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Responses to bradykinin are mediated by NO-independent mechanisms
in the rat hindlimb vascular bed
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Abstract11

The vasodilator response to bradykinin (BK) appears to be mediated by a number of different endothelium-derived relaxing factors (EDRFs).
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he EDRFs mediating the response depend on the species and vascular bed studied. The mechanism by which BK dilates the hind
ed was investigated in the anesthetized rat. BK produced dose-dependent increases hindlimb blood flow. The NOS antagoni
ad little effect on the magnitude of the increase in flow when baseline hemodynamic parameters were corrected by an NO don
owever, the duration of the response was slightly shortened by L-NAME. Charybdotoxin (Chtx) and apamin nearly abolished the

esistant component of the hindlimb vasodilator response to BK, but did not affect the hindlimb vasodilator response to the sodium ni
SNP). The cyclooxygenase inhibitor meclofenamate and the K+-ATP channel blocker U37883A, in the presence of L-NAME, did not a
he vasodilator response to BK. These results suggest that a significant portion of the hindlimb vasodilator response to BK is m
he activation of KCa channels, and independent of NO synthesis, cyclooxygenase products, and activation of K+-ATP channels. The prese
ata suggest that the mechanisms mediating the vasodilator response to BK in the hindlimb vascular bed of the rat are complex
f a Chtx and apamin sensitive, L-NAME resistant phase and a minor phase mediated by NO. In contrast, NO accounts for abou
indlimb vasodilator response to acetylcholine (ACh), with the other half of the response mediated by a Chtx and apamin sensitive m
dditionally, the present results demonstrate that the NO donor infusion technique is able to compensate for the loss of basal NO

ollowing inhibition of NOS, and to restore hemodynamic parameters to pre-L-NAME levels, making it a useful technique for the inve
f the role of NO in mediating vascular responses.
2004 Published by Elsevier Ltd.

eywords:Bradykinin; Nitric oxide; Potassium channels

. Introduction

Bradykinin (BK), a potent vasodilator in vivo, activates
ascular endothelial receptors initiating a cascade of events
eading to the formation of a relaxing factor that diffuses
o underlying vascular smooth muscle[1,2]. The existence
f an endothelial-derived relaxing factor (EDRF) was first

∗ Corresponding author. Tel.: +1 504 584 2638; fax: +1 504 588 5283.
E-mail address:pkadowi@tulane.edu (P.J. Kadowitz).

demonstrated by Furchgott and Zawadzki in 1980 in an
tic smooth muscle ring preparation[1]. Traditionally, it has
been thought that EDRF is nitric oxide (NO) or an NO der
tive [3–8]. NO, formed by nitric oxide synthase (NOS) in
vascular endothelium diffuses to smooth muscle and inte
with the heme moiety of soluble guanylate cyclase, incr
ing cGMP formation, leading to smooth muscle relaxa
[9–12].

Evidence in the literature suggests, however, that NO
only be one of several molecules mediating the vaso
tor response to BK. In human microcoronary arteries

043-6618/$ – see front matter © 2004 Published by Elsevier Ltd.
oi:10.1016/j.phrs.2004.07.001
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small subcutaneous arteries, a significant component of the47

