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1 The mechanisms of the sustained vasodilator actions of corticotrophin-releasing factor (CRF)
and sauvagine (SVG) were studied using rings of endothelium de-nuded rat thoracic aorta (RTA)
and the isolated perfused rat superior mesenteric arterial vasculature (SMA).

2 SVG was &50 fold more potent than CRF on RTA (EC40: 0.9+0.2 and 44+9 nM respectively,
P50.05), and &10 fold more active in the perfused SMA (ED40: 0.05+0.02 and 0.6+0.1 nmol
respectively, P50.05). Single bolus injections of CRF (100 pmol) or SVG (15 pmol) in the perfused
SMA caused reductions in perfusion pressure of 23+1 and 24+2% that lasted more than 20 min.

3 Removal of the endothelium in the perfused SMA with deoxycholic acid attenuated the
vasodilatation and revealed two phases to the response; a short lasting direct action, and a sustained
phase which was fully inhibited.

4 Inhibition of nitric oxide synthase with L-NAME (100 mM) L-NMMA (100 mM) or 2-ethyl-2-
thiopseudourea (ETPU, 100 mM) had similar e�ects on the vasodilator responses to CRF as removal
of the endothelium, suggesting a pivotal role for nitric oxide. However the selective guanylate
cyclase inhibitor 1H-[1,2,4]oxadiazolo[4,3-a]quinoxalin-1-one (ODQ, 10 mM) did not a�ect the
response to CRF.

5 High potassium (60 mM) completely inhibited the vasodilator response to CRF in the perfused
SMA, indicating a role for K+ channels in this response.

6 Compared to other vasodilator agents acting via the release of NO, the actions of CRF and SVG
are strikingly long-lasting, suggesting a novel mechanism of prolonged activation of nitric oxide
synthase.
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Introduction

Corticotrophin-releasing factor (CRF) was originally identi®ed
as the principle hypothalamic regulator of corticotrophin
(ACTH) secretion from the anterior pituitary gland (Vale et
al., 1981). During the same period two further peptides with

structural homology and similar biological actions to CRF
were isolated and characterized ± namely, sauvagine (SVG),
from the skin of the South American frog Phyllomedusa

Sauvagei (Montecucchi et al., 1980), and urotensin I (UI) from
the urophysis of the teleost ®sh Catostomus commersoni
(Lederis & Medakovic, 1974; Lederis et al., 1982). Subsequent

studies have shown both amphibians and teleost ®sh to possess
their own CRF molecules (Morley et al., 1991; Stenzel-Poore
et al., 1992). The cloning from rat brain of urocortin, a peptide

with greater structural homology to UI than to CRF (Vaughan
et al., 1995), has shown that mammals also have more than one
CRF-like peptide. This indicates that some physiological
functions ascribed to CRF may involve other endogenous

members of this family of peptides.

Current evidence suggests important peripheral actions of
CRF or a structurally homologous peptide from this family.
Intravenous injection of CRF results in an increase in blood
glucose levels (Brown et al., 1982a,b), and inhibition of both

gastric emptying and intestinal transit, whilst increasing colonic
transport (Sheldon et al., 1990; Williams et al., 1987). Systemic
administration of CRF also causes a pronounced reduction in

blood pressurewith a transient increase in heart rate in a number
of species including rat, dog and primates (Gardiner et al., 1988;
Corder et al., 1992; Lenz et al., 1985; MacCannell et al., 1982;

Schurmeyer et al., 1985; Udelsman et al., 1986). Two distinct
CRF receptors have been cloned, one of which is found in the
heart and skeletal muscle and displays higher a�nity for SVG

and UI (Chang et al., 1993; Kishimoto et al., 1995). This is
consistent with the greater potency of these peptides, compared
toCRF, at decreasing bloodpressure anddilating themesenteric
vasculature (MacCannell et al., 1982; Lenz et al., 1985).

