proximal premucosal arterioles
(third-order arteriole, pA3), and distal premucosal arterioles (dA3). Centerline red blood cell
velocity in A1 arterioles was measured by optical Doppler velocimetry (Optical Doppler
Velocimeter, Microcirculation Research Institute, Texas A&M University, College Station,
TX, USA). Microvascular flow in A1 arterioles was calculated from the equation A1 Flow
(nL/sec) =(V/1.6)(πr2)(0.001), in which V is the centerline red blood cell velocity in mm/sec
and r is the vessel radius in μm and 0.001 is a conversion factor to obtain nL/sec.

Experimental Protocol
Rats were randomly assigned to one of seven experimental groups (n=8 per group): 1)
glucose alone; 2) mannitol alone; 3) glucose with L-NMMA; 4) mannitol with L-NMMA; 5)
glucose with glibenclamide; 6) glucose with L-NMMA and adenosine A1 receptor
antagonist; and 7) glucose with glibenclamide and adenosine A1 receptor antagonist.

Within ten minutes of the equilibration period, baseline diameters in no-glucose Krebs at
three vascular levels (A1, pA3 & dA3 arterioles) were measured every 10 seconds for 3
minutes and averaged for data analysis. In any group using blockers (L-NMMA, adenosine
A1 receptor antagonist and/or glibenclamide), a second baseline period was performed ten
minutes after drug application in the bath. Following Krebs wash-out, the blocker(s) was re-
applied with glucose or mannitol solution. Hemodynamic and microvascular responses were
recorded at 5, 10, 15, 20, 25, 30, 40, 50, 60, 70, 80 and 90 minutes. Sodium nitroprusside
(10-4) was applied immediately after each experiment to obtain the maximum possible
dilation of the vessels. Preliminary data showed that the average dilator capacity, which was
calculated from the equation Dilator Capacity = (Vessel DiameterNitroprusside – Vessel
DiameterBaseline) / Vessel DiameterBaseline, was 15% for A1 arterioles, 45% for pA3
arterioles and 60% for dA3 arterioles. If an animal exhibited dilator capacity <10% in the A1
arteriole or <30% in pA3 or dA3 arterioles, the animal was excluded from the study (none
were excluded for this reason).

Statistical analysis
Vascular responses are presented as percent change from initial baseline diameter for
glucose alone or mannitol alone groups or from the second baseline diameter in all other
groups. All data are presented as mean ± standard error of the mean. Differences between
groups were determined by 3-way and 2-way Analysis of Variance (ANOVA) tests, and
then by Student Newman-Kuel multiple comparisons when the ANOVA tests indicated a
significant difference (p < 0.05) between groups or time points.
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RESULTS
Table 1 shows that the baseline levels of all measured variables (mean arterial blood
pressure, heart rate, arteriolar diameters and inflow arteriolar (1A) flow) were consistent
between groups. Further, the first and second baseline values were averaged since there were
no differences between the initial baseline and the second baseline in blood pressure, heart
rate, arteriolar diameters or inflow arteriolar (1A) flow in any group. Mean arterial blood
pressure and heart rate remained stable in all groups throughout all experimental time points
in all groups. Inflow arteriolar (1A) flow did vary between groups.

As expected, topical application of isotonic glucose solution caused a rapid and sustained
dilation in the proximal and distal premucosal arterioles (p3A and d3A) but no such effect
occurred in the mannitol alone group (Figure 2, middle and bottom panels). The inflow
arteriole diameters did not change with topical glucose exposure or mannitol control (top
panel). The addition of the NO synthase blocker L-NMMA did not alter the arteriolar
diameter responses (inflow or premucosal) compared to the mannitol alone group (Figure 3).
These observations suggest that the slight mannitol-induced constriction, observed in the
mannitol alone group at all arteriolar levels was not due to decreased NO production during
mannitol exposure, since pretreatment with L-NMMA did not alter the mannitol response. In
the glucose + L-NMMA group, NO synthase blockade decreased inflow (1A) arteriolar
diameters at 5, 10 and 15 minutes compared to the glucose alone group (Figure 4, top panel).