vasodilator response to BK was found to persist following in-48

hibition of NOS[13,14]. Additionally, in porcine pial arteries,49

porcine pulmonary resistance arteries, rat coronary arteries,50

and bovine coronary arteries the vasodilator response to BK51

was found to possess a significant component that is inde-52

pendent of NO synthesis[15–18]. These studies suggest that53

the mechanism mediating vasodilator responses to BK is far54

more complex than originally thought.55

The identity of the EDRF mediating the NO-independent56

response to BK remains uncertain. It has been shown that57

this factor causes vascular relaxation by hyperpolarizing58

smooth muscle, inactivating voltage-gated calcium channels59

and inhibiting calcium entry. However, the exact mechanism60

by which this endothelium-derived hyperpolarizing factor61

(EDHF) induces relaxation is uncertain. Potassium chan-62

nels [13,19,20], gap junctions[14], arachidonic acid prod-63

ucts[21], andS-nitrosothiols[19] have all been proposed as64

possible mediators.65

Many studies use derivatives of the amino acidl-arginine66

to inhibit production of NO. In these studies, comparison of67

vasodilator responses before and after inhibition of NOS is68

complicated, since baseline arterial pressure and vascular re-69

sistance are increased following NOS inhibition[8,22–25]. In70

order to normalize data in some studies responses were com-71

pared as a percent change from baseline[22,24–28]. Other72

s cular73

t74

ngers75

o ause76

c f vas-77

c vesti-78

g tor79

r cular80

t g an81

i tore82

p mak-83

i nses84

b85

286

287

o-88

c89

w hing90

3 in91

( tain92

a onta-93

n94

ses95

w vein96

w n of97

d d for98

the measurement of arterial pressure. A flow probe (Tran-99

sonic Systems Inc.) was placed around the right iliac artery100

just below the aortic bifurcation and hindlimb blood flow101

was measured with a Transonic Systems T-106 small animal102

flowmeter. A catheter was inserted into the left iliac artery103

and was advanced to the aortic bifurcation for the intraarterial104

(i.a.) administration of agonists into the right hindlimb circu-105

lation. This procedure has been described previously[32,33]. 106

Agonists were injected directly into the right hindlimb cir-107

culation in small volumes (10–30 ul) so that changes in right108

iliac blood flow could be measured with minimal changes109

in systemic arterial pressure. This simplified the analysis of110

responses since changes in blood flow, without changes in111

pressure, are inversely related to changes in resistance. Ad-112

ditionally, in some experiments, platinum electrodes were113

inserted subdermally in a lead II configuration for the mea-114

surement of the electrocardiogram (ECG). Arterial pressure,115

right iliac flow, and ECG data were recorded on a PC using116

a MP100 acquisition system (Biopac Systems Inc.). 117

For experiments in which ultrasonography was performed,118

the animal was anesthetized as described above. The left119

common carotid artery was cannulated for the measure-120

ment of systemic arterial pressure. The left external jugu-121

lar vein was cannulated for the administration of drugs.122

Echocardiography was performed with a Toshiba Aplio 80123

ultrasound machine (Toshiba America Medical Systems,124
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tudies compared responses at different levels of vas
one[29,30].

Since it has been hypothesized that second messe
ther than NO may be involved in the response and bec
hanges in vascular tone may complicate the analysis o
ular responses, the current study was undertaken to in
ate the role of NO and KCachannels in mediating vasodila
esponses to BK in vivo. In these studies, changes in vas
one produced by inhibition of NOS were corrected usin
nfusion of an NO donor to replace basal NO and to res
ressure and flow to values similar to baseline values,

ng possible direct comparison of agonist-induced respo
efore and after NOS inhibition.

. Methods

.1. General surgical procedures

All experiments follow the American Physiological S
iety guiding principles in research[31]. All experiments
ere performed in male Sprague–Dawley rats weig
00–450 g anesthetized with thiobarbital sodium (Inact®)
120 mg kg−1 i.p.). The trachea was cannulated to main
irway patency and the animals breathed room air sp
eously.

For experiments in which hindlimb vasodilator respon
ere evaluated, an external jugular vein and the left iliac
ere catheterized for the intravenous (i.v.) administratio
rugs. The left common carotid artery was catheterize
 P
R

O
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ustin, CA) with a linear array transducer (Toshiba P
202S at 14 MHz). Two-dimensional echo guided M-m

mages were obtained (2 cm depth, focus 0.75 cm) fro
eft parasternal window. M-mode left ventricular meas

ents were made according to American Society of Ech
iography guidelines[34]. Fractional shortening was calc

ated as [(LVEDD− LVESD)/LVEDD], where LVEDD is
eft ventricular end-diastolic dimension and LVESD is
entricular end-systolic dimension. Color Doppler gui
ulsed wave Doppler flow measurements (3 cm depth, f
.5 cm) at the level of the pulmonic valve were perform

rom a high left parasternal short-axis view. Values for p
ulmonary arterial flow and fractional shortening repre

he average measurements from three consecutive c
ycles.

