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Abstract

This study tested the hypothesis that nitric oxide (NO) production contributes to relaxation induced by 3',5'-cyclic adenylate
monophosphate (cAMP)-elevating agents and that high salt diet impairs this mechanism of relaxation. Relaxation response to isoproterenol
but not sodium nitroprusside, a NO donor, was reduced in the thoracic aorta from rats that were placed on a high salt diet (8% NaCl;
60 + 4%, P<0.001). 1H-[1,2,4]oxadiazolol [4,3,-a]quinoxalin-1-one (ODQ, 10 uM), a soluble guanylate cyclase inhibitor, but not N“-nitro-
L-arginine methyl ester (L-NAME, 100 uM), an inhibitor of NO synthase (NOS), attenuated the relaxation to isoproterenol (59 & 16%,
P<0.01). High salt diet also impaired the relaxation responses to forskolin, an activator of adenylate cyclase, or 8-Bromo-cAMP (8-Br-
cAMP). (N-[2-(( p-bromocinnamyl)aminoethyl]-5-isoquinolinesulfonamide hydrochloride (H-89) (8 uM), an inhibitor of cAMP-dependent
protein kinase, did not affect the relaxation produced by isoproterenol. These data suggest that high salt diet impairs relaxation response to
isoproterenol by a dual mechanism involving diminished NO/NOS pathway linked to cGMP pathway and diminished cAMP pathway that is

independent of protein kinase A.
© 2003 Elsevier B.V. All rights reserved.

Keywords: Salt; Aorta; Isoproterenol; Nitric oxide (NO); cAMP; cGMP

1. Introduction

High salt diet can result in elevated blood pressure in
such experimental animal models as the spontaneously
hypertensive rat (Wu et al., 1998) or Dahl salt-sensitive
rat (Nishida et al., 1998) as well as in normal Sprague—
Dawley rats (Miyajima and Bunag, 1985; Sofola et al.,
1993; Giardina et al., 2001) and Wistar rats (Kagota et al.,
2001). High salt diet has also been implicated in the
pathogenesis of human hypertension, particularly in salt-
sensitive individuals as high salt diet was correlated with the
level of blood pressure (Intersalt, 1988; Stamler et al.,
1991). Conversely, salt restriction resulted in a small but
significant reduction in blood pressure (Sacks et al., 2000).
In contrast, in salt-resistant individuals, high salt diet is only
associated with modest increases in blood pressure while
major endothelial cell dysfunction or alterations in vascular
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reactivity are usually not seen (Bragulat et al., 2001).
Studies in salt-sensitive experimental animals such as the
Dahl salt-sensitive rat have shown that elevated blood
pressure resulting from a high salt diet is associated with
endothelial cell dysfunction as well as enhanced vascular
reactivity to vasoconstrictor stimuli (Wu et al., 1998; Ade-
gunloye and Sofola, 1997; Obiefuna et al., 1991a), which
may contribute, at least in part, to the high blood pressure
(Nishida et al., 1998; Hayakawa et al., 1999).

From the results of many studies, there is no consensus
regarding the effect of high salt diet on the relaxation to
many agonists including but not limited to acetylcholine.
For example, attenuated relaxation response to acetylcho-
line was observed in spontaneously hypertensive rat
(Kagota et al., 2001) or Dahl salt-sensitive rat rats (Nishida
et al., 1998) but not in Sprague—Dawley rats (Adegunloye
and Sofola, 1997; Obiefuna et al., 1991b; Giardina et al.,
2001). However, others have observed that high salt diet
caused reduction of acetylcholine-induced relaxation
(Lenda et al., 2000). The involvement of different signal-
ling mechanisms and the downstream pathways in salt-
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induced changes in vascular responses is the subject of
many recent studies but available information produce
conflicting data. For example, Kagota et al. (2001) ob-
served that high salt diet caused a reduction in acetylcho-
line-mediated release of ¢cGMP in the spontaneously
hypertensive rat without affecting the initial step involving
nitric oxide (NO) production. However, high salt diet was
reported to impair acetylcholine-induced dilation in Dahl
salt-sensitive rats by a mechanism involving reduced re-
lease of NO from the endothelium (Nava and Luscher,
1995). The lack of a consensus on the effects of salt
loading on acetylcholine-mediated relaxation, therefore,
necessitates an evaluation of other relaxant mechanisms
during salt loading. The involvement of other relaxant
mechanisms in salt-induced vascular dysfunction is sup-
ported by recent studies in which evidence was provided
that high salt diet affects the cAMP system (Frisbee et al.,
2001). However, as with the NO/cGMP system, available
studies produced conflicting data as Frisbee et al. (2001)
reported that high salt did not alter vascular cAMP pro-
duction whereas an earlier report demonstrated a rise in
cAMP level in thoracic aorta of desoxycorticosterone
acetate-salt hypertensive rats (Mangiarua et al., 1989).