Figure 4 shows the arteriolar diameters for the glucose alone group compared to glucose
+ L-NMMA, glucose + glibenclamide and glucose + adenosine A1 receptor antagonist
groups. Adenosine A1 receptor antagonism with the DPCPX completely prevented the
premucosal vasodilation during glucose exposure (Figure 4, middle and bottom panels),
while NOS blockade with L-NMMA only partially blocked the glucose-induced proximal
and distal premucosal arteriole (p3A and d3A) vasodilation. In the inflow (1A) arterioles,
NOS blockade resulted in further vasoconstriction during glucose exposure, suggesting that
NOS moderates the vasoconstriction observed during topical glucose exposure in this jejunal
segment (top panel). Adenosine A1 receptor antagonism reduced glucose-induced distal
premucosal arteriole (d3A) dilation as did NOS inhibition over the first 25 minutes of
exposure to glucose. However, adenosine A1 receptor blockade decreased premucosal
arteriole diameters more than NO synthase blockade did from 30 to 90 minutes during the
observation period. Interestingly, the responses in the proximal vs distal premucosal
arterioles differed from each other with adenosine and NO synthase blockade, suggesting
that differences might exist with regard to adenosine receptor subtype distribution or
regional NO synthase expression of either ecNOS or iNOS. ATP-dependent potassium
channel inhibition with glibenclamide had no effect on any arteriolar diameters compared to
glucose alone at any time point, suggesting that K+

ATP channels are not required for
glucose-induced premucosal arteriolar dilation.

Figure 5 depicts the arteriolar diameters for the glucose alone group compared to glucose
+ L-NMMA + adenosine A1 receptor antagonist and glucose + glibenclamide + adenosine
A1 receptor antagonist groups. Co-application of adenosine A1 receptor antagonist and NOS
inhibitor revealed no significant difference compared to the NOS inhibitor alone in the
inflow (1A) arterioles, again suggesting a protective role for NO in the glucose-induced
inflow (1A) arteriolar vasoconstriction observed. Simultaneous exposure to both the NOS
inhibitor and the adenosine A1 receptor antagonist gave the same reduction in glucose-
induced dilation of the dA3 as did the adenosine A1 receptor antagonist alone. The effects of
the NOS inhibitor and the adenosine A1 receptor antagonist on glucose-induced vasodilation
were similar for the proximal premucosal (p3A) and distal premucosal (d3A) arterioles.
Simultaneous inhibition of adenosine A1 receptor and K+

ATP channels attenuated
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vasodilation of the premucosal arterioles to the same degree as adenosine A1 receptor
antagonism alone.

DISCUSSION
The current study is the first to show that glucose-induced intestinal hyperemia is mediated
by both adenosine and nitric oxide, but not ATP-dependent potassium channels. Our over-
arching hypothesis has been that ATP metabolism is increased in the active small intestine
during glucose absorption, which occurs via sodium-linked, secondary active transport; and
that ATP metabolism during glucose absorption results in increased adenosine metabolite
release into the mucosal and premucosal microvascular and microlymphatic spaces. The
data presented in the current study support the hypothesis that adenosine-mediated
vasodilation in the small intestinal microcirculation involves nitric oxide. Clinically glucose-
induced intestinal hyperemia is of interest for many reasons. This phenomenon might
explain some of the benefits of early enteral feeding in critically ill trauma patients that have
sometimes been attributed to the powers of immune-enhancing nutrients such as glutamine,
arginine, fish oil and trace minerals. Enteral nutrition stimulates blood flow to the intestines
in a nutrient- and time-dependent manner. Notably D-glucose is the single most potent
nutrient for stimulating intestinal blood flow during postprandial hyperemia. Additionally,
glucose present in peritoneal dialysis fluid also partially explains the intense vasodilation
and hyperemia observed during peritoneal dwell of dialysis solution, in spite of the fact that
the glucose is present in the peritoneal space rather than the intestinal lumin.