For experiments in which cardiac output was measu
he animal was anesthetized as described above, and t
liac artery was cannulated for the measurement of ar
ressure. The left external jugular vein and the left iliac
ere cannulated for the administration of isotonic saline
rugs, respectively. A thermistor catheter was advanced

he left common carotid artery to the aortic arch, and car
utput was determined by thermal dilution technique[35]
ith a Cardiotherm 500 cardiac output computer.
For experiments in which carotid blood flow was m

ured, the animal was anesthetized as described abov
he left iliac artery was cannulated for the measureme
ystemic arterial pressure. The left iliac vein was ca
ated for the administration of drugs. An electromagnetic
robe (Carolina Medical, King, NC) was placed around
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right common carotid artery. Arterial pressure and carotid155

flow were recorded on a Grass model 7D polygraph.156

2.2. Effect of L-NAME on the hindlimb vascular157

responses158

Injections of BK and acetylcholine (ACh) were carried out159

in the control period, and L-NAME (25 mg kg−1 i.v.) was then160

administered. After∼5 min, systemic arterial pressure began161

to increase, and both cardiac output and hindlimb blood flow162

began to decrease. Injections of BK and ACh were repeated.163

An i.v. infusion of the NO-donor SNP (10–30 ug min−1 i.v.)164

was then initiated in order to correct for the loss of basal NO165

production, and restore systemic arterial pressure, cardiac166

output, and hindlimb blood flow to pre-L-NAME baseline167

levels. Using this technique, the loss of basal NO produc-168

tion following inhibition of NOS is compensated for, while169

agonist-induced stimulation of NOS is still inhibited. Re-170

sponses to BK and ACh were again determined after base-171

line hemodynamic parameters were restored to near control172

levels and were stable.173

In separate sets of experiments, the effect of L-NAME174

and an SNP infusion on carotid vascular parameters and175

on cardiac function, as assessed by Doppler ultrasound,176

were investigated. Baseline measurements were recorded,177

and then L-NAME (25–100 mg kg−1 i.v.) was adminis-178
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running for 10 min, responses to BK, ACh, and SNP were207

again recorded. In a separate set of animals, Chtx and apamin208

were infused before the administration of L-NAME so that209

their effect on the responses to BK and L-NAME could be210

determined. 211

2.4. Effect of meclofenamate and U37883A on 212

NO-independent hindlimb vascular responses 213

L-NAME (25 mg kg−1 i.v.) was administered, and an i.v.214

infusion of the NO-donor SNP (10–30 g min−1 i.v.) was initi- 215

ated in order to correct for the loss of basal NO production, as216

described previously. Responses to BK were determined after217

baseline hemodynamic parameters were restored to near con-218

trol levels and were stable. The non-selective cyclooxygenase219

inihibitor meclofenamate was then administered (5 mg kg−1
220

i.v.) slowly over 5 min. Responses to BK were determined221

after baseline hemodynamic parameters were stable. The222

K+-ATP channel blocker U37883A was then administered223

(5 mg kg−1 i.v.) slowly over 5 min. Responses to BK were224

determined after baseline hemodynamic parameters were sta-225

ble. 226

Hemodynamic data are expressed as mean± S.E. and 227

were analyzed using one-tailed paired and unpairedt-tests, 228

and ANOVA with a Scheffe post test. The duration of the229

blood flow response was defined as the period of time from230
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ered. Measurements of cardiac function and carotid
ular parameters were again recorded. An infusion
NP was initiated to compensate for the loss of b
O production, and carotid vascular parameters and
iac parameters were again recorded once the infusio
tabilized.

.3. Effect of charybdotoxin and apamin on hindlimb
ascular responses

In another set of experiments, the effect of the KCa chan-
el blockers charybdotoxin (Chtx) and apamin was inv
ated. The hindlimb was prepared as described above.
ystemic administration of Chtx and apamin resulted in e
rocardiographic abnormalities and irregular blood flow
he hindlimb vascular bed. Therefore, an additional cath
as inserted into the abdominal aorta just above the ilio

ic bifurcation for the local infusion Chtx and apamin in
he right hindlimb. A local infusion of Chtx and apamin d
ot result in the electrocardiographic and blood flow irre

arities observed with systemic administration of these c
ounds. Injections of BK, ACh, and SNP were carried

n the presence of L-NAME (25 mg kg−1 i.v.) in the contro
eriod. Chtx and apamin were then infused locally to
indlimb via the aortic catheter. The infusion rate of C
nd apamin was adjusted for the basal blood flow ra
ach animal and calculated to achieve concentrations
indlimb equivalent to those shown to be effective in isola
rtery preparations (Chtx 3× 10−8 M; apamin 2.5× 10−7 M)

29,32]. After the infusion of Chtx and apamin had be
 P
R

O
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he injection of the agonist to the time at which the bl
ow returned to the pre-injection baseline. The area
er the blood flow versus time tracing during was de
ined by integration using Biopac AcqKnowledge softw
P-value of <0.05 was used as the criterion for statis

ignificance.