The hypotensive action of these peptides is primarily due to
widespread vasodilatation, including the mesenteric vascula-
ture and hindquarters (Gardiner et al., 1988; MacCannell et

al., 1982), and is thought to be a direct action of CRF on blood
vessels. Studies with mesenteric resistance arteries (Lei et al.,
1993) and the isolated heart (Grunt et al., 1993) support this,

as does work showing the binding of [125I]-Tyr-CRF to rabbit*Author for correspondence.
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aorta (Dashwood et al., 1987). However the exact mechanism
of action remains unclear, with evidence for a direct action on
vascular smooth muscle mediated by increased cyclic AMP

levels (Lei et al., 1993; Gerritsen & Lederis, 1979), or an
indirect action for instance in the the coronary circulation
where the response is partly endothelium-dependent and
attenuated by L-NG-monomethylarginine (L-NMMA) and

indomethacin (Grunt et al., 1993). Consistent with our initial
investigations (Barker & Corder, 1995), recent studies in the
rat aorta have reported a partial inhibition of the response by

removal of the endothelium, L-NG-nitroarginine methyl ester
(L-NAME), or LY83583, an inhibitor of guanylate cyclase
(Jain et al., 1997).

We have investigated the vasodilator response to CRF using
the isolated perfused superior mesenteric arterial vasculature
(SMA) of the rat, and compared its actions with those of SVG.

The role of the endothelium in the vasodilator action was
determined by its removal with the detergent deoxycholic acid,
selective inhibition of nitric oxide synthase (NOS) or inhibition
of guanylate cyclase with 1H-[1,2,4]oxadiazolo[4,3-a]quinox-

alin-1-one (ODQ, Moro et al., 1996). The involvement of
potassium channels in the vasodilator mechanism was
evaluated using high extracellular potassium chloride, the

non-selective potassium channel blocker tetraethylammonium
(TEA), and the ATP-sensitive potassium channel blocker
glibenclamide (Langton et al., 1991; Edwards & Weston,

1993). Direct vasodilator e�ects of CRF and SVG were
compared using rings of rat thoracic aorta (RTA) where the
endothelium had been removed.

Methods

Isolated perfused rat superior mesenteric arterial
vasculature

Male Wistar rats (A. Tuck & Son, Battlebridge, U.K.)
weighing 200 ± 400 g were anaesthetized with pentobarbitone
(60 mg kg71, i.p.). A midline incision was made and the

superior mesenteric artery was located, cleared of surrounding
tissue, cannulated and perfused with heparinized Krebs
solution (100 U ml71) at 2.5 ml min71. The superior mesen-
teric arterial vascular bed was separated from the intestines

and transferred to the perfusion apparatus where it was
perfused at 5 ml min71 with Krebs solution (mM); NaCl 118,
NaHCO3 25, KCl 4.7, MgSO4 1.2, KH2PO4 0.7, CaCl2 2.5 and

glucose 5.6, warmed to 378C and gassed with 95%O2 : 5%CO2.
Perfusion pressure was recorded on a Gould RS3400 recording
system, via Gould P23XL pressure transducers. A 15 min

stabilization period was allowed, after which an infusion of
methoxamine (®nal concentration 50 mM) was started. A
further stabilization period was allowed before testing the

endothelium-dependent and endothelium-independent vasodi-
lator responses by administration of single bolus doses of
acetylcholine (ACh, 100 pmol), sodium nitroprusside (SNP,
1 nmol), and isoprenaline (1 nmol, for evaluating the e�ects of

detergent and L-NAME only).
Dose response curves to CRF or SVG were constructed

using doses in the range 10 pmol ± 1 nmol. For subsequent

investigations single bolus doses of CRF (100 pmol) or SVG
(15 pmol) were used, as these gave comparable reductions in
perfusion pressure (PP). The vasodilator responses to single

bolus doses of CRF and SVG were measured for 20 min. Due
to the sustained action of CRF and SVG, for studies
evaluating the mechanism of the vasodilatation each SMA
preparation was used to measure only one response.

The role of the endothelium

The e�ect of removal of the endothelium was studied using the

detergent deoxycholic acid. After the initial veri®cation of
vasodilator responses with ACh, SNP and isoprenaline,
methoxamine infusion was stopped and deoxycholic acid
(5 mM) was infused for 20 s. After a period of recovery

(approximately 30 min) the methoxamine infusion was
restarted, and once perfusion pressure was stable, the
responses to ACh, SNP and isoprenaline were re-tested. This

was followed by a single bolus dose of CRF (100 pmol) or
SVG (15 pmol).

