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Elevated pressure selectively blunts flow-evoked
vasodilatation in rat mesenteric small arteries

FH Christensen1, T Hansen2, E Stankevicius1,3, NH Buus1 and U Simonsen1

1Department of Pharmacology, University of Aarhus, Aarhus C, Denmark; 2Department of Physiology, University of Aarhus,
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Background and purpose: The present study investigated mechanisms underlying impaired endothelium-dependent
vasodilatation elicited by elevating the intraluminal pressure in rat mesenteric small arteries.
Experimental approach: Arterial segments (internal diameter 31672 mm, n¼86) were mounted in a pressure myograph. The
effect of elevating pressure from 50 to 120 mmHg for 1 h before resetting it to 50 mmHg was studied on endothelium-
dependent vasodilatation.
Key results: In arteries constricted with U46619 in the presence of indomethacin, shear stress generated by flow, evoked
vasodilatation that was abolished by an inhibitor of nitric oxide (NO) synthase, asymmetric dimethylarginine (1 mM), whereas
acetylcholine-induced vasodilatation was unchanged. After elevation of intraluminal pressure for 1 h and then resetting it to
50 mmHg, vasodilatation induced by shear stress and the NO donor, S-nitrosopenicillamine was inhibited, while vasodilatation
induced by a guanylyl cyclase activator, BAY 412272, and acetylcholine was unaltered. Superoxide levels sensitive to
polyethylene glycol superoxide dismutase were increased in segments exposed to elevated pressure. A superoxide scavenger,
tempol (300 mM), a general endothelin receptor antagonist, SB 217242 and the selective ETA receptor antagonist, BQ 123
preserved shear stress-evoked vasodilatation.
Conclusions and Implications: The present study shows that transient exposure to an elevated intraluminal pressure
selectively inhibits flow-evoked NO-mediated vasodilatation, probably through activation of endothelin receptors and
increased formation of superoxide. In contrast, elevation of pressure did not affect the acetylcholine-evoked endothelium-
derived hyperpolarizing factor type vasodilatation in mesenteric small arteries.
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Introduction

Endothelium-dependent vasodilatation induced by in-

creased blood flow and receptor-specific agonists, such as

acetylcholine and bradykinin, is reduced in various forms of

human hypertension (Panza et al., 1990; Taddei et al., 1998)

and in hypertensive animals (Koller and Huang 1994;

Hoshino et al., 1998; Schnackenberg et al., 1998; Heitzer

et al., 1999) and endothelial dysfunction in hypertensive

patients appears to be independent of the aetiology (Rizzoni

et al., 1996). Short-term increases in intraluminal pressure

in vivo also impairs endothelial function (Wei et al., 1985;

Debruyn et al., 1994). Moreover, increased transmural

pressure inhibits the release of endothelium-derived relaxing

factor (EDRF) in bioassays of canine carotid arteries (Ruba-

nyi, 1988). In addition, in isolated skeletal arterioles (Huang

et al., 1998) and human subcutaneous arteries (Paniagua

et al., 2000), a transient increase in intraluminal pressure has

been shown to impair the endothelium-dependent vasodi-

latation induced by increased blood flow and acetylcholine.

These findings suggest that elevated intravascular pressure

by itself is deleterious to endothelial function.

Several mechanisms may be involved in impaired en-

dothelial function following elevated intravascular pressure.

Elevated intravascular pressure may downregulate the

smooth muscle guanylyl cyclase pathway and hence may

reduce sensitivity for endothelium-derived nitric oxide (NO),

as reduced sensitivity for NO donors and/or reduced smooth

muscle guanylyl cyclase expression has been observed in

arteries from hypertensive animals (Preik et al., 1996;
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Bauersachs et al., 1998; Kloss et al., 2000). Superoxide can

also inactivate EDRF (Gryglewski et al., 1986). Scavenging of

superoxide or inhibition of enzymatic sources of superoxide

within the vascular wall has resulted in an improvement in

the vasodilatator capacity of both patients with hyperten-

sion (Taddei et al., 1998) and hypertensive rats (Dobrian

et al., 2001; Hamilton et al., 2002; Ulker et al., 2003), and

this has been attributed to an increased bioavailability

of NO (Schnackenberg et al., 1998). However, the impaired

endothelium-derived hyperpolarizing factor (EDHF) type

vasodilatation observed in arteries from hypertensive ani-

mals (Fujii et al., 1992; Bussemaker et al., 2003) has also been

shown to be restored by scavenging of superoxide in hyper-

tensive rats (Adeagbo et al., 2003). In rat isolated skeletal

arterioles, elevated intravascular pressure through activation

of protein kinase C leads to increased superoxide formation

and impaired flow-evoked vasodilatation (Huang et al., 1998;