Apart from cAMP, the traditional mediator of the effects
of pB-adrenoceptor agonists, isoproterenol elicits a relaxation
that is endothelium-dependent and mediated by NO/cGMP
(Bradley et al., 2000). Isoproterenol, therefore, provides a
better tool than an agonist that uses a single mechanism for
evaluating the effects of salt loading on different vascular
relaxant mechanisms. This is underscored by recent dem-
onstrations of cross talk between many signalling pathways
including the cAMP and cGMP pathways (White et al.,
2000; Murthy, 2001). These experiments, therefore, evalu-
ated the effects of high salt diet on cAMP-mediated relax-
ation responses to isoproterenol and the associated signaling
pathways. Our data suggest that salt loading impaired the
cAMP- and NO-mediated components of isoproterenol-
induced relaxation of rat aortic ring and highlights the
complex mechanisms involved in vascular reactivity fol-
lowing ingestion of a high salt diet.

2. Materials and methods
2.1. Drugs

Forskolin, 1H-[1,2,4]oxadiazolol [4,3,-a]quinoxalin-1-
one (ODQ) and (N-[2-(( p-bromocinnamyl)aminoethyl]-5-
isoquinolinesulfonamide hydrochloride (H-89) were dis-
solved in dimethylsulfoxide (DMSO) to prepare stock
solutions (100 uM) from which aliquots were added to
Krebs buffer giving a final DMSO concentration not greater
1%. Indomethacin was dissolved in 2.5% sodium carbonate
while L-NAME was dissolved in normal saline to give stock
solutions of (100 uM) and both were prepared on each
experimental day. All drugs used were obtained from Sigma

(St. Louis, MO, USA) except H-89, which was obtained
from Calbiochem (La Jolla, CA, USA).

2.2. Protocol

Experiments were carried out on weanling (4 weeks
old, 172 £ 2 g) male Sprague—Dawley rats (Harlan-Teklad,
Madison, WI). These rats were kept on a normal rat diet
(0.4% NaCl) for 2 weeks for acclimatization, after which
they were divided into two groups. One group continued
on normal diet while the other group was placed on a high
salt diet containing 8% NaCl for the next 5—6 weeks. At
the end of the feeding period, the rats were euthanized
(sodium pentobarbital, 100 mg kg~ !, i.p.) and the thoracic
aorta was quickly excised and placed in ice-cold (4 °C)
Krebs solution of this composition (mM): NaCl, 119;
NaHCOs;, 25; KCl, 4.7; CaCl,, 1.6; MgS0,4-7H,0, 1.17;
KH,PO,, 1.18; and glucose, 5.5, pH 7.4. The aorta was
then cut into 3 mm ring segments and mounted in a 10-ml
jacketed organ bath (World Precision Instruments, Sara-
sota, FL, USA) containing warmed (37 °C), oxygenated
(5% CO,—-95% 0O,) Krebs solution to which indomethacin
(10 M) was added to block endogenous production of
prostanoids. The ring was suspended in the bath solution
and attached to an isometric force transducer, model FORT
10 (WPI). The force transducer was connected via a
transbridge TBM-4 (World Precision Instruments) coupled
to a data-acquisition system (DataQ Instruments, Akron,
OH, USA) for recording of isometric tension developed.
The rings were subjected to a resting tension of 2 g and
allowed to equilibrate for a period of 90 min while being
rinsed every 15 min. During this period, the rings were
subjected to two challenges of 100 nM phenylephrine 30
min apart.

