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Vasodilator efficiency of endogenous prostanoids,
Ca2+-activated K+ channels and nitric oxide in rats
with spontaneous, salt-dependent or NO-deficient
hypertension

Michal Behuliak1,2, Mária Pintérová1, Jaroslav Kuneš1 and Josef Zicha1

Hypertension is associated with the imbalance of vasoconstrictor and vasodilator systems. Vasodilation is usually evaluated in

isolated blood vessels, but except for nitric oxide (NO), relatively little attention is given to the in vivo efficiency of particular

vasodilator mechanisms. The aim of our study was to evaluate the contribution of endogenous vasodilator prostanoids,

Ca2+-activated K+ channels and NO to blood pressure (BP) maintenance in rats with three different forms of experimental

hypertension. Both principal vasopressor systems (the renin–angiotensin system and the sympathetic nervous system) were

blocked by captopril and pentolinium in conscious spontaneously hypertensive rats (SHRs), Dahl salt-hypertensive (DS-HS) rats

and rats with NO-deficient hypertension, as well as in their normotensive controls. Thereafter, we monitored BP changes in rats

subjected to either a sequential or an isolated blockade of prostanoid synthesis by the non-selective cyclooxygenase inhibitor,

indomethacin, of Ca2+-activated K+ channels by tetraethylammonium and of NO formation by NG-nitro-L-arginine methyl ester.

All three forms of experimental hypertension were characterized by augmented sympathetic vasoconstriction. The vasodilatation

exerted by endogenous prostanoids and Ca2+-activated K+ channels was enhanced in all forms of hypertension, almost

proportionally to BP elevation. On the contrary, NO-dependent vasodilatation was not enhanced in any form of experimental

hypertension, and there was a severe relative NO deficiency in both, SHRs and DS-HS rats. In conclusion, our data suggested

that there is a compensatory activation of vasodilator prostanoids and Ca2+-activated K+ channels in rats with experimental

hypertension, whereas NO-dependent vasodilatation is not augmented. Thus, the overall activity of vasodilator systems failed

to compensate for augmented sympathetic vasoconstriction in hypertensive animals.
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INTRODUCTION

Hypertension is often associated with the imbalance between vaso-
constrictor and vasodilator mechanisms. Considerable attention
has been paid to the in vivo alterations of various pressor systems
(for example, angiotensin II, norepinephrine, endothelin-1 and vaso-
pressin) in different forms of experimental hypertension. On the
contrary, the efficiency of vasodilator systems is usually evaluated in
isolated blood vessels, in which the acetylcholine-induced relaxation of
arteries precontracted with catecholamines is studied to reveal the
so-called endothelial dysfunction. This evaluation is often performed
in large conduit arteries but not in small resistance arteries, which are
responsible for the control of peripheral resistance and blood pressure
(BP). Although the estimation of the contribution of particular
vasoactive systems to BP maintenance in conscious rats might be
rather difficult, this approach yields valuable data that enable us to

evaluate the altered efficiency of particular vasoconstrictor and
vasodilator systems in hypertension.
In the last decade, our research effort has been focused on the

balance between sympathetic vasoconstriction and nitric oxide (NO)-
dependent vasodilatation in salt,1 NO-deficient2 and genetic hyperten-
sion.3,4 All these forms of experimental hypertension are characterized
by sympathetic hyperactivity leading to an enhanced Ca2+ influx
through L-type voltage-dependent Ca2+ channels (L-VDCCs), which
is reflected by an enhanced BP response to the acute administration
of Ca2+ channel blockers, such as nifedipine.4,5

Much less attention has been paid to vasodilator systems (except
for NO) in various forms of experimental hypertension. It seems that
the magnitude of the BP response to acute inhibition of NO synthase
by NG-nitro-L-arginine methyl ester (L-NAME) injection is preserved
in both salt and spontaneous hypertension,1,4 but NO-dependent
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vasodilatation is clearly insufficient in compensating for major sympa-
thetic hyperactivity, indicating a relative NO deficiency in rats with
these forms of hypertension.6,7