. Results

.1. Use of an SNP infusion to normalize baseline
emodynamic parameters

NOS inhibitors increase baseline arterial pressure and
ular resistance, and because of a change in initial valu
nalysis of vascular responses are complicated. In ord
estore baseline hemodynamic parameters to control l
fter administration of a NOS inhibitor, an infusion of
O-donor SNP was used. The effect of the L-NAME
n infusion of SNP on systemic and hindlimb vascular
ameters is shown inFig. 1 andTable 1. Administration o
-NAME (25 mg kg−1 i.v.) produced a significant increase
ean systemic arterial pressure, total peripheral resist

arotid vascular resistance, and hindlimb vascular resist
hile producing a significant fall in cardiac output, left v

ricular fractional shortening, pulmonary arterial blood
ocity, carotid blood flow, and hindlimb blood flow (Fig. 1
ndTable 1). A continuous i.v. infusion of SNP was us

o return mean systemic arterial pressure, total peripher
istance, cardiac output, left ventricular fractional shor
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Fig. 1. The effect of L-NAME (25 mg kg−1 i.v.) and an SNP infusion on (A) carotid blood flow; (B) left ventricular fractional shortening; (C) hindlimb blood
flow; and (D) peak pulmonary arterial blood velocity; (*) denotesP < 0.05 when compared to control;n = 5–7 for each group.

ing, pulmonary arterial blood velocity, carotid and iliac blood257

flow, as well as carotid and iliac vascular resistance (Fig. 1258

andTable 1) to control, or pre-L-NAME values. This allowed259

for the direct comparison of agonist responses at a similar260

level of baseline resistance before and after administration261

of the NOS inhibitor. The return of mean arterial pressure to262

pre-L-NAME levels occurred within 5 min of the initiation263

of the SNP infusion. Return of hindlimb and carotid blood264

flow to pre-L-NAME levels lagged the pressure response by265

several minutes. The other parameters measured—cardiac266

output, left ventricular fractional shortening, and pulmonary267

arterial blood velocity—were not measured continuously.268

Thus, the timecourse of the return to pre-L-NAME values269

following initiation of an SNP infusion cannot be precisely270

stated.271

Table 1
Effects of various treatments on baseline hindlimb vascular parameters

Treatment Mean arterial
pressure (mmHg)

Cardiac output
(ml min−1)

Total peipheral resistance
(mmHg ml−1 min)

Hindlimb blood
flow (ml min−1)

Hindlimb resistance
(mmHg ml−1 min)

None 120± 7 121± 4 0.95± 0.04 8.1± 0.8 15.8± 0.7
L-NAME 165 ± 5∗ 75± 5∗ 2.19± 0.15∗ 3.7± 0.3∗ 47.9± 5.2∗
Chtx + apamin 128± 8 – – 6.4± 0.7 20.9± 3.1
L-NAME + Chtx + apamin 178± 6∗ – – 3.3± 0.5∗ 57.7± 5.8∗
L-NAME + SNP infusion 119± 8 126± 6 0.86± 0.05 6.3± 1.0 20.0± 4.0

L-NAME (25 mg kg−1 i.v.) produced significant decrease in cardiac output and hindlimb blood flow and produced significant increases in mean arterial pressure,
t sion o n
a and a limb
fl -L-NAM resence
L od flow inr
p antago