At the end of the equilibration period, relaxation responses
to cumulative doses of isoproterenol (1 nM to 10 uM) were
determined in aortic rings that were preconstricted to 70—
80% of maximal contraction with 100 or 70 nM phenyleph-
rine in rats on normal or high salt diets, respectively. Phen-
ylephrine concentrations were adjusted under different
conditions as needed to achieve the desired preconstricted
vascular tone. Unless otherwise stated, all experiments were
conducted in endothelium-intact aortic rings, the presence of
endothelium being ascertained by a full relaxation to acetyl-
choline (10 uM). In all experiments, a drug-tissue contact
time of at least 3 min was allowed for each concentration of
agonist. In order to reduce the effect of photodegradation on
isoproterenol, the tests were performed in a darkened room
dimly lit by a distantly placed sodium lamp. At the end of the
tests, the rings were thoroughly rinsed, left for at least 30 min
before other agonists were evaluated. In evaluating the effects
of inhibitors, they were added to the buffer for 30 min before
redetermining the concentration—response relationship to
isoproterenol. The effects of antagonists were evaluated by
comparing the responses to isoproterenol between vehicle-
and inhibitor-treated aortic rings.
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In order to analyse the relaxation mechanisms, isopro-
terenol responses were determined before and after the
addition of N®-nitro-L-arginine methyl ester (L-NAME,
100 uM) an inhibitor of nitric oxide synthase (NOS),
ODQ (10 uM), an inhibitor of soluble guanylate cyclase,
propranolol (10 pM), a B-adrenoceptor antagonist, or H-89
(8 pM), an inhibitor of protein kinase A (PKA). The
efficacy of H-89 as a PKA inhibitor at this concentration
was ascertained by its ability to selectively blunt the
relaxation induced by 8-Bromo-cAMP (8-Br-cAMP). For
each inhibitor, one ring from one vessel was used. As L-
NAME enhanced the contraction produced by phenyleph-
rine, concentration of phenylephrine used in this set of
experiments was reduced to 70 nM in rats on normal diet or
55 nM in rats on high salt diet to produce the required 70—
80% increase in tone of the aorta.

Additional experiments were also carried out using other
agonists. For these experiments, cumulative dose responses
were determined for forskolin (1 nM to 10 uM), an activator
of adenylate cyclase, 8-Br-cAMP (1 nM to 100 pM), a cell-
permeable analog of cAMP, a second messenger for isopro-
terenol, or sodium nitroprusside (0.1—100 nM), a donor of
NO. The responses to sodium nitroprusside were determined
in the presence of indomethacin (10 uM) and L-NAME (100
UM) so as to prevent any effects from prostanoids and
endothelial NO. In order to avoid any carry-over effects
between these agonists and the inhibitors, one ring was used
for each drug.

2.3. Statistical analysis

Relaxation response at each dose of an agonist was
calculated as the percentage change of tension from that
obtained following PE-induced contraction and the concen-
tration—response curves were plotted. Area under the curve
was determined for each curve by the trapezoidal rule using
a regression analysis using a statistical software package
(GraphPad Prism, version 3.0). Differences between rats on
normal or high salt diet were compared using repeated
measures analysis of variance (ANOVA) followed by the
Student—Newman—Keuls’ post hoc test. In some cases,
Student’s #-test for unpaired data was used for comparison
between the means of two groups using an average of all
data points on each curve. P values <0.05 were considered
significant.