The synthesis and/or release of vasodilator prostanoids (namely
prostacyclin (PGI2)) has been found to be increased in the blood
vessels of Dahl salt-hypertensive (DS-HS) rats,8,9 DOCA-salt hyper-
tensive rats and spontaneously hypertensive rats (SHRs),10,11 but not
in prehypertensive SHRs.11,12 Few attempts have been made to
evaluate the contribution of these prostanoids to BP regulation.
Acute indomethacin infusion did not influence the BP of either
normotensive rats or SHRs, but it considerably augmented their BP
response to the inhibition of NO synthase by L-NAME.13,14 Moreover,
an acute administration of indomethacin or meclofenamate (non-
selective cyclooxygenase (COX) inhibitors) increased the vascular
resistance in isolated perfused hindquarters of stroke-prone SHRs,
but it did not augment the vascular response to adrenergic stimula-
tion.15,16 In addition, chronic meclofenamate administration was
reported to augment the salt-induced BP rise and the renal vascular
resistance in SHRs.17,18 Chronic meclofenamate infusion also
increased BP in normotensive rats when they were subjected to a
chronic infusion of subpressor doses of L-NAME.19 These obser-
vations suggest a possible participation of vasodilator prostanoids in
BP control, at least in some hypertensive models.
Another highly interesting vasodilator mechanism is based upon

Ca2+-activated K+ channels; the activation of which leads to mem-
brane hyperpolarization and a reduction of Ca2+ influx through
L-VDCCs.20,21 Increased Ca2+-dependent K+ turnover was reported
in conduit arteries of SHRs22 and DOCA-salt hypertensive rats23

almost 40 years ago. The importance of this system for BP control
and spontaneous hypertension development has been demonstrated
by Furspan and Bohr.24,25 Unfortunately, little has been done to
evaluate the role of this system in the in vivo BP control, although
the inhibitors of both large conductance Ca2+-activated K+ channels
(BKCa) and small or intermediate Ca2+-activated K+ channels (SKCa,
IKCa) are available (for review see Ledoux et al.21). For example,
tetraethylammonium (TEA, in concentrations below 1mmol l�1) can
be used for the inhibition of BKCa under the in vivo conditions.
In this study, we attempted to evaluate the efficiency of the three

above-mentioned vasodilator systems (prostanoids, BKCa and NO) in
three different models of experimental hypertension—genetic hyper-
tension (SHRs), NO-deficient hypertension (L-NAME treated rats)
and salt-induced hypertension (Dahl rats). Using captopril- and
pentolinium-pretreated rats to eliminate the principal pressor systems
(the renin–angiotensin system and the sympathetic nervous system),
we performed either a sequential blockade of all three vasodilator
systems or an isolated blockade of each system to avoid the influence
of a previous blockade of other vasodilator system(s). The aim of our
study was to test the hypothesis on the relative (but not absolute)
deficiency of vasodilator mechanisms in experimental hypertension.
We also tested whether any of these mechanisms show signs of
compensatory enhancement to counterbalance the existing sympa-
thetic hyperactivity.

METHODS

Animals
Studies were performed on three different models of experimental hyperten-

sion: genetic hypertension, NO-deficient hypertension and salt-induced hyper-

tension. Two to four animals were housed per cage under controlled conditions

(temperature 23±1 1C, 12-h light/dark cycles) with ad libitum access to tap

water and standard ST-1 rat chow (different types of diet were used for salt-

induced hypertension; see below). All procedures and experimental protocols

were approved by the Ethical Committee of the Institute of Physiology AS CR

and conformed to the European Convention on Animal Protection and

Guidelines on Research Animal Use.

Genetic hypertension
The experiments were performed in 20-week-old male SHRs and normotensive

Wistar–Kyoto rats (WKY) from the colony of the Institute of Physiology

AS CR, Prague, established from breeding pairs purchased at Charles River.