Nitric oxide (NO) is a ubiquitous paracrine vasodilator produced primarily by vascular
endothelium and neurons and its involvement in regulating vascular basal tone in coronary
and retinal vascular beds has been reported (12,13). In the present study, the topical
placement of a specific NOS inhibitor in the tissue bath prior to intestinal exposure to
glucose or mannitol had no effect on the resting diameter of inflow (A1) or premucosal (pA3
or dA3) arterioles. These findings suggest that NO does not contribute significantly to the
regulation of basal (resting) tone in the rat jejunum microvasculature examined herein. It has
been hypothesized that NO produced by constitutive NO synthase in the gut instead
functions to maintain sodium reabsorption and villous hyperosmolarity during the resting
(unfed) state of the small intestine (5). However, the involvement of NO in regulating
vascular reactivity and intestinal hyperemia during nutrient absorption (fed state) has been
reported in the small intestinal microcirculation (6,25,26). Topical application of pre-
warmed, pH-buffered, iso-osmotic glucose solution caused rapid premucosal arteriolar
dilation and capillary recruitment in the rat ileum that was prevented by NOS inhibition
with L-NAME (25). Also, NO metabolite levels (nitrate and nitrite) were increased in the
portal vein during luminal glucose exposure (and presumably, glucose absorption) in the rat
small intestine, which was inhibited by adenosine receptor antagonists (26). Further, Bohlen
et al used NO-sensitive microelectrodes to detect increased NO in intestinal submucosal
blood vessel walls in proportion to luminal glucose concentration (6).

In the current study, mucosal glucose exposure produced vasodilation of the premucosal A3
arterioles that was partially attenuated by NOS inhibition. On the other hand, NOS inhibition
had little effect on premucosal A3 arteriolar diameter during intestinal mannitol exposure,
which is metabolically inert. These findings support the hypothesis that NO, generated
during sodium-linked secondary active transport of glucose, is a key regulator of glucose-
induced premucosal arteriolar vasodilation. As noted above, NOS inhibition in the terminal
ileum during topical glucose exposure completely abolished premucosal arteriolar
vasodilation (25). The difference in the degree of loss of glucose-induced vasodilation
during NOS inhibition between the proximal jejunum and the terminal ileum might be
related to the functional difference between the two intestinal segments. For example, both
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constitutive and inducible nitric oxide synthase isoforms have been identified in the terminal
ileum while only constitutive NOS has been identified in the jejunum (37). Furthermore, the
vascular response to adenosine and the distribution of adenosine receptors also varies along
the length of small intestine (21).

Topical glucose exposure in a discrete section of the small intestine was insufficient
stimulus to induce vasodilation or increased blood flow in the inflow (1A) arterioles, in this
study, as in our prior intravital videomicroscopy studies of glucose-mediated intestinal
vasodilation. This observation appears to contradict prior studies that have identified glucose
as the single most potent inducer of absorptive hyperemia during intestinal nutrient exposure
(9,14). The possible interpretations of this phenomenon have been previously discussed and
include insufficient area of glucose exposure and/or insufficient involvement of bile
recirculation, which might regulate glucose-induced intestinal hyperemia via inflow (1A)
arteriolar vasodilation (25). In the present study, the inflow (1A) arterioles responded
similarly to glucose and mannitol, suggesting that slight constriction of inflow (1A) vessels
was not related to nutrient (glucose) absorption processes. During NO synthase inhibition,
inflow (1A) vessels responded similarly to either sugar (actively absorbed glucose versus
passively diffused mannitol) and constricted even more in the absence of NOS inhibition
during 90 minutes exposure, which indicates that constitutive NO synthase activity
counteracts the A1 arteriolar vasoconstriction induced by intestinal exposure to either
glucose or mannitol. The constrictor process involved in this phenomenon is not known.

The role of adenosine in absorptive intestinal hyperemia is well established (15,31,32,34).
However, the relative contributions of adenosine receptor subtypes in glucose-induced
premucosal arteriolar vasodilation have not been determined. Proctor identified the
adenosine A2b receptor as the subtype most likely to mediate vasodilation in small intestinal
microvessels (32). Our prior work suggested that the adenosine A1 receptor subtype
mediated vasodilation in the resting (unfed) intestinal microcirculation in the rat (21). The
current study suggests that the adenosine A1 receptor plays a predominant role in regulating
dilation of the premucosal vessels during glucose absorption. Adenosine A1 receptor-
mediated vasodilation has been demonstrated in several other vascular beds; however,
vasoconstriction via activation of the adenosine A1 receptor has been more commonly
reported in the literature. Adenosine A1 receptors have been identified on both vascular
endothelium and smooth muscle cells (8) suggesting that adenosine A1 receptor-mediated
vasodilation could be either endothelium dependent or independent.