Ungvari et al., 2004), suggesting that superoxide formation is

due to high pressure per se. In addition tothe superoxide,

other contractile factor(s) may counteract endothelium-

dependent vasodilatation. For example, in cat cerebral

arteries, elevated pressure causes release of a transferable

endothelial constrictor factor (Harder et al., 1989), and

formation of contractile prostanoids counteracts both agonist

and flow-evoked vasodilatation in arteries from hypertensive

animals (see Vanhoutte et al., 2005). Elevated intravascular

pressure has also been shown to upregulate endothelin-1

expression in the vascular wall (Hasdai et al., 1997; Lauth

et al., 2000) and, in transgenic mice, overexpression of

endothelin-1 was found to be associated with blunted

endothelium-dependent vasorelaxation (Amiri et al., 2004).

In rat mesenteric small arteries, NO only has a very minor

role in acetylcholine-induced relaxation, which is, instead,

dependent on endothelium-derived hyperpolarizing factors

(EDHF) (Edwards et al., 1998) or myoendothelial gap

junction communication (Dora and Garland 2001; Mather

et al., 2005). In contrast, we have recently found that in

arteries constricted with a thromboxane analogue, U46619,

flow-induced vasodilatation in the same preparation is

mainly NO dependent (Thorsgaard et al., 2003). Thus, the

rat mesenteric small arteries can be used to distinguish

between the mechanisms involved in EDHF-type and NO-

dependent vasodilatation. However, the extent to which

acetylcholine- and flow-induced vasodilatations are im-

paired by the superoxide production, associated with

elevated pressure, has not been elucidated. Therefore, in

the present study, we investigated whether short periods of

elevated intraluminal pressure are able to impair NO- and

acetylcholine-induced vasodilatation by inducing super-

oxide formation.

Methods

Perfusion myography

Male Wistar rats (12 weeks) were killed with a blow to the

head followed by decapitation, and the mesenteric vascular

bed was isolated and placed in cold physiological salt

solution (PSS, 41C) with the following composition (mM):

CaCl2 1.6, NaCl 119, KCl 4.7, glucose 5.5, MgSO4H2O 1.17,

NaHCO3 25, KH2PO4 1.18 and ethylenediaminetetraacetic

acid (EDTA) 0.026. The solution was constantly bubbled with

5% CO2 in air to maintain pH at 7.4 and to yield pO2 levels

of 14074 mm Hg (three independent measurements). Third-

order mesenteric small arteries were dissected and cannu-

lated on two micropipettes in the flow direction in a

microvascular myograph (Danish Myotechnology, Aarhus,

Denmark), equipped for measurements of pressure and

generation of flow as previously described (Thorsgaard

et al., 2003).

The middle of the vessel segment was viewed through an

inverted microscope (magnification �100), and its inner

and outer diameters were measured by a video microscope

technique. The signal from the CCD video camera module

attached to the inverted microscope was fed to a frame

grabber and then to a dimension-analysing programme

(VesselView, Danish Myotechnology, Aarhus, Denmark),

allowing continuous sampling of internal diameter and

pressure, at 10 Hz. In addition, these signals were recorded

continuously by a chart recorder (Servogor 400, Omni

Instruments, Dundee, Scotland). Intraluminal hydrostatic

pressures of both inlet and outlet to the vessel segment were

measured by pressure transducers connected to the perfusion

line. The protocol established for evaluation of impact

of transient pressure increase on endothelium-dependent

vasodilatation in human subcutaneous vessels was followed

with some modifications (Paniagua et al., 2000). Thus, the

mesenteric arteries were pressurized to 50 mm Hg. U46619

(10–40 nM) constricted the vessel to 60% of resting diameter

and was added both intra- and extraluminally, as we have

previously observed that intraluminal washout also con-

tributes to the vasodilatation obtained by increasing flow

(Thorsgaard et al., 2003). When constriction was stable,

vasodilatation was induced by flow and acetylcholine. Flow

was generated by suction with a peristaltic pump and flow

adjusted to be is either 25–50 ml or 100–200 ml min�1,

corresponding to shear stress levels, 8 and 24 dyne cm�2 in

the mesenteric small arteries. The flow generated with the

pump was controlled with a ball flow metre (FL-310 Omega

Engineering, Atlanta, GA, USA). Shear stress was calculated

from the following equation: t¼4 ZQ/pr3, where r is the

internal vessel diameter, Q the average flow velocity, and Z
the viscosity. For each flow, responses were obtained for 300 s

and in between the two responses to flow; the pump was

stopped, allowing restoration of the preconstriction state.