3. Results

At the end of the 5- to 6-week feeding period, the rats on
normal diet weighed more than those on high salt (321 + 3
g, n=26, versus 297 + 3 g, n=24). However, in a randomly
selected number of rats from both groups, systolic blood
pressure was greater in rats on high salt diet (149 =2 mm
Hg, n=9) than that obtained in rats on normal diet (123 &+ 2
mm Hg, n=9).

3.1. Relaxation responses to isoproterenol

The tension developed to 100 nM phenylephrine in
endothelium-intact aortic rings used in these experiments
was ~ 51% greater in rats on high salt diet (1.77 £ 0.10 g,
n=15, versus 1.17 £0.07 g, n=15). The relaxation
responses to isoproterenol in aortic rings from rats fed a
normal diet (n=12) and those on high salt diet (n=12) are
shown in Fig. 1A. Relaxation responses were evaluated in
aortic rings from rats on normal or high salt diets that were
challenged with 100 or 70 nM phenylephrine, respectively,
producing tensions of 1.21 £ 0.05 or 1.18 + 0.06 g, respec-
tively. Isoproterenol elicited a dose-dependent relaxation of
the rat aortic ring preconstricted with phenylphrine. The
relaxation was significantly attenuated in rings from rats on
high salt diet (60 + 4%, P<0.01). The threshold concen-
trations for the effect of isoproterenol in rats on normal or
high salt diets are 10 and 100 nM, respectively. At the
highest concentration (10 pM), isoproterenol-induced relax-
ation was greater in rats on normal diet (83.0 £ 2.9% versus
45.1 + 3.0%, P<0.01). Propranolol (10 uM) abolished the
responses in both groups of rats (n=3 per group) uncover-
ing a 5—8% vasoconstriction at higher concentrations (>1
uM), Fig. 1B.
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Fig. 1. Dose—response relationship to isoproterenol (ISO) in aorta of rats on
normal diet (M; NR, n=12) or 8% NaCl dict (®; SR, n=12) (A).
Relaxation responses to isoproterenol before and after 10 uM propranolol
(+Prop) in NR (O; n=3) and SR (O; n=3) (B). Responses were
significantly attenuated in SR. *P<0.01 versus NR.
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3.2. Responses to isoproterenol as affected by NO and
cGMP

The effect of inhibition of NOS with L-NAME (10~ * M)
on the relaxation response to isoproterenol in rats on normal
or high salt diet is shown in Fig. 2A. In the rings (n=06)
from rats on high salt diet, L-NAME had no effect on the
relaxation response (7 £ 7%) whereas in rats on normal diet
(n=17), addition of L-NAME resulted in a significant atten-
uation of the relaxation at concentrations of isoproterenol
>0.1 pM (64 £ 13%, P<0.001). This inhibition is such that
the difference that hitherto existed between both groups of
rats was obliterated.

The relaxation response to sodium nitroprusside was not
different between aortic rings from rats on normal (n=15) or
high salt diet (n=5) (P>0.05) (Fig. 2B). ODQ (10 pM), an
inhibitor of soluble guanylate cyclase, abolished the relax-
ation induced by sodium nitroprusside (3 nM) in rats on
normal (»=3) and high salt diet (»=3). ODQ also inhibited
the relaxation produced by isoproterenol in both groups of
rats (Fig. 3). This inhibition was similar in magnitude for
rats on normal or high salt diet being: 59 + 16% (P <0.01)
in rats on high salt diet, a value that was not different from
an inhibition of 50 £ 11% (P <0.01) that was obtained in
rats on normal diet. Inhibition by ODQ of isoproterenol
relaxation was such that there was no difference in response
between ODQ-treated aortic rings from rats on normal diet
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Fig. 2. Relaxation responses to isoproterenol (ISO) in untreated thoracic
aortic rings from NR in the absence (B) or presence (O) of L-NAME (100
puM) or in rings from SR in the absence (@) or presence (O) of L-NAME
(A). Responses to sodium nitroprusside (SNP) in NR (B, n=6) or SR (@,
n=06) (B). *P<0.01 versus NR.
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Fig. 3. Responses to isoproterenol (ISO) before or after ODQ (10 pM) in
NR (O; n=5) and SR (O; n=5). Responses in ODQ-treated vessels were
compared with that in untreated vessels from NR (W) or SR (@). *P<0.01
versus NR or SR.

and that from untreated aortic rings from high salt diet rats.
However, ODQ further blunted the reduced relaxation to
isoproterenol in aortic rings from rats on high salt diet by
59 £16% (P<0.01).