The role of nitric oxide

The role of endothelial NOS (eNOS) derived nitric oxide (NO)

was investigated in seperate experiments, using the NOS
inhibitors L-NAME (100 mM), L-NMMA (100 mM) or 2-ethyl-
2-thiopseudourea (ETPU, 100 mM; Southan et al., 1995), or the
inactive isomer D-NAME (100 mM). The e�ect of inhibiting

guanylate cyclase was studied using ODQ (10 mM).
The initial doses of ACh and SNP were followed by an

infusion of one of the above compounds. The perfusion

pressure was allowed to stabilize, after which the doses of ACh
and SNP were repeated. A single bolus dose of CRF
(100 pmol) or SVG (15 pmol; L-NAME experiments only)

was then administered and the response recorded as above.
The role of NO was also investigated using L-NAME to

reverse the vasodilator response to CRF. The endothelium-

dependent and -independent responses were veri®ed with ACh
and SNP as above. One of three treatments was employed in
each set of tissues, with all responses being measured for
35 min. In the control group basal pressure was recorded for

20 min, followed by an infusion of 100 mM L-NAME for
15 min. A second group was given a single bolus of 500 pmol
CRF, followed 20 min later by an infusion of L-NAME

(100 mM). The third group received an infusion of isoprenaline
(8 nmol min71; 1.6 mM), which gave a vasodilatation of
similar magnitude to the CRF. After 20 min L-NAME

(100 mM) was also infused, and the response recorded for a
further 15 min.

The role of prostaglandins

The in¯uence of products of cyclo-oxygenase on the
vasodilator response was investigated by infusion of indo-

methacin (3 mM) after the initial doses of ACh and SNP.
Further doses of ACh and SNP were then given followed by a
single dose of CRF (100 pmol).

The role of potassium channels

The involvement of potassium channels in the vasodilator
response to CRF was investigated by constricting the SMA
with a high concentration of potassium. After the initial doses
of ACh and SNP, the infusion of methoxamine was terminated

and an infusion of potassium chloride (60 mM) was
commenced. Once the perfusion pressure had stabilized,
further doses of ACh and SNP were given followed by CRF

(100 pmol).
The role of speci®c potassium channels in the response to

CRF was studied using the non-selective potassium channel

blocker, TEA, and the selective blocker of ATP-sensitive
potassium channels, glibenclamide. After the initial doses of
ACh and SNP an infusion of TEA (3 or 10 mM) or gli-
benclamide (10 mM) was started. Further doses of ACh and
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SNP were given followed by a single dose of CRF
(100 pmol).

Rings of rat thoracic aorta

Male Wistar rats were killed with an overdose of anaesthetic
(sodium pentobarbitone, 120 mg kg71, i.p.). The thoracic

aorta was removed, cleared of surrounding tissue and cut
into rings 3 ± 4 mm in length. The endothelium was removed
by gently scraping the inside of each ring with the tip of a

pair of forceps. Rings were mounted in organ baths
containing Krebs solution (formula as above) warmed to
378C and gassed with 95%O2 : 5%CO2, and gradually placed

under 2.5 g tension. Changes in tension were measured on an
isometric Siegestab K30 force transducer, and recorded on a
Graphtec Linearcorder Mark VI. Tissues were contracted

with 50 mM methoxamine, and the response to ACh (1077 ±
1075

M) was evaluated to ensure the absence of endothelium-
dependent vasodilator responses. Any tissues that responded
to ACh were discarded. After washing the tissues and

reapplication of methoxamine, concentration response curves
to either CRF or SVG (10710 ± 1077

M) were constructed.
Due to the long lasting e�ect of CRF and SVG each RTA

preparation was used for only one concentration response
curve.

Materials

SVG was obtained from Bachem, U.K. Rat CRF was a gift

from Professor N. Ling, Neurocrine (La Jolla, CA, U.S.A.).
Peptides were dissolved in 10 mM sodium bicarbonate and
dilutions were made in Krebs solution containing 0.1% bovine
serum albumin. ODQ was obtained from Calbiochem. All

other compounds were purchased from Sigma. Compounds
were dissolved and diluted in Krebs solution except for
indomethacin which was dissolved in 0.6 M sodium bicarbo-

nate, and ODQ and glibenclamide which were dissolved in
DMSO. For each a dilution of 1 : 1000 into Krebs was followed
by a further 1 : 30 dilution on entry into the perfusion system,

where appropriate vehicle controls were carried out.