Acetylcholine was added in volumes of 10 ml to the preheated

bath solution and the vessel segment exposed to the bath

concentration for 300 s, before the concentration was

increased by cumulative addition. Care was taken to provide

stable bubbling and hence mixing of the drug in the bath.

An initial response was obtained to flow and acetyl-

choline, and U44619 was washed out by exchanging the

bath solution 9–10 times. The vessel segment was allowed to

rest for 30 min before it was either treated with vehicle, an

NO synthase inhibitor, asymmetric dimethylarginine

(ADMA, 1 mM), or exposed to an intraluminal pressure of

120 mm Hg for 60 min, and a second response to flow and

acetylcholine was obtained at an intraluminal pressure of

50 mm Hg in U46619-contricted segments. In a second series

of experiments, an initial response was obtained to flow and
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acetylcholine, U44619 was washed out, and the vessels were

exposed to 120 mm Hg or kept at 50 mm Hg in the presence

of a cell-permeable superoxide scavenger, tempol (300 mM),

for 1 h. Then pressure was set to 50 mm Hg, and responses for

flow and acetylcholine were repeated in U46619-contricted

segments with vehicle or blockers present. A third series of

experiments were performed to address the role of endo-

thelin. Thus, vessels were exposed to 120 mm Hg for

60 min, pressure was lowered to 50 mm Hg, and the effects

of the nonspecific endothelin receptor antagonist, SB

217242 (10 mM), and the ETA receptor antagonist, BQ 123

(3 mM), were evaluated with regard to responses to flow,

acetylcholine and to the concentration–response curves for

endothelin.

To determine whether the smooth muscle guanylyl cyclase

pathway was altered by elevated pressure, separate experi-

ments were performed, in which vasodilatation to the NO

donor, S-nitroso-N-acetyl-D, L-penicillamine (SNAP) and a

guanylyl cyclase activator, BAY 412272, was evaluated by

exposing the vessel segment to increasing drug concentra-

tions at 300 s intervals.

Evaluation of vascular superoxide

Dihydroethidium was used to localize superoxide produc-

tion in the vascular wall. Dihydroethidium is freely perme-

able to cells and, in the presence of superoxide,

dihydroethidium is oxidized to ethidium, which is trapped

inside the cell by intercalation with DNA. Ethidium was

excited at 488 nm with an emission spectrum of 610 nm.

Isolated arteries were mounted in a pressure myograph as

described above. The bath was heated, indomethacin added,

and intraluminal pressure was raised to 50 or 120 mm Hg for

1 h. After 1 h, the vessel was immediately frozen in Tissue Tek

embedding media with liquid nitrogen, and stored at �801C.

On the day of staining, frozen segments were sectioned

(30 mm thick) and placed on glass slides. Each tissue section

was incubated for 30 min in a light-protected humidified

chamber with (1) phosphate-buffered saline (PBS) or, (2)

dihydroethidium (2 mM) in PBS or, (3) polyethyleneglycol-

superoxide dismutase (PEG-SOD, 100 U ml�1) in PBS or (4)

dihydroethidium and PEG–SOD in PBS. Fluorescence was

evaluated with a confocal microscope (ODYSSEY XL, Noran)

equipped with a water immersion objective (�60, numerical

aperture 1.2, Nikon). Fluorescence images were quantified by

using MATLAB extended with image-processing toolbox

(www.mathworks.com). Laser settings were identical for all

images obtained.