NO-deficient hypertension
At the age of 12 weeks, male Wistar rats (from the colony of the Institute of

Physiology AS CR, Prague) were randomly divided into control (WIS) or

experimental groups (LN). Animals in the LN group were treated with the NO

synthase inhibitor L-NAME (40mgkg�1 of body weight per day, administered

in the drinking water) for 5 weeks.

Salt-induced hypertension
The experiments were performed in the female animals of two inbred strains—

Dahl salt-sensitive SS/Jr (DS) and salt-resistant SR/Jr (DR) rats from the colony

of the Institute of Physiology AS CR, Prague (initial breeding pairs were kindly

provided by Professor John P Rapp). After weaning at the age of 4 weeks,

animals of both strains were fed either a low-salt (LS, 0.3% NaCl) or a high-salt

(HS, 5% NaCl) diet for 6 weeks.

Blood pressure measurement
One day before BP determination, polyethylene catheters were inserted into the

left carotid artery (PE 50) and the jugular vein (PE 10) under 2% isoflurane

anesthesia and exteriorized in the interscapular region. The BP was recorded

in conscious rats after a 24-h recovery using the PowerLab system

(ADInstruments, Bella Vista, Australia). Four animals (chosen in random

order) were always recorded simultaneously. To eliminate the influence

of circadian BP variation, the measurements were always performed between

0800 and 1130 hours.

Protocol 1: Sequential blockade of three vasodilator systems
The scheme of Protocol 1 is shown in Figure 1a. The baseline BP values were

monitored in conscious animals for 30min (basal values). Thereafter, a

sequential blockade of the principal pressor systems, the renin–angiotensin

system and the sympathetic nervous system, was performed according to a

modified protocol of Minami et al.26 as described by Zicha et al.1 Initially, an

i.v. bolus of captopril (angiotensin converting enzyme inhibitor, 10mgkg�1

body weight) was injected to block angiotensin-dependent vasoconstriction.

After 10min, sympathetic vasoconstriction was eliminated by a ganglionic

blockade induced by pentolinium (5mgkg�1 body weight). When the

decreased BP was temporarily stabilized for approximately 5min at minimum

values, a successive blockade of the depressor systems (formation of prosta-

noids, opening of BKCa channels and NO synthesis) was performed. This

sequence of particular system blockades was chosen on the basis of our

preliminary experiments (Behuliak and Zicha, unpublished data), indicating

that a blockade of prostanoids or BKCa channels after the inhibition of NO

synthase yielded only small BP changes. First, the i.v. administration of the

non-selective COX inhibitor indomethacin (10mg kg�1 body weight followed

by infusion at a rate of 1mgkg�1min�1) lowered the formation of prostanoids.

After the stabilization of BP elevation (10min later), an i.v. bolus of TEA

(20mg kg�1 body weight) was injected to prevent the opening of BKCa
channels. Finally, after the disappearance of the transient TEA-induced BP

peak, the NO synthase inhibitor L-NAME (30mg kg�1 body weight) was

administered, and the BP elevation was monitored for the next 20min.

Protocols 2 and 3: Isolated blockades of particular vasodilator
systems
Baseline BP values and the sequential blockade of pressor systems (renin–

angiotensin system by captopril, and sympathetic nervous system by pento-

linium) were monitored and performed in the same way as in Protocol 1

(Figure 1a). After the temporary BP stabilization for approximately 5min
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following pentolinium administration, an isolated blockade of NO synthesis

(L-NAME, 30mgkg�1 body weight) was performed in Protocol 2 (Figure 1b).

In Protocol 3, pentolinium administration was followed by TEA injection,

which prevented the opening of BKCa channels (Figure 1c). Data for the

isolated blockade of prostanoid formation (non-selective COX inhibition by

indomethacin) were analyzed from Protocol 1 (Figure 1a).