3.2. Effect of L-NAME and an SNP infusion on hindlimb 272

responses to BK 273

Intraarterial injections of BK (10–300 ng) into the274

hindlimb circulation produced dose-dependent increases in275

hindlimb blood flow (Fig. 2) and dose-dependent decreases276

in hindlimb vascular resistance with minimal changes in sys-277

temic arterial pressure. When hindlimb vasodilator responses278

to i.a. injections of BK and ACh were compared before and279

after administration of L-NAME (25 mg kg−1 i.v.), in the 280

presence of an SNP infusion to normalize vascular tone,281

the magnitude of the flow responses to ACh and BK were282

not altered (Fig. 2). The duration of the change in blood283

flow in response to BK was slightly attenuated at the 10284

and 30 ng doses, but not at the higher doses (Fig. 3, left).
U
N

C
O

Rotal peripheral resistance, and hindlimb resistance. L-NAME + an infu
rterial pressure, hindlimb blood flow or hindlimb resistance. L-NAME
ow, total peripheral resistance, and hindlimb resistance back to pre
-NAME, did significantly not alter mean arterial pressure, hindlimb blo
arameters had stabilized following administration of the appropriate
∗ P < 0.05 when compared to no treatment.
YPHRS 1397 1–1

f Chtx (0.9�g min−1 i.a.) + apamin (3.5�g min−1 i.a.) did not further alter mea
n SNP infusion returned mean arterial pressure, cardiac output, hindblood
E control levels. An infusion of Chtx and apamin, alone or in the pof
, or hindlimb resistance. Reported values were measured after basele vascula
nist(s);n = 5–10.
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Fig. 2. The effect of L-NAME (25 mg kg−1 i.v.) and an SNP infusion on the magnitude of the hindlimb vasodilator responses to BK (left) and ACh (right);n
= 8 for each group.

Fig. 3. The effect of L-NAME (25 mg kg−1 i.v.) and an SNP infusion on the duration of the hindlimb vasodilator responses to BK (left) and ACh (right). The
duration of the response to ACh was shortened by about half, whereas the duration of the response to BK was only slightly reduced at the two lowest doses
studied; (*) denotesP < 0.05;n = 8 for each group.

These results are similar to those seen when L-NAME alone285

was administered (data not shown). The duration of the re-286

sponse to ACh was significantly decreased at all doses stud-287

ied by L-NAME and an SNP infusion (Fig. 3, right). The288

reduction in the duration of the response to BK or ACh289

was not greater when the dose of L-NAME was increased290

to 100 mg kg−1 i.v. (data not shown). Representative trac-291

ings of the blood flow responses to BK and ACh before292

and after L-NAME and an SNP infusion are illustrated in293

Figs. 4 and 5.294

3.3. Effect of charybdotoxin, and apamin on hindlimb295

vascular responses296

Administration of L-NAME (25 mg kg−1 i.v.) produced an297

increase in systemic arterial pressure and hindlimb resistance,298

and a decrease in hindlimb blood flow (Table 1). Intraarterial299

injections of BK in the presence of L-NAME (25 mg kg−1
300

Fig. 4. Representative tracings of the hindlimb blood flow response to BK
(100 ng i.a.) in the control situation (A); and following the administration
of L-NAME (25 mg kg−1 i.v.) and the initiation of an SNP infusion (B).
The time of injection of BK is indicated by the arrow in each tracing. The
response was not significantly altered in the presence of L-NAME and an
SNP infusion.
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Fig. 5. Representative tracings of the hindlimb blood flow response to ACh
(0.75 ng i.a.) in the control situation (A); and following the administration
of L-NAME (25 mg kg−1 i.v.) and the initiation of an SNP infusion (B).
The time of injection of ACh is indicated by the arrow in each tracing. The
duration of the response was significantly shortened in the presence of L-
NAME and an SNP infusion (B) when compared to the control situation
(A).