Data analysis

Results shown as means+s.e.mean. were compared by
analysis of variance or Student's t-test as appropriate, with
statistically signi®cant di�erences accepted at P50.05. Basal

perfusion pressures (PP, mmHg) are given in ®gure legends. To
facilitate comparison of vasodilator responses during di�erent
treatments, values were expressed as a percentage of PP prior

to administration of each agent. Comparison of relative
potencies was made using EC40 (the concentration causing a
40% reduction in tension) and ED40 (the dose causing a 40%

reduction in PP). Changes in perfusion pressure are indicated
by DPP expressed as a percentage.

Results

In the perfused SMA SVG was 10 fold more potent than CRF

(Figure 1a), with ED40 values of 0.05+0.02 nmol (n=8) and
0.6+0.1 nmol (n=7) respectively (P50.05). On the RTA SVG
was also the most potent of the two peptides, and &50 fold

more active than CRF. The threshold concentration for
vasodilatation of the RTA was 0.3 nM for SVG (n=8) and
10 nM for CRF (n=7), and EC40 values for these peptides
were 0.9+0.2 and 44+9 nM respectively (Figure 1b).

A single bolus injection of either CRF or SVG produced a
long lasting vasodilatation in the SMA (Figure 2). CRF
(100 pmol, n=10) produced a maximum fall in perfusion

pressure of 23+2% at 3 min. This response was sustained with
perfusion pressure still reduced by 15+2% at 20 min.
Similarly, SVG (15 pmol, n=8) caused a maximum fall in
perfusion pressure of 24+2% at 4 min, with a reduction in

perfusion pressure of 17+4% still present at 20 min.

Deoxycholic acid

Infusion of detergent inhibited endothelium-dependent but not
endothelium-independent responses. There was no vasodilator

response to ACh (100 pmol), compared with a pre-deoxycholic
acid fall in perfusion pressure of 48+1%. The magnitude of
the SNP induced vasodilatation was increased markedly (DPP
718+5%, control; DPP 734+5%, detergent treated;
P50.05), but the response to isoprenaline was unchanged
(DPP 715+4%, control; DPP 713+3%, detergent treated).
The response to a single bolus dose of CRF (100 pmol) after

deoxycholic acid infusion (n=6) was reduced in both size and
duration (Figure 3a). The initial fall in perfusion pressure was

Figure 1 Dose response curves to CRF and SVG in (a) perfused
SMA (CRF, n=7, basal PP 116+9 mmHg; SVG, n=8; basal PP,
88+9 mmHg), and (b) endothelium de-nuded RTA (CRF, n=5;
SVG, n=6). *P50.05 compared to CRF.
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only 9+2%, compared to a fall of 23+2% in the control
preparations (P50.05). In contrast to the sustained response

in control tissues, after removal of the endothelium perfusion
pressure returned to pre-CRF levels within 5 min. Deoxycholic
acid also attenuated the response to SVG (Table 1). Perfusion

pressure in detergent treated tissues (n=6) fell by 9+3%,
compared to a decrease of 24+2% in control tissues
(P50.05). In comparison with CRF, a small vasodilator

response to SVG persisted for 10 min but it was substantially
less than the response in control preparations.

NOS inhibition

Infusion of L-NAME reduced the ACh-induced vasodilatation
(DPP 748+1%, control; DPP 725+4%, L-NAME;

P50.05), but increased the response to SNP (DPP
718+5%, control; DPP 739+5%, L-NAME; P50.05). The
response to isoprenaline was una�ected (DPP 715+4%,

control; DPP 716+3%, L-NAME; P40.05).
L-NAME had a similar e�ect on the CRF induced

vasodilatation in the SMA (Figure 3b) to the removal of the

endothelium with detergent. The initial fall in perfusion
pressure of 14+3% (n=6) was signi®cantly less than the
control response (P50.05). At 5 min the perfusion pressure in
the L-NAME treated preparations had almost returned to pre-

CRF levels, and by 10 min the CRF response was completely
inhibited. The response to SVG was also attenuated by L-
NAME (Table 1). The initial vasodilatation (DPP 712+3%)

was smaller during L-NAME infusion (n=6) compared to the

control tissues (P50.05), and perfusion pressure had returned

to baseline 10 min after SVG administration.
L-NMMA attenuated the fall in perfusion pressure to ACh

(DPP 748+1%, control; DPP 738+4%, L-NMMA;

P50.05) but increased the size of the response to SNP (DPP
718+5, control; DPP 737+4%, L-NMMA; P50.05).
Although the magnitude of the initial response to CRF was

not decreased, L-NMMA (n=6) attenuated the response to
CRF with signi®cant inhibition of the response at 5 min
(P50.05), and a return to pre-CRF perfusion pressure by