Drugs

The following drugs were purchased from Sigma-Aldrich

(Brondby, Denmark): acetylcholine HCl, indomethacin,

ADMA, BQ 123 (cyc(dTrp-dAsp-Pro-dVal-Leu), endothelin,

U-46619 (9,11-di-deoxy-11a, 9a-epoxymethano prostaglan-

din F2a), 4-hydroxy-2,2,6,6-tetramethylpiperidine 1-oxyl

(tempol), SNAP, dihydroethidium, ethylene glycol-bis(2-

aminoethylether)-N,N,N0,N0-tetraacetic acid (EGTA). SB

217242 (enrasentan) was a gift from GlaxoSmithKline

Pharma (Uxbridge, Middlesex, UK), BAY 412272 (5-cyclo-

propyl-2-[1-(2-fluoro-benzyl)-1H-pyrazolo[3,4-b]pyridin-3-yl]-

pyrimidin-4-ylamine), a gift from Bayer Ltd, Wuppertal,

Germany. U46619 was dissolved in 50% ethanol and further

diluted in distilled water. Indomethacin was dissolved in

0.8% acetic acid and further dissolved in distilled water.

Stock solutions of dihydroethidium, SNAP and BAY 412272

were dissolved in dimethylsulphoxide and further dilutions

were made in distilled water. The other drugs were dissolved

in distilled water. The final concentrations of solvents added

to the organ bath did not influence tone in the preparations.

Calculations and statistical evaluation

All responses are expressed as mean7s.e.m., where n is the

number of rats. Vasodilatation is expressed as changes in

internal diameter, or area under the vasodilatation curve

(AUC) was calculated and expressed as changes in internal

diameter (mm) with time (s) (GraphPad Prism, San Diego, CA,

USA) for each response to flow, acetylcholine and SNAP

(Thorsgaard et al., 2003). Differences between means were

compared with two-way analysis of variance (ANOVA).

Po0.05 was considered statistically significant.

Results

Effect of NO synthase inhibition and transient pressure elevation

on responses to flow and acetylcholine

The arteries pressurized to 50 mm Hg expressed no basal tone

and had an average diameter of 31672 mm (n¼86). U46619

constricted the arteries to 17972mm (n¼86). Increasing

flow resulted in low (7.770.3 dyne cm�2) and high

(24.570.6 dyne cm�2) shear stress-evoked vasodilatation,

dependent on the magnitude of shear stress applied

(Po0.05, n¼6, Figure 1a). Increasing pressure to 120 mm

Hg for 1 h and then resetting pressure to 50 mm Hg markedly

reduced vasodilatation to both low and high shear stresses

(Figure 1b and c). Incubation with ADMA (1 mM) abolished

vasodilatation evoked by low- and high-shear stresses

(Figure 1c, Table 1). Acetylcholine-evoked vasodilatation

was concentration dependent, and remained unchanged in

the presence of ADMA and after an intraluminal pressure

elevation to 120 mm Hg for 1 h (Figure 1a, b and d).

Incubation with ADMA did not increase U46619 constriction

compared to control preparations (Table 1).

Vasodilatation evoked by the NO donor SNAP was con-

centration-dependent and was attenuated by an intraluminal

pressure elevation to 120 mm Hg (Figure 2a). In contrast, an

allosteric activator of soluble guanylyl cyclase, BAY 412272,

induced vasodilatation, which was unaltered in preparations

exposed to elevated pressure treatment (Figure 2b).

Effect of tempol after transient pressure elevation

In control situations, where intraluminal pressure was kept

at 50 mm Hg, tempol (300 mM) did not change shear stress-

evoked vasodilatation, but in preparations exposed to the

high-pressure treatment, vasodilatation was restored in the

presence of tempol (Figure 3a, Table 1). Tempol also restored

SNAP-induced vasodilatation in arteries exposed to the high-
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pressure treatment (Figure 3b). The magnitude of constric-

tion induced by U46619 was not changed in the presence of

tempol (Table 1). Tempol did not change acetylcholine-

induced vasodilatation in rat mesenteric arteries (Table 1).