i.v.) produced dose-dependent increases in hindlimb blood301

flow (Fig. 5A). In the presence of L-NAME, an infusion of302

Chtx + apamin did not further alter baseline hindlimb vascular303

parameters (Table 1). An infusion of Chtx + apamin did, how-304

ever, attenuate the magnitude and duration of the vasodilator305

responses to BK and ACh (Figs. 6 and 7, left and right), while306

not altering the vasodilator response to SNP (Figs. 6 and 7,307

center). A representative tracing of the blood flow response308

to BK, in the presence of L-NAME, before and after an infu-309

sion of Chtx and apamin is shown inFig. 8. The blood flow310

response to BK was greatly diminished in the presence of L-311

NAME and an infusion of Chtx and apamin (Fig. 8B) when312

compared to the response in the presence of L-NAME alone313

(Fig. 8A). When an infusion of Chtx and apamin was initiated314

F amin, in b
v magni nse to SN
w

without prior administration of L-NAME, baseline vascular315

parameters were unaltered (Table 1). However, the vasodila- 316

tor response to BK was decreased, while the response to SNP317

was unaffected (Table 2.) 318

3.4. Effect of meclofenamate and U37883A on 319

NO-independent hindlimb vascular responses 320

The increase in systemic arterial pressure and the decrease321

in hindlimb blood flow produced by L-NAME were reversed322

using an SNP infusion. Intraarterial injections of BK in the323

presence of L-NAME and an infusion of SNP produced dose-324

dependent increases in hindlimb blood flow. Administration325

of meclofenamate (5 mg kg−1 i.v.), in a dose that attenu- 326

ated the systemic vasodepressor response to the cyclooxyge-327

nase substrate arachidonic acid, did not alter hindlimb vas-328

cular parameters (data not shown). Following administration329

of meclofenamate, the vasodilator response to BK was not330

significantly altered (Fig. 9). Subsequent administration of331

U37883A (5 mg kg−1 i.v.), in a dose that attenuated the va-332

sodilator to the K+-ATP channel opener levcromakalim, did333

not alter hindlimb vascular tone (data not shown). U3788A334

also did not significantly attenuate the vasodilator response335

to BK (Fig. 9). 336
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the presence of L-NAME (25 mg kg−1 i.v.), on the magnitude of the hindlim
tude of the responses to BK and ACh was diminished, while the respoP

. Discussion

The results of the present study demonstrate that the
nhibitor L-NAME, in a dose that attenuates the hindlimb
odilator response to ACh, does not have a major effe
ither the magnitude or duration of the hindlimb vasodil
esponse to BK. Administration of L-NAME increased a
ial pressure, systemic, carotid, and hindlimb vascular r
ance, and decreased cardiac output, left ventricular frac
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Fig. 7. The effect of an infusion of the KCa channel blockers Chtx and apamin, in the presence of L-NAME (25 mg kg−1 i.v.), on the duration of the hindlimb
vasodilator responses to BK (left); SNP (center); and ACh (right). The duration of the responses to BK and ACh was diminished, while the response to SNP
was unaffected; (*) denotesP < 0.05;n = 5 for each group.

Fig. 8. Representative tracings of the hindlimb blood flow response to BK
(100 ng i.a.): (A) in the presence of L-NAME (25 mg kg−1 i.v.); and (B) in the
presence of L-NAME and an infusion of Chtx and apamin (Chtx 0.4–0.9�g
min−1 i.a.; apamin 1.5–3.5�g min−1 i.a.).

shortening, pulmonary arterial blood velocity, and carotid344

and hindlimb blood flow. The increases in pressure and vas-345

cular resistance and the decreases in left ventricular frac-346

tional shortening, pulmonary arterial blood velocity, and re-347

gional blood flow were reversed by an infusion of the NO348

Table 2
Effect of an infusion of Chtx and apamin on the hindlimb vasodilator responses to BK and SNP

Drug Dose (ng i.a.) n Treatment

BK 30 4 Control
4 Chtx + apam

300 4 Control
4 Chtx + apam

SNP 300 3 Control
3 Chtx + apam

An infusion of Chtx (0.9�g min−1 i.a.) + apamin (3.5�g min−1 i.a.) decreased BK. The
magnitude and area of the response to SNP were not altered by the infusion

∗ P < 0.05 when compared to no treatment.