The mechanisms underlying adenosine A1 receptor moderated vasodilation have been
investigated in different tissues (3,11,22). Both A1 and A2x adenosine receptors have been
reported to co-regulate NO production in both in vivo and ex vivo studies. Endothelium-
derived NO release has been shown during activation of adenosine A2x receptors in both in
vitro (20) and in vivo studies (2,30). Adenosine A1 receptor-mediated vasodilation involving
increased NO synthesis has been reported in rat hindlimb during systemic hypoxia (7). In
addition, adenosine A1 receptor-induced negative inotropic effect has been associated with
increased NO production (33). Signaling transduction between adenosine receptor activation
and NO production has also been suggested in biochemical studies (35). Activation of
adenosine A1 receptors results in inositol trisphosphate accumulation, which triggers an
intracellular cascade including increased intracellular calcium and subsequent activation of
constitutive NO synthase. The current study indicates that NO is involved in glucose-
induced vasodilation of the premucosal arterioles and that NO release is likely mediated
through adenosine A1 receptor activation. However, adenosine A1 receptor-mediated
vasodilation cannot be solely explained by increased NO release.
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ATP-dependent K+ channels are associated with adenosine A1 receptors via G proteins (18)
or protein kinase C (PKC) pathways (27). Activation of adenosine A1 receptors is thought to
open K+

ATP channels on vascular smooth muscle cells, which causes hyperpolarization of
the cell membrane and a subsequent decrease in intracellular Ca2+ concentration and
vasodilation. Additionally, opening of K+

ATP channels could also be triggered by increased
intracellular cGMP, a well-known effector of NO (19). K+

ATP channels could thereby be
indirectly associated with NO release via activation of adenosine A1 receptors. Adenosine
A1 receptor-induced opening of K+

ATP channels has also been reported in coronary,
diaphragm, and retinal microvasculature beds (11,22,38). The association of adenosine A1
receptors and K+

ATP channels has also been reported in ex vivo rat mesenteric artery (36)
and in cat vascular (hindquarter) studies (3). However, Bivalacqua et al did not define the
roles of NO, prostaglandins, or K+

ATP channels in mediating adenosine A1 receptor-
mediated vasodilation in cat hindquarter circulation (3).

Generally, adenosine A1 receptor-mediated vasodilation is controversial. The possible
existence of an unusual low-affinity receptor type would support the notion that adenosine
A1 receptor activity might be dependent on adenosine agonist concentration. This might
explain studies in which application of high doses of adenosine A1 receptor antagonist
reduced blood flow in the large submucosal arterioles in the intestine, while low
concentrations had no effect (32). A single study has shown that activation of adenosine A1
receptors increased intracellular cAMP levels (which would lead to vessel relaxation) as
opposed to numerous studies of adenosine A1 receptor signaling pathways (23). Our present
study found that inhibition of K+

ATP channels had no effect on glucose-induced premucosal
arteriolar vasodilation and that co-application of K+

ATP blocker with adenosine A1 receptor
antagonist had no effect on premucosal arteriolar diameters. These findings support the
notion that adenosine A1 receptor-mediated vasodilation in the intestinal terminal arterioles
does not involve activation of K+

ATP channels.