10 min (Table 2).
In common with L-NAME and L-NMMA, ETPU sig-

ni®cantly reduced the ACh-induced fall in perfusion pressure
(DPP 748+1%, control; DPP 723+5%, ETPU; P50.05)

whilst increasing the SNP-induced vasodilatation (DPP

Figure 2 E�ect of a single bolus dose of CRF or SVG in the
perfused SMA. (a) Vasodilator responses to 100 pmol CRF (n=10,
basal PP 79+7 mmHg) and 15 pmol SVG (n=7, basal PP
104+10 mmHg). (b) Typical vasodilator response to ACh
(100 pmol), SNP (1 nmol) and CRF (100 pmol).

Figure 3 E�ect of di�erent treatments on the vasodilator response
to CRF (n=10, basal PP 79+7 mmHg) in the perfused SMA. (a)
5 mM deoxycholic acid for 20 s (n=6, basal PP 83+9 mmHg); (b)
100 mM L-NAME (n=6, basal PP 165+14 mmHg); (c) 10 mM ODQ
(n=8, basal PP 138+10 mmHg), or 0.03% DMSO control (n=7,
basal PP 87+7 mmHg). *P50.05 compared to control response.
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718+5%, control; DPP 743+7%, ETPU; P50.05). ETPU
(n=4) also inhibited the response to CRF reducing the
maximum fall in perfusion pressure and the duration of the

response (Table 2).
In contrast D-NAME had no signi®cant e�ect on either the

ACh-induced fall in perfusion pressure (DPP 748+1%,

control; DPP 746+5%, D-NAME) or the reduction in
perfusion pressure to SNP (DPP 718+5%, control; DPP
718+2%, D-NAME). There was also no signi®cant e�ect on
either the magnitude or the length of the CRF-induced

vasodilator response (n=6, Table 2).
DMSO vehicle (0.03%) had no e�ect on responses to ACh

(DPP748+1%, control; DPP751+2%, DMSO), SNP (DPP
718+5%, control; DPP 720+1%, DMSO), or CRF (n=7,
Figure 3c). Infusion of ODQ (10 mM) signi®cantly reduced the
fall in perfusion pressure to ACh (DPP 748+1%, control;

DPP 733+3%, ODQ) and completely abolished the SNP
response. However ODQ (n=6) did not inhibit either the size
of the response to CRF or its duration of action (Figure 3c).

In order to evaluate the e�ect of eNOS inhibition on already
established vasodilator responses a second set of experiments
with L-NAME was performed (Figure 4). Both CRF and
isoprenaline showed large vasodilator e�ects, with the

maximum fall in perfusion pressure (DPP 762+5%) to the
bolus of 500 pmol CRF being recorded at 2 min (n=6). The
largest reduction in perfusion pressure during the isoprenaline

infusion was 57+6% at 20 min (n=6). In control tissues the
perfusion pressure remained stable throughout the initial
20 min (n=6), and L-NAME infusion increased perfusion

pressure by 141+33% above the basal level. In tissues where
CRF was administered, perfusion pressure was still 26+10%
below the basal level 20 min after bolus administration. L-
NAME infusion reversed the e�ect of CRF and perfusion

pressure increased to 128+28% above the baseline level. This
increase was not signi®cantly di�erent from the response to L-
NAME in control preparations. In isoprenaline treated tissues,

L-NAME infusion increased perfusion pressure to 16+16%
above the baseline level which was signi®cantly less than the L-
NAME-induced increase in control and CRF-treated prepara-

tions (P50.05).

The role of prostaglandins

Indomethacin infusion (3 mM) did not signi®cantly a�ect the
fall in perfusion pressure to ACh (DPP 748+2%, control

DPP 739+5%, indomethacin) or SNP (DPP 728+2%,

Table 1 E�ect of deoxycholic acid (5 mM for 20 s) and L-NAME (100 mM) on SVG (15 pmol)-induced vasodilatation of the
perfused SMA

Basal PP Maximum fall % Change in perfusion pressure
(mm Hg) in PP 5 min 10 min 15 min 20 min

SVG control
SVG+deoxycholic acid
SVG+L-NAME

n=7
n=6
n=6

104+10
82+10
150+12

724+2
79+2*
712+3*

723+3
79+3*
710+4*

722+3
76+2*
710+4*

718+3
74+2*
7+4*

717+4
72+2*
10+5*

*P50.05 compared to control response.