donor SNP, essentially restoring normal cardiovascular func-349

tion while maintaining the inhibition of agonist-induced NO350

release. The KCa channel antagonists Chtx and apamin at-351

tenuated the L-NAME resistant component of the hindlimb352

vasodilator response to BK, while not affecting responses to353

SNP or L-NAME. Additionally, the cycoloxygenase inhibitor354

meclofenamate and the K+-ATP channel blocker U37883A 355

did not have an effect on the NO-independent portion of the356

BK response. These results are in agreement with previous357

studies and are in agreement with the concept that NO plays358

an important role in the regulation of baseline tone in the359

systemic vascular bed. 360

Although the increase in arterial pressure and vascular re-361

sistance following administration of a NOS inhibitor supports362

a role for NO in the maintenance of tone, it complicates the363

analysis of the role of NO in mediating vasodilator responses364

in the hindlimb vascular bed. An increase in baseline tone can365

alter the response to a vasodilator agent as predicted by the366

law of initial value[36]. In order to account for the change367

in baseline tone following NOS inhibition previous studies368

have described responses as a percent change from baseline369

or have infused vasoconstrictor agents to increase baseline
YPHRS 1397 1–1

Change in hindlimb
blood flow (ml min−1)

Area of response
(ml)

8.3± 2.7 225± 70
in 2.5± 0.5∗ 100± 23∗

13.1± 3.5 586± 150
in 4.8± 1.2∗ 230± 80∗

3.5± 0.8 115± 27
in 3.0± 0.5 128± 29

the magnitude and the area of the hindlimb vasodilator response to
of Chtx and apamin;n is the number of animals.
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Fig. 9. The effect of the cyclooxygenase inhibitor meclofenamate and the K+-ATP channel blocker U37883A, in the presence of L-NAME (25 mg kg−1 i.v.)
and an SNP infusion, on the magnitude (A); area (B); and duration (C) of the hindlimb vasodilator response to BK.

vascular tone[22,24–27]. Our laboratory has previously used370

an infusion of the NO donor SNP to compensate for the loss371

of basal NO production following inhibition of NOS. Using372

this technique it is possible to restore arterial pressure, car-373

diac output, hindlimb blood flow, and vascular resistance to374

pre-L-NAME levels[32,37]. The present study again uses375

this technique to normalize vascular tone and demonstrates376

that, in addition to restoring arterial pressure, cardiac output,377

and hindlimb blood flow to pre-L-NAME levels, the SNP378

infusion technique is also able to restore left ventricular frac-379

tional shortening, pulmonary arterial blood velocity, carotid380

blood flow, and carotid vascular resistance to pre-L-NAME381

levels. Left ventricular fractional shortening is a measure of382

left ventricular contractility, or the inotropic state of the left383

ventricle, and can be influenced by changes in left ventric-384

ular preload or afterload. While administration of L-NAME385

produced a decrease in left ventricular fractional shortening,386

it cannot be determined from the present data if L-NAME is387

having a direct effect on the contractility of the left ventricle,388

or if the reduction in left ventricular fractional shortening is389

due to an increase in afterload. Regardless of the mechanism390

by which L-NAME reduces left ventricular fractional short-391

ening, the SNP infusion technique is able to restore left ven-392

tricular fractional shortening to pre-L-NAME levels. Thus,393

the use of L-NAME and the SNP infusion technique allows394

for a direct comparison of the vascular responses to BK at395

similar baseline hemodynamic values before and after NOS396

inhibition, eliminating the need for mathematical normaliza-397

tion of the data. 398

Previous studies have demonstrated that the vasodilator399

response to BK consists of both NO-dependent and NO-400

independent components, and that the relative contributions401

of these components depend on the diameter of the vascu-402

lar segment being studied, the species examined, and the403

vascular bed being studied. In small isolated porcine reti-404

nal arteries and conducting pulmonary arteries, the vasodila-405

tor response to BK was found to dependent entirely upon406

NO production[15,38]. In contrast, in porcine pial arteries,407

porcine pulmonary resistance arteries, human subcutaneous408

arteries, human microcoronary arteries, rat coronary arteries,409

and bovine coronary arteries the vasodilator response to BK410

was found to possess a significant component that was inde-411

pendent of NO synthesis[13–18]. The results of the present412

study suggest that NO plays a minor role in mediating the413

hindlimb vasodilator response to BK. The magnitude of the414

hindlimb vasodilator response to BK was not reduced by L-415

NAME in a dose of 25 mg kg−1 i.v. when baseline flow and 416

vascular resistance were restored by an SNP infusion. The417

duration of the hindlimb vasodilator response to BK was not418

significantly reduced at the higher doses, although the re-419
U
N

C
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duction did reach statistical significance at the two lowest420