In summary, we have previously demonstrated that glucose-induced intestinal hyperemia is
mediated through both adenosine A1 and A2a receptors (21). In the present study, we
examined the role of nitric oxide synthase and ATP-dependent potassium channels in
adenosine A1 receptor-mediated vasodilation. Our data suggests that nitric oxide plays a
significant role in glucose-induced intestinal hyperemia, which supports our prior findings in
both intestinal intravital videomicroscopy studies of glucose-induced intestinal hyperemia
(25) and in studies examining nitric oxide metabolite levels in the portal circulation
following absorption of glucose (26). That prior study showed that glucose absorption
increased wash out of nitric oxide metabolites into the portal circulation (suggestive of
increased NO production) and, further, that adenosine blockade prevented the glucose-
induced increase in NO metabolite wash out. These findings suggest that the involvement of
adenosine receptors in glucose-induced intestinal hyperemia is “up-stream” of the nitric
oxide synthase involvement and necessary for NO production. Other factors that could be
associated with adenosine A1 receptor-mediated vasodilation in the intestinal
microvasculature are adenosine A2b receptors and/or prostaglandins. Adenosine A2b
receptors are distributed on the intestinal microvasculature and might play a role in glucose-
induced vasodilation of the terminal A4 arterioles (experimental observation not published).
Additionally, interactions between adenosine A1 receptor and adenosine A2b receptor-
activated signaling pathways have been indicated in some studies (28). Prostaglandins have
been implicated in studies of adenosine A1 receptor-induced cardiac effects in isolated
guinea pig hearts (33). Prostaglandins are also involved in absorptive hyperemia in the
intestine (10) and might be released during activation of adenosine receptors.
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Figure 1.
a. Arteriolar branching structure of the rat jejunum. b. Inflow arteriole (A1) of the rat
jejunum image captured from the intravital videomicroscopy set up. The muscular wall of
the arteriole is clearly seen on the left edge of the vessel. To the right of the arteriole is the
outflow venule. c. Premucosal (A3) arteriole of the rat jejunum prior to the addition of
glucose to the topical bath solution showing the tapering of the arteriole from the proximal
to the distal portions. The arteriole originates out of the frame from the upper left corner
(proximal A3) and terminates in a villus to the right of the photograph. d. Premucosal (A3)
arteriole after addition of glucose to the topical solution demonstrating significant dilation of
the proximal and distal ends of the blood vessel.
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Figure 2.
Arteriolar diameter changes expressed as percent change from baseline in inflow 1A
arterioles, and premucosal proximal p3A and distal d3A arterioles in glucose alone versus
mannitol alone groups. Topical exposure of pre-warmed, pH-buffered, iso-osmotic glucose
solution produced a rapid and sustained vasodilation in premucosal p3A and d3A arterioles,
but not inflow 1A arterioles. * <0.05 vs. Mannitol alone by 2-way analysis of variance.
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Figure 3.
Arteriolar diameter changes expressed as percent change from baseline in inflow 1A
arterioles, and premucosal proximal p3A and distal d3A arterioles in mannitol alone versus
mannitol plus nitric oxide synthase blockade groups. Topical exposure of pre-warmed, pH-
buffered, iso-osmotic mannitol solution produced an early trend toward vasoconstriction that
was not statistically significant in any arteriole measured. Pretreatment with the NO
synthase inhibitor L-NMMA had no effect on the mannitol alone responses suggesting that
altered NO is not a significant mediator in this response. * <0.05 vs. Mannitol alone by 2-
way analysis of variance.
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Figure 4.
Arteriolar diameter changes expressed as percent change from baseline in inflow 1A
arterioles, and premucosal proximal p3A and distal d3A arterioles in glucose alone versus
glucose plus NO synthase blocker, glucose plus ATP-dependent potassium channel blocker
or glucose plus adenosine A1 receptor blocker groups. Pretreatment with the NO synthase
blocker worsened the A1 arteriolar vasoconstriction suggesting that NO synthase acts to
blunt the inflow 1A arteriolar response. Also, NO blockade prevented glucose-induced p3A
arteriolar vasodilation and partially prevented the d3A response. Pretreatment with topical
glibenclamide to block ATP-dependent potassium channels had no effect and pretreatment
with the adenosine A1 receptor antagonist DCPCX completely blocked the glucose-induced
vasodilation in both p3A and d3A arterioles. † <0.05 vs. Glucose alone by 2-way analysis of
variance.
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Figure 5.
Arteriolar diameter changes expressed as percent change from baseline in inflow 1A
arterioles, and premucosal proximal p3A and distal d3A arterioles in glucose alone versus
glucose plus NO synthase blocker and adenosine A1 receptor antagonist or glucose plus
ATP-dependent potassium channel blocker and adenosine A1 receptor blocker groups.
Pretreatment with the NO synthase blocker and adenosine A1 receptor antagonist worsened
the inflow 1A arteriolar vasoconstriction suggesting that NO synthase acts to blunt the A1
arteriolar response. Also, NO blockade prevented glucose-induced p3A arteriolar
vasodilation and partially prevented the d3A response. Pretreatment with topical
glibenclamide to block ATP-dependent potassium channels had no effect and pretreatment
with the adenosine A1 receptor antagonist DCPCX completely blocked the glucose-induced
vasodilation in both p3A and d3A arterioles. † <0.05 vs. Glucose alone by 2-way analysis of
variance.
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