Table 2 E�ect of L-NMMA, ETPU and D-NAME on CRF (100 -pmol)-induced vasodilatation of the perfused SMA

Basal PP Maximum fall % Change in perfusion pressure
(mm Hg) in PP 5 min 10 min 15 min 20 min

CRF control
CRF+L-NMMA (100 mM)
CRF+ETPU (100 mM)
CRF+D-NAME (100 mM)

n=10
n=6
n=4
n=6

79+7
141+7
120+9
75+4

723+3
723+3
714+6
721+2

721+2
713+3*

0+6*
717+2

716+1
77+2*
13+10*

715+3

714+3
74+2*
16+10*

711+3

714+3
74+2*
6+8*

79+4

*P50.05 compared to control response.

Figure 4 E�ect of infusing L-NAME (100 mM) during the
vasodilator response to CRF (500 pmol) or isoprenaline (8 nmol
min71) in the perfused SMA. The hatched bar shows the period of L-
NAME infusion. Control L-NAME infusion, basal PP 46+7 mmHg;
L-NAME during the CRF response, basal PP 48+8 mmHg; L-
NAME during isoprenaline infusion, basal PP 51+6 mmHg. n=6
for each, *P50.05 compared to control L-NAME response.
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control; DPP 723+3%, indomethacin). The initial fall in
perfusion pressure to CRF was slightly but signi®cantly
increased (DPP 725+3%, control; 734+5%, indomethacin;

n=6, P50.05), but there were no signi®cant di�erences at any
other time.

Potassium channel antagonists

Infusion of 60 mM KCl inhibited the fall in perfusion pressure
to ACh (DPP 748+1%, control; DPP 717+3%, 60 mM

KCl; P50.05), but did not signi®cantly alter the SNP-induced
fall in perfusion pressure (DPP 718+5, control; DPP
711+1%, 60 mM KCl). The response to CRF was completely

inhibited at all time points (n=6, Figure 5a).
The non-selective potassium channel antagonist TEA (3 and

10 mM) signi®cantly inhibited ACh-induced decreases in

perfusion pressure (DPP 748+1%, control; DPP 720+6%,
3 mM TEA; DPP 720+3%, 10 mM TEA; P50.05) but had
no e�ect on the fall in perfusion pressure to SNP (DPP
718+5%, control; DPP 723+1%, 3 mM TEA; DPP
726+4%, 10 mM TEA). However neither 3 mM (n=4) nor
10 mM (n=6) TEA had any e�ect on the vasodilator response
to CRF (Figure 5b).

In contrast to TEA, glibenclamide, a selective blocker of
ATP-sensitive potassium channels did not inhibit either the fall
in perfusion pressure to ACh (DPP 748+1%, control; DPP
754+3%, glibenclamide) or SNP (DPP 718+5%, control;
DPP 720+1%, glibenclamide), but signi®cantly reduced the
response to CRF (Figure 5c). Although the initial response was

not a�ected (DPP 722+2%), 10 min after CRF the
vasodilator response was partially inhibited and by 15 min
perfusion pressure had returned to basal levels.

Discussion

CRF and SVG produced dose-dependent vasodilatations of
endothelium de-nuded RTA and the perfused SMA. A single
bolus dose of CRF or SVG causes a long lasting vasodilatation

of the perfused SMA. In agreement with in vivo studies that
have compared the two peptides, SVG was more potent than
CRF in both vascular preparations (Brown et al., 1982a; Lenz

et al., 1985). Earlier studies of the vasodilator action of CRF
have reported the e�ect to be either a direct vascular smooth
muscle e�ect (Lei et al., 1993), or partly endothelium-

dependent (Grunt et al., 1993; Jain et al., 1997). Here using
the RTA from which the endothelium had been removed CRF
and SVG produced concentration-dependent relaxation of
vascular smooth muscle by a direct action. But of greater

interest, and of more relevance to the e�ect of systemic
administration of these peptides on blood pressure, studies of
the perfused SMA showed these peptides to have two

components to their vasodilator action; a short direct action
on vascular smooth muscle, followed by a sustained
endothelium-dependent vasodilatation. This was demonstrated