Drugs
All drugs were purchased from Sigma-Aldrich (St. Louis, MO, USA). Indo-

methacin was dissolved in 160mM Na2CO3, and all the other drugs were

dissolved in a saline solution (0.9% NaCl). The drugs were injected as an i.v.

bolus in a volume of 1ml kg�1 body weight by a catheter inserted into the

jugular vein. For each experiment, we prepared fresh drug solutions. Additional

rats (n¼3) were injected with Na2CO3 solution as a vehicle control group. This

small quantity of Na2CO3 did not produce any BP changes in the intact animals

or the rats pretreated with captopril and pentolinium.

Data analysis and statistics
All data are presented as the mean±s.e.m. The effects of the drugs were

analyzed as absolute changes (DBP) and relative BP changes (% DBP; expressed

as a percentage of the basal values of BP). For a two-group comparison,

Student’s t-test was performed. For a multiple group analysis, one-way analysis

of variance and post-hoc Fisher’s least significant difference were used. Po0.05

was considered statistically significant.

RESULTS

All the three forms of experimental hypertension were characterized
by substantial elevation in the basal mean arterial pressure (MAP,
Figure 2) due to a pronounced increase in the sympathetic BP
component, which was estimated on the basis of pentolinium-induced
MAP reduction (Figures 3a–c). The enhancement of sympathetic
vasoconstriction was proportional to the BP elevation in all hyperten-
sive models because there was no significant difference between the
hypertensive rats and their normotensive controls, if the pentolinium-
sensitive MAP component was expressed as a percentage of the basal
MAP (Figures 3d–f). However, the direct pressor contribution of
angiotensin II (estimated on the basis of captopril-induced MAP
reduction) to BP maintenance was much smaller (below 10mmHg)
in all of the studied forms of experimental hypertension, and there was

Figure 2 Basal values of mean arterial pressure (MAP) in three models of experimental hypertension (Protocol 1). (a) Genetic hypertension: spontaneously

hypertensive rats (SHRs, n¼11) and normotensive Wistar–Kyoto rats (WKY, n¼6); *Po0.05 from WKY rats. (b) Nitric oxide-deficient hypertension: NG-nitro-

L-arginine methyl ester treated rats (LN, n¼6) and normotensive Wistar rats (WIS, n¼11); *Po0.05 from WIS. (c) Salt-induced hypertension: Dahl

salt-sensitive (DS) and salt-resistant (DR) rats fed with high-salt (DS-HS and DR-HS) or low-salt diet (DS-LS and DR-LS; n¼8 in each group); *Po0.05 from

DS-LS; #Po0.05 from DR-HS; +Po0.05 from DR-LS rats. Data are expressed as the mean±s.e.m.

Figure 1 (a) Protocol 1: Representative authentic recordings of blood pressure changes in conscious rats after the sequential i.v. blockade of pressor

systems, renin–angiotensin system (RAS, 10 mgkg�1 body weight i.v. captopril) and the sympathetic nervous system (SNS, 5 mgkg�1 body weight i.v.

pentolinium), followed by successive blockade of depressor systems—blockade of prostanoids formation by a non-selective cyclooxygenase inhibitor

(10 mgkg�1 indomethacin followed by its infusion 1 mgkg�1 min�1 body weight i.v.), prevention of the opening of BKCa channels by tetraethylammonium

(20 mgkg�1 body weight i.v. tetraethylammonium (TEA)) and inhibition of nitric oxide (NO) synthase by NG-nitro-L-arginine methyl ester (L-NAME,

30mgkg�1 body weight i.v.). (b) In Protocol 2, the blockade of pressor systems (RAS and SNS) was followed by the blockade of NO synthesis (30mgkg�1

body weight i.v. L-NAME), whereas the blockade of BKCa channels (c) was studied in Protocol 3 (20mg kg�1 body weight i.v. TEA). These protocols were

same for all the three models of experimental hypertension.
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no significant difference between the hypertensive and the normoten-
sive animals (data not shown).
The infusion of indomethacin caused a pronounced lasting BP