doses studied. The reduction of the duration of the vasodila-421

tor response to BK following administration of a NOS in-422

hibitor has been reported previously in the rat coronary cir-423

culation [16]. The results of the present study suggest that424

NO does not play a major role in determining the magni-425

tude of the hindlimb vasodilator response to BK, but that426

it may play a minor role in modulating the duration of the427

response. In contrast, NO appears to account for about half428

of the hindlimb vasodilator response to ACh, with the other429

half of the response mediated by a Chtx and apamin sensitive430

mechanism.431

It has been reported that NOS inhibitors, such as L-NAME,432

do not completely inhibit NO production in the rabbit carotid433

artery and it is possible that L-NAME, even in high doses,434

may not completely inhibit NO production[39]. However,435

several studies in the literature have demonstrated complete436

blockade of NO-dependent responses with similar NOS in-437

hibitors[3,40]. In addition, in the present study, the doses of438

L-NAME used significantly reduced the hindlimb vasodila-439

tor response to ACh, while the response to BK was not440

greatly affected. Furthermore, doses of L-NAME as high as441

100 mg kg−1 i.v. did not produce any further decrease in the442

magnitude or duration of the hindlimb vasodilator response443

to BK or ACh beyond that observed with the 25 mg kg−1 i.v.444

dose, suggesting that the blockade of NOS by L-NAME was445
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rived mediators, such as the epoxyeicosatrienoic acids, can-476

not be ruled out. Additionally, U37883A, in the presence of477

L-NAME and meclofenamate, did not have an effect on the478

response to BK, suggesting that the response is independent479

of K+-ATP channel activation. Similar findings have been480

reported previously for EDHF-dependent agonists, including481

BK and ACh[19,32,42]. 482

In summary, the present study utilized an SNP infusion483

to restore arterial pressure, cardiac function, regional blood484

flow, and vascular resistance to baseline values after admin-485

istration of a NOS inhibitor, and demonstrates that the va-486

sodilator response to BK in the hindlimb vascular bed of487

the rat is mediated by both NO- and KCa channel-dependent 488

mechanisms. However, the NO-dependent component of the489

response appears to be minor relative to the component of the490

response that is dependent upon the activation of KCa chan- 491

nels. Additionally, cyclooxygenase products and K+-ATP 492

channel activation do not appear to play a role in mediating493

the NO-independent component on the response. Finally, the494

present results demonstrate that the SNP infusion technique495

is able to compensate for the loss of basal NO production496

following inhibition of NOS, and to restore hemodynamic497

parameters to pre-L-NAME levels, making it a useful tech-498

nique for the investigation of the role of NO in mediating499

vascular responses. 500
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aximal. It has also been reported that NO is an inhib
f endogenous NOS activity[41]. Therefore it is possib

hat the infusion of the NO donor SNP after L-NAME a
inistration provides additional blockade of endogenous

ynthesis.
It has been reported that a significant component of th

odilator response to BK and other endogenous vasodi
ay be mediated by the release of an endothelium de
ent hyperpolarizing factor (EDHF) and hyperpolariza
f vascular smooth muscle via activation of a KCa channe

14,29,32]. Hyperpolarization of smooth muscle leads to
ctivation of voltage dependent calcium channels and va

axation. KCa channels can be blocked by the combinatio
he toxins Chtx and apamin[29]. Since it is hypothesized th
K releases an EDHF, the effects of KCa channel antagonis
htx and apamin on the L-NAME resistant componen

he response to BK were investigated. An infusion of C
nd apamin, both alone and in the presence of the NO
ibitor L-NAME, significantly attenuated the vasodilator
ponse to BK in the hindlimb vascular bed, suggesting
ctivation of KCa channels play a role in mediating this
ponse. Responses to the vasodilator agent SNP were
ered, demonstrating that the blockade produced by Cht
pamin is selective for BK. Meclofenamate, a non-sele
yclooxygenase inhibitor, did not have an effect on the
ponse to BK in the presence of L-NAME, suggesting
rostaglandins do not play a significant role in mediating
esponse. This finding is in agreement with previous stu
14,19]. While it appears that prostaglandins do not play a
n mediating the response to BK, other arachidonic acid
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