®rstly by the removal of the endothelium with deoxycholic acid
and secondly using three di�erent eNOS inhibitors. From these
results it can be concluded that the long-lasting endothelium-
dependent vasodilator response is due to the sustained

activation of eNOS and a prolonged release of NO.
The role of NO in the prolonged vasodilator response to

CRF was also demonstrated by infusing L-NAME during the

prolonged phase of CRF-induced vasodilatation. This
increased the perfusion pressure to a level that was not
signi®cantly di�erent to L-NAME infusion alone. Hence the

vasodilatation at the point when L-NAME is infused is due
solely to NO, because any direct e�ect on vascular smooth
muscle, or release of other endothelial vasodilator molecules

would be expected to attenuate the rise in perfusion pressure.
This is clearly seen with the infusion of isoprenaline, where
there is a small increase in perfusion pressure, due to the
inhibition of basal NO synthesis, but it remains below that

seen during L-NAME infusion in control- and CRF-treated
preparations. Some studies indicate a role for NO in the
vasodilator actions of isoprenaline (Graves & Poston, 1993),

but here the response to a single bolus dose of isoprenaline was
una�ected by either deoxycholic acid or L-NAME, indicating a
vasodilator e�ect which is largely independent of any action on

the endothelium. Inhibition by indomethacin of the vasodi-
lator response to CRF in the isolated heart (Grunt et al., 1993)
suggests that prostaglandins play a role in the endothelium-
dependent vasodilatation, but no evidence for CRF-induced

Figure 5 E�ect of inhibiting potassium channel function on the
vasodilator response to 100 pmol CRF in the perfused SMA (CRF
n=10, basal PP 79+7 mmHg). (a) 60 mM KCl (n=4, basal PP
81+6 mmHg); (b) 3 mM TEA (n=4, basal PP 68+8 mmHg), 10 mM

TEA (n=6, basal PP 90+7 mmHg); (c) 10 mM glibenclamide (n=9,
basal PP 81+7 mmHg), 0.03% DMSO (n=7, basal PP
84+7 mmHg). *P50.05 compared to control response.
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synthesis of vasodilator prostanoids was observed in the
perfused SMA.

In agreement with the pivotal role of the endothelium in the

vasodilator responses to CRF or SVG, autoradiographic
studies of rabbit aorta have shown the endothelium as well
as the underlying vascular smooth muscle to bind [125]-Tyr-
CRF (Dashwood et al., 1987). Direct e�ects of this family of

peptides on vascular smooth muscle have been observed
through measurement of increased cyclic AMP in response to
UI (Gerritsen & Lederis, 1979). Consistent with the results

described here, the e�ect of UI on cyclic AMP levels in
vascular smooth muscle is short lasting (Gerritsen & Lederis,
1979). A peripheral CRF receptor (CRF-R2b) has been cloned
which is G-protein coupled to adenylate cyclase (Kishimoto et
al., 1995). This receptor has been identi®ed in blood vessels
(Lovenberg et al., 1995), but its localization to endothelial or

vascular smooth muscle cells has yet to be con®rmed. In
previous studies of the vasodilator e�ect of CRF in intact rat
mesenteric arteries it was suggested that the CRF-R2b receptor
was involved in the response (Rohde et al., 1996). In the studies

of direct vasodilator e�ects on the endothelium de-nuded RTA
described here, the EC40 values for SVG and CRF, and the 50
fold di�erence in potency of these peptides are very similar to

values reported for the induction of cyclic AMP synthesis by
the human CRF-R2b receptor (Liaw et al., 1997). Hence, the
CRF-R2b receptor may well mediate the direct vasodilator

e�ects of CRF on vascular smooth muscle, but it is unclear
whether the endothelium-dependent e�ects are also via this
receptor subtype.