3.3. Responses of aortic rings to forskolin and 8-Br-cAMP:
effect of inhibition of NO production

The relaxation responses to forskolin and 8-Br-cAMP are
presented in Fig. 4. Compared to rats on normal diet (n=7),
the overall relaxation response to forskolin (I nM to 1 pM)
was lower in aortic rings from rats on high salt diet
(34 £ 5%, P<0.01; n=06). Relaxation elicited by 8-Br-
cAMP (1 nM to 10 uM) was 50 £ 4% lower in rats on high
salt diet (n=6) compared with rats on normal diet (n=0),
(P<0.01). The weaker response to 8-Br-cAMP (exogenous)
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Fig. 4. Dose—response relaxation to forskolin (FSK, A) or 8-Bromo-cAMP
(8-Br-cAMP; B) in untreated vessels from NR (M; n=5-6) and SR (@;
n=>5-06) or in L-NAME-treated vessels harvested from NR (O) or SR (O).
Responses to FSK were attenuated in SR. *P<0.01 versus NR or SR.
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Fig. 5. Relaxation responses to isoproterenol (ISO) before and after addition
of the protein kinase A inhibitor, H-89 (8 uM), in NR (O; n=6) or SR (O;
n==6).

in rats on high salt diet is similar to that seen with forskolin
(Fig. 4A) and isoproterenol (Fig. 2A) (endogenous cAMP).
Fig. 4 also presents data demonstrating a role for NO in
cAMP-mediated relaxation of the rat aorta. L-NAME (100
uM) attenuated forskolin-induced relaxation (63 + 12%,
P<0.01) in aortic rings from rats on normal diet (n=>5)
but not in rats on high salt diet (n=5) (Fig. 4A), as did
removal of the endothelium (data not shown). As observed
with isoproterenol in Fig. 2A, L-NAME abolished the
difference in forskolin-induced relaxation between rats on
normal or high salt diet. By contrast, L-NAME attenuated the
relaxation responses elicited by 8-Br-cAMP in both groups
of rats (n=4 per group) (Fig. 4B).

3.4. Responses of aortic rings to isoproterenol as affected
by inhibition of PKA

cAMP-induced vasodilation is mediated via a transduc-
tion cascade involving cAMP-dependent protein kinase
(White et al., 2000) and this pathway may be affected in
rats fed high salt. However, H-89 (8 uM), an inhibitor of
PKA, attenuated the relaxation response to 8-Br-cAMP
(100 uM), a PKA activator (52 £+ 8%, P<0.01; n=>5), but
did not inhibit the response to isoproterenol in rats on
normal or high salt diet. If anything, the responses were
enhanced comparably in aortic rings from both groups of
rats (Fig. 5).

4. Discussion

The present study demonstrates that high salt diet im-
paired -adrenoceptor-mediated relaxation responses to iso-
proterenol, as well as relaxation to forskolin, and 8-Br-
cAMP, but not sodium nitroprusside in the thoracic aorta of
Sprague—Dawley rats. The impaired relaxation in the salt-
loaded rats to isoproterenol appears to be exclusively linked
to impairment of NO production inasmuch as L-NAME, the
NO inhibitor, abolished the difference between rats on
normal or high salt diet. In addition, L-NAME did not
produce additional inhibition of isoproterenol relaxation in
rats on high salt diet but inhibition of soluble guanylate
cyclase with ODQ did.