elevation in the rats pretreated with captopril and pentolinium
(Figure 1a). This effect was always significantly greater in the hyper-
tensive rats compared with their respective controls (Figures 4a–c).
The difference in the vasodilator contribution of prostanoids was
greatest in SHRs (Figure 4a), but the relative vasodilator efficiency of
this vasodilator system was not significantly altered in any hyperten-
sive models (Figures 4d–f).
The acute blockade of BKCa channels by TEA injection caused a

considerable, but transient, BP peak (Figures 1a and c), which was
again more pronounced in all three forms of hypertension (Figures
5a–c). However, the relative efficiency of these K+ channels in
modifying the BP was never increased in the rats with either form
of experimental hypertension (Figures 5d–f).
On the contrary, BP changes induced by the acute inhibition of NO

synthase indicated a similar L-NAME induced BP rise in the SHRs and

WKY rats (Figure 6a). Of course, the BP response was greatly
attenuated in the NO-deficient rats (Figure 6b). There was a moderate
reduction in the BP response in the DS-HS rats compared with
normotensive DS-LS rats, but the BP response to acute L-NAME in
hypertensive DS-HS animals did not differ from that of normotensive
DR-HS animals (Figure 6c). When L-NAME induced BP changes were
expressed in terms of basal MAP, it was evident that the relative
vasodilator efficiency of the NO system was considerably attenuated,
not only in NO-deficient rats but also in the SHRs and DS-HS rats
(Figures 6d–f). These findings indicate the important alterations
of this vasodilator system in all three forms of experimental
hypertension.
When all the rats studied using Protocol 1 were combined (irre-

spective of the form of experimental hypertension), we could evaluate
the contribution of the particular vasoconstrictor and vasodilator
systems to BP maintenance. It is evident that the basal MAP level
was proportional to sympathetic vasoconstriction (pentolinium-
induced MAP changes; Figure 7a). The compensatory activation of

Figure 3 The absolute (a–c) and relative (d–f) changes of mean arterial pressure (MAP) induced by blockade of the sympathetic nervous system by

pentolinium (5 mgkg�1 body weight i.v.) in captopril-pretreated rats (Protocol 1). Relative values (d–f) represent MAP changes expressed as a percentage of

basal MAP. Data are expressed as the mean±s.e.m. For other legends, see Figure 2.

Figure 4 The absolute (a–c) and relative (d–f) changes in mean arterial pressure (MAP) induced by a non-selective cyclooxygenase inhibitor (10 mgkg�1

indomethacin followed by its infusion, 1 mgkg�1 min�1 body weight i.v.) in captopril- and pentolinium-pretreated rats (Protocol 1). Data are expressed as the

mean±s.e.m. For other legends, see Figure 2.
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vasodilator prostanoids and Ca2+-activated K+ channels was indicated
by the highly significant correlations between basal MAP and either
indomethacin-induced or TEA-induced MAP changes (Figures 7b
and c). On the contrary, there was no significant relationship between
L-NAME induced MAP changes and the basal MAP level (Figure 7d).
In further experiments, we studied the effects of an isolated

blockade of either NO synthesis or BKCa channels using additional
subgroups of rats with the three above-mentioned forms of experi-
mental hypertension. When we examined BP effects of an isolated
blockade of NO synthase by L-NAME (Protocol 2) in these three
hypertensive models, we also demonstrated the relative NO deficiency
in the SHRs and the DS-HS (Table 1). When we induced an isolated
blockade of BKCa channels by TEA according to Protocol 3, we
observed a tendency toward increased absolute BP responses and
decreased relative BP responses in all three models. However, these
changes did not attain statistical significance (Table 1).