A surprising aspect of these studies was the mechanism of
the CRF-induced NO-dependent vasodilatation. Although it is
generally accepted that NO produces relaxation of vascular
smooth muscle primarily by activation of guanylate cyclase

and an increase in cyclic GMP, the response to CRF in the
perfused SMA was not altered by the selective guanylate
cyclase inhibitor ODQ at concentrations which inhibited

completely SNP-induced vasodilatation. This contrasts with
results obtained in studies of CRF on the rat thoracic aorta
using LY83583 which is also described as a guanylate cyclase

inhibitor (Jain et al., 1997). However, LY83583 also inhibits
NOS, and generates free radicals that scavenge NO, thus
preventing the actions of NO independently of any inhibitory
e�ect on guanylate cyclase (Kontos & Wei, 1993; Kannan &

Johnson, 1995; Luo et al., 1995). When compared with the lack
of e�ect of ODQ described here, it seems likely that LY83583
inhibited CRF-induced vasodilatation by a mechanism

unrelated to guanylate cyclase inhibition.
An alternative mechanism of action for NO has been

described, involving the opening of potassium channels in

vascular smooth muscle to produce vasodilatation (Bolotina et
al., 1994). The inhibition of both CRF and ACh-induced
vasodilator e�ects by high extracellular potassium indicates a

role for potassium channels in their vasodilator responses.
However, comparison of the e�ects of TEA and glibenclamide
on the actions of ACh and CRF suggest the involvement of
di�erent potassium channels in their mechanisms. TEA

attenuated the ACh response at a concentration (3 mM) which
shows selectivity for inhibition of calcium-activated potassium
channels (Langton et al., 1991), without altering the response to

CRF. Conversely the NO-dependent phase of the response to
CRF was attenuated by glibenclamide, a selective inhibitor of

ATP-sensitive potassium channels (Edwards & Weston, 1993),
even though it did not alter the response to ACh. High
concentrations of TEA (10 mM) are reported to cause a non-

selective blockade of potassium channels (Langton et al., 1991),
but no e�ect on the vasodilator action of CRF was observed.

It has been proposed that endothelium-derived hyperpolar-
izing factor (EDHF) is more important than NO in mediating

the endothelium-dependent response to ACh in the small
resistance vessels of the mesenteric vasculature (Garland &
McPherson, 1992; Parsons et al., 1994). However the complete

inhibition of the sustained phase of CRF vasodilatation with
inhibitors of eNOS indicates that EDHF is not involved. In the
mesenteric vasculature and isolated perfused kidney of the rat,

EDHF appears to act via calcium-activated potassium
channels (McPherson & Angus 1991; Rapacon et al., 1996),
but the hyperpolarizing response to NO is mediated by ATP-

sensitive channels (Garland & McPherson, 1992). The precise
role of ATP-sensitive potassium channels in the NO-dependent
vasodilatation induced by CRF is not evident at this time.

The ability of a single bolus of CRF or SVG to produce a

long lasting, NO-mediated vasodilatation is of particular
interest given that other vasodilator responses involving the
release of NO tend to be of short duration. For example ACh

produces a large endothelium-dependent vasodilatation lasting
51 min. In some respects the cascade superfusion technique
using cultured endothelial cells (Gryglewski et al., 1986) is

similar to that used here as the agents applied are rapidly
washed through. This has shown that bradykinin, another
peptide mediator causing endothelium-dependent vasodilata-

tion induces NO release for 55 min. In comparison, the
calcium ionophore, A23187, can cause a longer lasting output
of NO (Gryglewski et al., 1986), indicating that a lengthy
in¯ux of Ca2+ causes a sustained activation of eNOS. Hence, a

prolonged receptor mediated in¯ux of Ca2+ could play a role
in the endothelium-dependent vasodilator e�ect of CRF.

However, physiologically, the most notable factor causing a

sustained NO-dependent vasodilatation is shear stress (Fran-
gos et al., 1996). Hence, the mechanism underlying shear
stress-induced NO synthesis may be of more relevance to the

response to CRF. NO release stimulated by constant shear
involves both calcium-dependent and ATP-sensitive potassium
channels (Hutcheson & Gri�th, 1994). Indeed, the inhibitory
e�ect of glibenclamide on the response to CRF may well be

due to an e�ect on NO release (Hutcheson & Gri�th, 1994),
thus indicating similarities in the mechanisms of shear stress
and CRF-induced NO release. Interestingly, heat shock

protein 90 (Hsp90) has recently been shown to modulate the
activity of eNOS during stimulation with agonists or shear
stress (GarcõÂ a-CardenÄ a et al., 1998). Based on these ®ndings,

the sustained NO-dependent vasodilator e�ect of CRF could
involve the induction of eNOS-Hsp90 heterocomplexes with a
resultant sensitization of the endothelium to shear stress

induced NO release in the perfused SMA. In conclusion,
further work is required for a full appreciation of this unusual
and potentially important mechanism of eNOS activation by
the CRF-family of peptides.
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