Attenuation by L-NAME of isoproterenol relaxation in
rats fed a normal diet suggests that NO production is a major
component of the relaxant effect in the rat aorta and is
consistent with some reports that demonstrated that isopro-
terenol relaxation is partly endothelium-dependent and is
mediated by NO (Bradley et al., 2000; Toyoshima et al.,
1998). However, this result is at variance with that reported
in spontaneously hypertensive rat where high salt diet was
shown not to affect the endothelial-NOS/NO pathway but
impaired the guanylate cyclase/cGMP pathway (Kagota et
al., 2001). The lack of a difference in sodium nitroprusside-
induced relaxation between rats on normal or high salt diet
and ODQ inhibition of isoproterenol relaxation in both
groups of rats in the present study does not support an
impairment of the cGMP pathway but demonstrates that NO
relaxation is not always linked to activation of the cGMP
pathway. Until recently, it has generally been assumed that
the actions of NO are solely mediated via activation of
soluble guanylate cyclase which increases the levels of
c¢GMP. This conclusion is supported by the finding that
endothelium-derived NO and NO donors increase cGMP
levels in vascular tissues and that inhibitors of soluble
guanylate cyclase attenuate the vasodilatory response to
NO in many vessels (Martin et al., 1985; Wanstall et al.,
2001). Further support for this hypothesis was provided by
the observation that the effects of L-NAME on arterial
pressure and renal function can be reversed by 8-Br-cGMP
(Lahera et al., 1993). However, this scheme for NO-induced
vasodilation has been questioned because in a variety of
vascular tissues, NO acts via both ¢cGMP-dependent and
c¢GMP-independent mechanisms (Bolotina et al., 1994;
Trottier et al., 1998). The abolition by L-NAME of the
difference in isoproterenol relaxation between rats on nor-
mal or high salt diet, the failure of L-NAME to produce
further inhibition of isoproterenol relaxation in rats on high
salt diet, and the lack of difference in sodium nitroprusside
relaxation between both groups of rats may at first suggest
that the cGMP pathway is not involved in high salt-induced
impairment of NO-induced relaxation in the rat aorta.
However, considering that ODQ inhibition of the relaxation
elicited by isoproterenol was of similar magnitude in rats on
normal or high salt diet and that ODQ abolished the
relaxation by sodium nitroprusside in both groups of rats
invalidates such a notion. In view of the presence of residual
NO as suggested by Cohen et al. (1997), our data imply that
L-NAME alone may not completely inhibit NO synthesis.
It is also possible that in the presence of high salt, NO or
any other soluble guanylate cyclase activator, e.g. hydrogen
peroxide or carbon monoxide, may contribute to L-NAME-
insensitive relaxation.

The effects of salt loading on the cAMP system and the
involvement of NO was evaluated next since increase in
cAMP production by isoproterenol, the traditional mecha-
nism for R-adrenoceptor-mediated responses in various tis-
sues, was linked to NO production (Bradley et al., 2000;
Toyoshima et al., 1998). Data from this study demonstrate
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that salt loading indeed affects the cAMP system in as much
as salt loading diminished relaxation induced by isoprotere-
nol and forskolin, activators of adenyl cyclase, and 8-Br-
cAMP, the cell permeable analog of cAMP and second
messenger for isoproterenol. In rats on normal diet, inhibition
of NO production attenuated the relaxation of the aorta
produced by isoproterenol, 8-Br-cAMP, and forskolin. Sim-
ilar observations were made by Toyoshima et al. (1998) in
which they demonstrated that relaxant responses of the rat
aorta to cAMP-elevating vasodilators are mediated, in part,
by NO production. However, in rats on high salt diet, L-
NAME attenuated only the relaxation by 8-Br-cAMP. The
reason for this effect is not clear but may reflect differences in
the mechanisms of action of exogenous and endogenously
generated cAMP (Satake et al., 1996; Zhu et al., 2002). We
speculate that under normal conditions, activation of the NOS
is a common pathway linked to relaxation induced by cAMP
coming from endogenous or exogenous sources. However,
under conditions of high salt, it appears that there is a
selective impairment of endogenous cAMP production via
the adenylate cyclase pathway in the aorta thereby eliminat-
ing the coupling to stimulation of NO production in favour of
alternative dilator pathways. As isoproterenol and forskolin
activate potassium channels (Vedernikov et al., 2000; Zhu et
al., 2002), it is possible that activation of potassium channels
may be an alternative dilator mechanism in this study. This
hypothesis is consistent with the demonstration that activa-
tion of potassium channels becomes a prominent dilator
mechanism under pathological conditions (Nishikawa et al.,
2000) as may be provided by salt loading in this study.