DISCUSSION

The present study aimed to evaluate how particular vasodilator
systems (prostanoids, BKCa channels and NO) respond to the devel-
opment of chronic BP elevation. On the basis of our long-term
experience, we have chosen three reliable models of genetic, NO-
deficient and salt hypertension with a similar extent of BP elevation.
All three forms of experimental hypertension are characterized by an
enhanced contribution of sympathetic vasoconstriction to BP main-
tenance. Our data revealed a compensatory activation of both pros-
tanoids and BKCa channels in all forms of hypertension examined. The
augmentation of the vasodilator activity in both systems was propor-
tional to the degree of BP elevation because we observed an enhanced
BP rise in hypertensive rats after the acute blockade of these vasodi-
lator systems, but the relative BP rise (expressed as a percentage of the
basal BP) was not significantly different from the respective normo-
tensive controls. On the contrary, the BP response to an acute

Figure 5 The absolute (a–c) and relative (d–f) changes of mean arterial pressure (MAP) induced by the transient blockade of BKCa channels (20mgkg�1

body weight i.v. tetraethylammonium) in captopril- and pentolinium-pretreated rats after the blockade of prostanoids formation by indomethacin (Protocol 1).
Data are expressed as the mean±s.e.m. For other legends, see Figure 2.

Figure 6 The absolute (a–c) and relative (d–f) changes in mean arterial pressure (MAP) induced by nitric oxide synthase inhibitor (30mgkg�1 body weight

i.v. NG-nitro-L-arginine methyl ester) in captopril- and pentolinium-pretreated rats after the blockade of prostanoids formation by indomethacin and the
transient blockade of BKCa channels by tetraethylammonium (Protocol 1). Data are expressed as the mean±s.e.m. For other legends, see Figure 2.
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inhibition of NO formation was never enhanced in hypertensive
animals compared with their controls. When the BP rise elicited by
L-NAME injection was expressed in terms of basal BP, a severe relative
NO deficiency was disclosed in both SHRs and DS-HS rats. Thus, NO
deficiency—either relative (genetic or salt hypertension) or absolute
(chronic L-NAME hypertension)—represents the principal vasodilator
defect in experimental hypertension.

The activation of vascular synthesis and the release of vasodilator
prostanoids (namely PGI2) were repeatedly demonstrated in rats with
genetic10,11 or salt hypertension.8,9 It should be noted that such an
activation of prostanoid formation was absent in prehypertensive
SHRs11,12 or in salt-sensitive Dahl rats fed on a low-salt diet.8,9 This
result suggests that prostanoid synthesis is enhanced as a consequence
of high BP and/or underlying hypertensive mechanisms. In addition,
the acute COX inhibition by indomethacin increased the vascular
resistance in perfused SHRs’ hindlimbs.15,16 Thus, our data on the
enhanced indomethacin-induced BP rise in conscious hypertensive
rats, as well as a highly significant positive correlation (Figure 7b)
between the indomethacin-induced BP rise and the basal BP level,
represent a direct confirmation of the validity of the above data under
the in vivo conditions.
Interestingly, Jones et al.27 reported that norepinephrine, through

its alpha1-adrenergic mechanisms, stimulated the in vitro production
of PGI2, prostaglandin E2 and thromboxane A2 in the aorta of salt-
loaded rats, and this prostanoid formation was effectively inhibited by
indomethacin, which also shifted the contractile dose–response curve
to higher norepinephrine concentrations. When we examined the
relationships between sympathetic vasoconstriction and prostanoid-
dependent vasodilatation in our set of experimental animals, we found
a highly significant correlation between the magnitude of the pento-
linium-induced BP fall and the indomethacin-induced BP rise
(r¼0.599, n¼53, Po0.0001), which is in good agreement with the
in vitro findings of Jones et al.27 There was a closer correlation between
the basal BP and the pentolinium-induced BP fall than with the
indomethacin-induced BP rise (Figures 7a and b), supporting the
primary importance of sympathetic hyperactivity for the maintenance
of high BP. Indomethacin is a non-selective COX inhibitor. Our
preliminary experiments with selective COX inhibitors in SHRs
indicated that combined COX1 (SC-560 or valeryl salicylate) and
COX2 (celecoxib) inhibition is necessary for mimicking the observed
indomethacin-induced BP changes. Nevertheless, selective COX2
inhibition had significantly greater BP effects in SHRs than in WKY
rats (34.5±1.7 vs. 9.2±3.4mmHg). Moreover, the BP changes
elicited by celecoxib corresponded to 65±2% of the indomethacin-
induced BP rise, whereas it was only 36±1% in WKY rats (Behuliak,
unpublished data).
PGI2, which is a dominant vasodilator prostaglandin, controls