Assessment of vascular superoxide

Dihydroethidium staining of sections from mesenteric small

arteries exposed to a pressure of 50 mm Hg was mainly

localized to the endothelium and adventitia, whereas it was

more sparsely apparent in the media (Figure 4a). In arteries

exposed to an elevated pressure treatment of 120 mm Hg,

dihydroethidium staining was markedly increased in all the

layers (Figure 4b). Incubation with (PEG–SOD) together

with dihydroethidium reduced the fluorescence signals

(Figure 4c), and only weak autofluorescence was observed

in the inner elastic membrane of the arteries. Quantification

of dihydroethidium fluorescence sensitive to PEG–SOD
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Figure 1 Diameter changes in (a) parallel time control where pressure was kept at 50 mm Hg and (b) preparations exposed to 120 mm Hg for
1 h and pressure reset to 50 mm Hg, before they were contracted with U46619 and dilated with low and high flows corresponding to a shear
stress of 7 and 25 dynes cm�2, respectively, followed by addition of increasing concentrations of acetylcholine at 300 s intervals. Average
changes in area under curve (AUC) in response to (c) flow and (d) acetylcholine in preparations kept at 50 mm Hg (control) in the presence of
vehicle or ADMA (1 mM) and preparations where pressure was elevated to 120 mm Hg and then reset to 50 mm Hg (exposed to high pressure),
before responses were measured in U46619-contracted preparations. The experiments were performed in the presence of indomethacin
(3 mM). Differences in responses were evaluated by two-way analysis of variance: *Po0.05 vs time control. Vasodilatation responses were
dependent on the magnitude of shear stress and acetylcholine concentration applied.

Table 1 Absolute changes in vessel diameter (DD, mm) induced by U46619 (0.1 mM), high-shear stress (24.570.6 dyne cm�2), and acetylcholine
(0.01 mM) in vessels kept at an intraluminal pressure of 50 mm Hg in the absence (control) or in the presence of ADMA (1 mM), or exposed to elevated
pressure of 120 mm Hg for 1 h and then returned to 50 mm Hg, before responses were obtained in the absence (vehicle) and in the presence of tempol
(300 mM), SB 217242 (10 mM), and BQ 123 (3 mM)

n U46619 (DD, mm) Flow (DD, mm) Acetylcholine (DD, mm)

Kept at 50 mm Hg
Control 6 137711 4674 43715
ADMA 5 139714 1073* 42711

Exposed to elevated pressure (120 mm Hg for 1 h and then returned to 50 mm Hg)
Vehicle 10 12374 1773* 45710
Tempol 5 14579 57714w 57714
SB 217242 7 11675 4878w 26710
BQ 123 6 11873 60717w 3179

Abbreviation: ADMA, asymmetric dimethylarginine.

Values are means7s.e.m., where n is the number of arteries (one per animal) examined. Responses to flow and acetylcholine were measured 300 s after initiating

the stimulation.

*Po0.05, vs control.
wPo0.05, vs vehicle-treated preparation.
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confirmed that superoxide formation was increased in

preparations exposed to an elevated pressure treatment

(Figure 4d).

Effect of endothelin receptor antagonists on flow-evoked

vasodilatation after high-pressure treatment

To determine whether formation of endothelin impairs shear

stress-evoked vasodilatation, endothelin receptor antago-

nists were applied. Both the non-specific endothelin receptor

antagonist, SB 217242 (10mM), and the endothelin ETA

receptor antagonist, BQ 123 (3 mM), prevented impairment

of flow-dependent vasodilatation in arteries exposed to

the high-pressure treatment (Figure 5). Moreover, SB

217242 and BQ 123 caused rightward shifts in the concen-

tration–response curves for endothelin (data not shown).

The vasoconstriction induced by U46619 was not changed

in the presence of the endothelin receptor antagonists

(Table 1).

Discussion

The present study shows that in rat mesenteric small arteries

an elevated pressure treatment for 1 h selectively inhibits

flow-evoked NO-mediated vasodilatation, probably through

activation of endothelin receptors and increased formation

of superoxide. In contrast, guanylyl cyclase-dependent

vasodilatation elicited by BAY 412272 and acetylcholine,

mainly EDHF-type vasodilatation, was not affected by an

elevation of the intraluminal pressure.

In previous studies, we have found that both flow and

acetylcholine induce endothelium-dependent vasodilatation

in rat mesenteric arteries (Thorsgaard et al., 2003). In the

present study an inhibitor of NO synthase, ADMA, caused

pronounced inhibition of flow-evoked vasodilatation,

whereas acetylcholine-evoked vasodilatation remained un-

changed even after the addition of a high concentration

(1 mM) of ADMA. In previous studies, only the combination

of ADMA and the calcium-activated Kþ channel blockers,

apamin and charybdotoxin, inhibited acetylcholine-induced

vasodilatation (Thorsgaard et al., 2003). Therefore, these

findings suggest that in U46619-constricted mesenteric

small arteries, flow evokes NO-mediated vasodilatation,

40000

30000

20000

10000

0

BAY 412272 (M)