In order to demonstrate if high salt affected downstream
events to cAMP, the effects of salt loading were evaluated
with respect to the involvement of cAMP-dependent PKA.
cAMP is known to phosphorylate cAMP-dependent proteins
for downstream cellular signalling and a PKA mechanism
has been linked to NO production (Cornwell et al., 1998).
However, various studies have demonstrated that cAMP
may produce its effects through PKA-dependent and -
independent pathways (White et al., 2001; Decker et al.,
2002). In the present study, H-89, an antagonist of PKA,
tended to enhance the relaxant responses to isoproterenol
but this did not reach statistically significant levels. This
thus rules out a role for PKA in these responses and is in
agreement with the demonstration of a PKA-independent
mechanism in isoproterenol-induced relaxation in the rat
mesenteric artery (White et al., 2001) or the ovine pulmonary
vasculature (Gao and Raj, 2002). However, the observations
that the effects of endogenous cAMP (isoproterenol and
forskolin) were attenuated by inhibition of NO, but not by
PKA inhibition, whereas the effects of exogenous cAMP (8-
Br-cAMP) were attenuated by both inhibition of NO and
PKA, suggest that differences exist in the signal transduction
mechanisms associated with endogenous and exogenous
cAMP. For example, iberiotoxin, an inhibitor of large con-
ductance Ca® "-activated potassium channels (BKc,), atten-
uated isoproterenol—but not dibutyryl cAMP-induced

relaxation of the rat aorta, whereas aminopyridine, another
BKc, inhibitor, attenuated the relaxation by both agents
(Satake et al., 1996). The lack of activation by PKA by
endogenous cAMP in this study is in agreement with other
studies that demonstrated lack of PKA activation by activa-
tors of adenylate cyclase (Cornwell et al., 1998; White et al.,
2001). Thus, PGE, elevation of cAMP and activation of
BK, channels in the human coronary artery was mimicked
by forskolin and cAMP analogues but the effects of PGE,
and forskolin were attenuated by inhibition of protein kinase
G but not PKA (Zhu et al., 2002). Taken together, these data
highlight the complexity of the signal transduction mecha-
nisms involving cAMP and ¢cGMP systems. Other studies
have also suggested a complicated signaling process involv-
ing cAMP and the cGMP systems (Cornwell et al., 1998;
White et al., 2000; Murthy, 2001). For example, “cross-
activation” of the cGMP-dependent protein kinase by cAMP
was suggested to be a key element in the signal transduction
cascade of cAMP-induced vasodilation (White et al., 2000;
Decker et al., 2002) and vice versa (Lincoln et al., 1990).

Increased blood pressure in rats on high salt diet in this
study can of itself contribute to endothelial dysfunction and
modulate vascular responses in response to high salt.
Moreover, the loss of body weight and the resultant dehy-
dration can also modulate vascular responses. However, the
lack of a difference in sodium nitroprusside-induced relax-
ation between rats on normal or high salt diet rules out the
possibility of salt-induced nonspecific effects or changes in
hemodynamic parameters brought about by the increased
vascular tone or the increase in blood pressure.

In conclusion, high salt diet fed to Sprague—Dawley rats
resulted in reduced relaxation response to isoproterenol as
well as other cAMP-elevating agents. The mechanisms
involved in this attenuation include the suppression of
NOS activity and attenuation of the adenylate cyclase/cyclic
AMP pathway that is PKA-independent. This study high-
lights that complicated mechanisms are involved in salt
loading induced changes in cAMP and cGMP systems and
their effects on vascular reactivity.
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