vascular tone through cAMP formation.28 Our recent studies con-
firmed the importance of cAMP in the control of Ca2+ entry through
L-VDCCs.29,30 It is important to note that indomethacin-induced BP
changes can be effectively prevented by nifedipine pretreatment, and
they can also be abolished if nifedipine is injected in animals with
established indomethacin-induced BP elevation (Zicha, unpublished
data). These results demonstrate the role of Ca2+ entry through
L-VDCCs in the prostanoid-mediated control of vascular tone.
The activation of large conductance Ca2+-activated K+ channels

(BKCa) in the vascular smooth muscle of hypertensive rats is the basis
of increased K+ turnover/K+ efflux in various forms of experimental
hypertension (for review see Jones;31 Furspan;32 Bohr33). BKCa chan-
nels might be activated because of the enhanced Ca2+ influx and/or
the deficient activity of voltage-dependent K+ channels (for review see
Cox and Rusch34). In contrast to a large number of sophisticated
in vitro studies performed in isolated arteries or other tissues, there
is a lack of information on their function in resistance vessels under
the in vivo conditions. Using appropriate doses of TEA, which did not
surpass the concentration of 0.5mmol l�1 in the extracellular fluid, we
have demonstrated major transient BP peaks, which were augmented
in hypertensive rats compared with normotensive rats. This result was

Figure 7 Relationships between mean arterial pressure (MAP) and absolute

BP changes induced by (a) blockade of sympathetic nervous system

(pentolinium); (b) blockade of prostanoids formation by non-selective

cyclooxygenase inhibitor (indomethacin); (c) transient blockade of BKCa

channels (tetraethylammonium, TEA); and (d) blockade of nitric oxide (NO)
synthase (NG-nitro-L-arginine methyl ester, L-NAME). Triangles represent

genetic hypertension (spontaneously hypertensive rats and Wistar–Kyoto

rats), squares salt-induced hypertension (Dahl rats) and circle NO-deficient

hypertension (LN and WIS rats).

Table 1 Absolute (mmHg) and relative (% of basal MAP) MAP

changes induced by an isolated blockade of either NO synthase

(Protocol 2) or BKCa channels (Protocol 3) in captopril- and

pentolinium-pretreated rats

Genetic

hypertension

NO-deficient

hypertension

Salt-induced

hypertension

SHR WKY LN WIS DS-HS DS-LS

Protocol 2 n¼8 n¼10 n¼6 n¼8 n¼5 n¼6

D L-NAME 73±4 81±2 17±3** 92±8 99±5 93±5

% D L-NAME 38±2** 77±2 10±2** 74±6 50±2* 76±4

Protocol 3 n¼6 n¼6 n¼5 n¼5 n¼5 n¼5

D TEA 59±10 42±4 57±3 54±6 50±8 46±5

% D TEA 31±5 40±4 39±2 48±5 26±4 35±3

Abbreviations: DS-HS, Dahl salt-hypertensive; DS-LS, Dahl salt rats fed with low-salt diet; L-
NAME, NG-nitro-L-arginine methyl ester; LN, L-NAME treated rats; NO, nitric oxide; SHR,
spontaneously hypertensive rats; TEA, tetraethylammonium; WIS, Wistar rats; WKY, Wistar–
Kyoto rats.
Data are mean±s.e.m.
*Po0.05.
**Po0.001 from respective controls.
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in a good agreement with our recent study,35 which revealed enhanced
contraction of the femoral arteries isolated from SHRs in the presence
of 1mmol l�1 TEA. To verify the specificity of our BKCa channel
blockade, we have performed some pilot experiments in normotensive
WKY rats, in which the acute administration of a more specific
BKCa channel blocker (paxilline, 5mg kg�1 i.v.) to animals pretreated
with captopril and pentolinium caused a similar BP elevation as the
injection of TEA (20mg kg�1; 20±3 vs. 24±4mmHg), although the
paxilline-induced BP rise was less steep and more prolonged com-
pared with that elicited by TEA.
The availability of mouse strains deficient in the function of BKCa