10-8 10-7 10-6 10-5

A
U

C
 (

µm
xs

)

40000

30000

20000

10000

0

Exposed to

elevated pressure

*

*
*

*

Control

SNAP (M)

10-7 10-6 10-5 10-4

A
U

C
 (

µm
xs

)

b

a

Figure 2 Average vasodilatation measured as area under curve
(AUC) in parallel control and pressure-treated preparations con-
tracted with U46619 and dilated with (a) SNAP and (b) BAY 412272.
The experiments were performed in the presence of indomethacin
(3 mM). Results are expressed as mean and vertical lines show s.e.m.
(n¼6–8). Differences in responses were evaluated by two-way
analysis of variance: *Po0.05 vs time control; vasodilatation
responses were dependent on SNAP and BAY 412272 concentration
applied.

25000

20000

15000

10000

5000

0

Control

Tempol and
exposed to elevated pressure

Tempol and control

Exposed to
elevated pressure

*
*

#

#

Low Shear High Shear

A
U

C
 (

µm
xs

)

40000

30000

20000

10000

0

#

#

#

#
*

*

*
*

SNAP (M)

10-7 10-6 10-5 10-4

A
U

C
 (

µm
xs

)

b

a

Figure 3 Average vasodilatation measured as area under curve
(AUC) in control and pressure-treated preparations contracted with
U46619 and dilated with (a) flow, and (b) the NO-donor, SNAP in
the absence and the presence of the superoxide scavenger, tempol
(300mM). The experiments were performed in the presence of
indomethacin (3 mM). Results are expressed as mean and vertical
lines which show s.e.m. (n¼6–8). *Po0.05 vs time control.
#Po0.05 vs elevated pressure treatment.

Elevated pressure and flow-evoked vasodilatation
FH Christensen et al84

British Journal of Pharmacology (2007) 150 80–87



whereas acetylcholine mainly causes EDHF-dependent vaso-

dilatation.

An elevation of the intraluminal pressure from 50 to

120 mm Hg for 1 h resulted in impaired flow-evoked NO-

mediated vasodilatation in the present study. Our findings

agree with those obtained in rat skeletal muscle arteries,

where an impaired flow-evoked vasodilatation was observed

in arteries exposed to a pressure elevation from 80 to 160 mm

Hg for 30 min (Huang et al., 1998; Ungvari et al., 2003).

Moreover, in the present study, the vasodilator response to

the NO donor SNAP was inhibited in arteries exposed to

elevated pressure treatment, whereas vasodilatation induced

by a direct activator of guanylyl cyclase, BAY 412272, was

unaltered. These findings suggest that reduced NO bioavail-

ability rather than reduced guanylyl cyclase activation

explains the inhibition of flow-evoked vasodilatation in rat

mesenteric arteries exposed to elevated pressure. This is

supported by the observations that a superoxide scavenger,

tempol, prevented the inhibition of flow-evoked, NO-

mediated vasodilatation, suggesting elevated pressure treat-

ment leads to increased superoxide formation and decreased

NO bioavailability. Our findings are in line with those from

previous studies in models of hypertension in vivo (Fukui

et al., 1997; Zalba et al., 2000) and in rat isolated skeletal

arterioles (Ungvari et al., 2003), where elevated pressure was

also shown to elicit arterial superoxide production by

activation of NADPH oxidase resulting in impaired endothe-

lial function. Furthermore, we observed that hydroethidium

fluorescence signals sensitive to PEG–SOD were increased in

arteries exposed to an elevated intraluminal pressure,

indicating the presence of superoxide and providing an

explanation for the attenuation of flow-evoked NO-

mediated and NO donor-evoked vasodilatation in rat

mesenteric small arteries.

Studies on cultured endothelial and vascular smooth

muscle cells have demonstrated that both cell types are able
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to produce superoxide on exposure to cyclic strain (Hishikawa

et al., 1997). Moreover, it has been suggested that exposure of

isolated arteries to elevated pressure induces activation of

NADPH oxidase and superoxide formation directly by

causing an increase in smooth muscle calcium and activa-

tion of a protein kinase C-dependent mechanism in both the

smooth muscle and endothelial cell layer (Ungvari et al.,

2003, 2004). Although it is appreciated from the staining for

superoxide (Figure 4b) that the increase in ethidium

fluorescence appears most pronounced in the adventitial

and endothelial cell layer of the mesenteric small arteries,

superoxide was increased in all three layers of the arterial

wall in the present study. These findings support the

hypothesis that mechanosensitive pathways leading to

formation of superoxide are present in all major cell types

of the vascular wall of intact arteries.