channels (usually caused by the disruption of their b1 or a subunits)
offers new tools for the analysis of the role of these channels in
cardiovascular physiology. The inborn dysfunction of BKCa channels
in these strains is associated with a moderate BP elevation of
5–20mmHg.36–39 Although these mouse data suggest only a minor
role of BKCa in BP regulation, all knockout models represent the
animals in which the chronic deficiency of particular channels was
present during the entire ontogeny and is, therefore, compensated by
other available systems to a large extent. Thus, a comparison between
the BPs in knockout and wild-type mice can hardly reveal the
contribution of BKCa channels to the vasodilatation in normal animals.
The mechanism of BKCa channel activation might also be related to

the sympathetic hyperactivity. Nelson et al.40 described the activation
of L-VDCCs after norepinephrine stimulation, which results in an
enhanced Ca2+ influx. Our earlier study4 demonstrated that a Ca2+

influx through L-VDCCs during the tonic phase of norepinephrine-
induced vascular contraction represents a decisive part of enhanced
sympathetic vasoconstriction in SHRs. Moreover, Kuneš et al.5

reported an increased nifedipine-sensitive BP component in all three
forms of experimental hypertension examined in the present study.
When we analyzed the relationship between sympathetic vasoconstric-
tion and BKCa-dependent vasodilatation in our animals, we again
observed a highly significant correlation between the magnitude of the
TEA-induced BP rise and the magnitude of the pentolinium-induced
BP fall (r¼0.554, n¼53, Po0.0001) or the basal BP (Figure 7c),
supporting the above hypothesis on the role of the sympathetic
hyperactivity and the enhanced Ca2+ influx during BKCa activation.
It should also be noted that a major part of the TEA-induced BP rise
can be blocked by nifedipine, suggesting that the opening of L-VDCCs
resulting from the absence of the hyperpolarizing action of BKCa

channels is the main mechanism of BP increase observed after acute
TEA administration (Pintérová, unpublished data).
Nevertheless, NO, which seems to be the most potent among the

three endogenous vasodilator systems investigated, behaves quite
differently under the conditions of spontaneous or salt hypertension.
In contrast to both of the above-mentioned systems (PGI2 and BKCa
channels), we did not observe any signs of the activation of NO-
dependent vasodilatation in these two hypertensive models, which are
both characterized by enhanced sympathetic vasoconstriction. The
absolute values of the BP rise elicited by acute L-NAME injection in
the spontaneously or the salt hypertensive rats never surpassed the
values found in the normotensive controls (Figures 6a and c).
Furthermore, when L-NAME induced BP changes were expressed as
a percentage of the basal BP, the relative NO deficiency was disclosed
in both the forms of experimental hypertension (Figures 6d and f).
The presence of relative, but not absolute, NO deficiency in these two
hypertensive models was further supported by a highly significant
negative correlation between the basal MAP and the relative L-NAME
induced MAP changes (r¼�0.747, n¼47, Po0.0001), whereas abso-
lute L-NAME induced MAP changes did not correlate with the basal

MAP (r¼�0.005; Figure 7d). There was no significant correlation
between the pentolinium-induced BP fall and the L-NAME induced
BP elevation (r¼�0.012).
In conclusion, our data suggest compensatory activation of vaso-

dilator prostanoids and Ca2+-activated K+ channels in rats with
experimental hypertension, whereas NO-dependent vasodilatation
was not augmented. Thus, the overall activity of the vasodilator
systems failed to compensate for the augmented sympathetic vaso-
constriction in hypertensive animals.
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