Elevation of intraluminal pressure for 1 h did not affect

acetylcholine-evoked EDHF-type vasodilatation in mesen-

teric small arteries in the present study. This is in contrast to

the impaired agonist-induced vasodilatation observed in

human subcutaneous arteries (Paniagua et al., 2000) and rat

gracilis muscle arterioles exposed to elevated pressure

(Huang et al., 1998). Discrepancies between these effects of

elevated pressure on agonist-induced EDHF-type vasodilata-

tion can probably be ascribed to the involvement of different

mechanisms; epoxyeicosatrienoic acids are thought to

mediate vasodilatation in rat skeletal arterioles and human

subcutaneous arteries (Huang et al., 1998; Buus et al., 2000),

whereas Kþ and myoendothelial gap junctions have been

suggested to mediate acetylcholine-evoked relaxation in rat

mesenteric arteries (Edwards et al., 1998; Dora and Garland

2001; Mather et al., 2005). Therefore, the present study does

not exclude the possibility that EDHF-type vasodilatation is

impaired by elevated pressure in other vascular beds, but

suggests exposure to elevated pressure selectively inhibits

NO-mediated vasodilatation without affecting EDHF-type

vasodilatation in mesenteric small arteries.

Endothelin receptors are coupled to protein kinase C, and

elevated intraluminal pressure has been shown to upregulate

endothelin-1 in human coronary arteries (Hasdai et al., 1997)

and rabbit carotid arteries (Lauth et al., 2000). Also, recently

overexpression of endothelin-1 in transgenic mice was

shown to be associated with blunted endothelium-depen-

dent vasorelaxation (Amiri et al., 2004). Moreover, endothe-

lin-1 was proposed to play a role in deoxycorticosterone

acetate-salt hypertensive and stroke-prone spontaneously

hypertensive rat strains (Li et al., 2003) and although

superoxide production does not account for chronic en-

dothelin-induced hypertension, recent data provided evi-

dence that chronic endothelin infusion increases vascular

superoxide production (Elmarakby et al., 2003). Therefore,

we investigated the effect of endothelin receptor antagonists

and found that, a general ET antagonist, SB 217242, and an

ETA-selective receptor antagonist, BQ 123, prevented the

impaired flow-dependent vasodilatation in arteries exposed

to elevated intraluminal pressure. These observations suggest

that elevated pressure exposure impairs flow-evoked vasodi-

latation in rat small arteries by activating smooth muscle

endothelin ETA receptors and increasing the formation of

superoxide.

There is no spontaneous tone in arterial segments that are

second- to third-order branches of the superior mesenteric

artery (Thorsgaard et al., 2003). Therefore, a thromboxane

analogue was used to raise tone, and this could influence the

results obtained, as the processes leading to vasoconstriction

evoked by the contractile drugs seem to play a role in the

relaxations mediated by endothelium-derived relaxing fac-

tors (Plane and Garland 1996; Tomioka et al., 1999). Thus,

the profile obtained in response to flow in the present study

is different from the profile of the response obtained to flow

in mesenteric arteries preactivated with phenylephrine (Liu

et al., 2006). It is possible that the drug used to increase the

tone of the preparation influences the release and/or smooth

muscle effects of endothelium-derived factors. Moreover,

U46619 has been found to cause marked inhibition of

acetylcholine relaxation in mesenteric arteries in the

presence of NOS blockade (Plane and Garland 1996),

probably by inhibition of the small-conductance calcium-

activated Kþ channel, which is involved in EDHF-type

relaxation (Crane and Garland 2004). However, in the

present study only two to three contractions to U46619

were performed, and a comparison of the first and second

concentration–response curves showed that flow- and acetyl-

choline-induced vasodilatations were unaltered.

In summary the present study shows that exposing

isolated vessels to transient elevated pressure selectively

inhibits flow-evoked NO-mediated vasodilatation, probably

through activation of endothelin receptors and increased

formation of superoxide. In contrast, acetylcholine EDHF-

type vasodilatation is not affected by an elevation of

intraluminal pressure in rat mesenteric small arteries.
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