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1 The b-adrenoceptor agonist, isoprenaline, elicits vasodilation and tachycardia in anesthetized rats
via activation of propranolol-sensitive b1- and b2-adrenoceptors and also by propranolol-insensitive
b1- and b3-adrenoceptors.
2 The aim of this study was to determine whether the relative contribution of propranolol-sensitive
and -insensitive b-adrenoceptors to the changes in heart rate (HR) and vascular resistances elicited by
isoprenaline is altered after blockade of nitric oxide (NO) synthase, in pentobarbital-anesthetized rats.

3 The hemodynamic responses elicited by isoprenaline (0.1 and 0.5 mg kg�1, i.v.) were determined
before and after injection of saline or the NO synthase inhibitor, NG-nitro-L-arginine methylester
(L-NAME, 50mmol kg�1, i.v.), and again after injection of the b1- and b2-adrenoceptor antagonist,
propranolol (1mg kg�1, i.v.). The responses elicited by the above doses of isoprenaline were also
determined before and during infusion of the a1-adrenoceptor agonist, phenylephrine (3 mg kg�1min�1,
i.v.), and again 15–20min after injection of propranolol (1.0mg kg�1, i.v.).

4 Both doses of isoprenaline elicited tachycardia and reductions in vascular resistances. Propranolol
eliminated the responses elicited by the lower dose of isoprenaline and substantially diminished the
responses elicited by the higher dose of the b1-, b2- and b3-adrenoceptor agonist. The maximal
vasodilator responses elicited by both doses of isoprenaline were not diminished whereas the maximal
increases in HR were higher after injection of L-NAME. The ability of propranolol to diminish the
hemodynamic actions of isoprenaline was substantially diminished in L-NAME-treated rats, whereas
propranolol retained its potency in rats that received an equi-pressor infusion of the a1-adrenoceptor
agonist, phenylephrine.

5 The finding that the maximal vasodilator responses elicited by isoprenaline were not diminished
by L-NAME suggests that the vasodilation elicited by this drug was due to direct activation of
b-adrenoceptors on vascular smooth muscle and that the full compliment of isoprenaline-sensitive
receptors was not changed after inhibition of NO synthesis. However, these results suggest that the
activities of propranolol-sensitive b-adrenoceptors are downregulated, whereas propranolol-insensi-
tive b-adrenoceptors are upregulated upon the loss of exposure to endothelial nitrosyl factors.
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Introduction

b-Adrenoceptors including b1-, b2- and b3-adrenoceptors and
atypical b-adrenoceptors are expressed in most mammalian

cells (Harden, 1983; Probst et al., 1992; Emorine et al., 1994;

Cohen et al., 1995; Kaumann, 1996; Lefkowitz, 2004). b1-, b2-
and b3-adrenoceptors are Gs protein-coupled receptors that

activate adenylate cyclase, which converts ATP to cAMP

(Harden, 1983; Seino & Shibasaki, 2005; Young et al., 2005).

cAMP elicits its effects in cells via activation of cAMP-

dependent protein kinase (PKA) (Harden, 1983; Seino &

Shibasaki, 2005; Young et al., 2005). Catecholamines are

relatively potent agonists of b1,2-adrenoceptors but weak

agonists at b3-adrenoceptors, whereas isoprenaline is a potent

agonist of b1-, b2- and b3-adrenoceptors (Emorine et al., 1994).

The putative b4-adrenoceptor has been redefined as the

propranolol-insensitive state of the b1-adrenoceptor (see

Kaumann et al., 2001; Bundkirchen et al., 2002).

Recent in vitro studies have demonstrated the presence of

functional atypical (propranolol-insensitive) b1-adrenoceptors
in human myocardium (Bundkirchen et al., 2002). There is

little information as to whether this rarely described state

of b1-adrenoceptors impacts the cardiovascular actions of

endogenous catecholamines or exogenously applied b-adreno-
ceptor agonists in vivo and under what conditions the activity
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of these receptors is up- or downregulated. However, we have

demonstrated that higher doses of isoprenaline elicit pro-

nounced increases in heart rate (HR) and equally pronounced

depressor and vasodilator responses in anaesthetized rats,

which are only partially affected by propranolol (Whalen &

Lewis, 1999). Propranolol is a potent antagonist of b2-
adrenoceptors and appropriately configured b1-adrenoceptors,
but not b3-adrenoceptors (Cohen et al., 1999). These findings

raise the possibility that higher doses of isoprenaline elicit their

haemodynamic responses via the activation of propranolol-

insensitive b1-adrenoceptors and/or b3-adrenoceptors, as well
as propranolol-sensitive b1- and b2-adrenoceptors.
The depressor and vasodilator actions of isoprenaline

and the membrane-permeable cAMP analog 8-(4-chloro-

phenylthiol)-cAMP (8-CPT-cAMP) are minimally reduced in

pentobarbital-anesthetized rats after the acute injection of the

nitric oxide (NO) synthesis inhibitor, NG-nitro-L-arginine

methylester (L-NAME) (Whalen et al., 1999a; 2000). This

suggests that the vasodilator actions of isoprenaline in vivo

may be due to activation of b-adrenoceptors on vascular

smooth muscle rather than the release of newly synthesized

NO or related nitrosyl factors such as s-nitrosothiols (Myers

et al., 1990; Rosenblum, 1992) from the vascular endothelium.

The aim of this study was to examine the possibility that

endothelium-derived nitrosyl factors affect the status of

propranolol-insensitive b1- and b3-adrenoceptors in cardiac

pacemaker cells and in vascular smooth muscle cells in

resistance arteries in vivo. In these studies, we determined the

changes in HR, mean arterial blood pressure (MAP), and

hindquarter (HQR), mesenteric (MR) and renal (RR) vascular

resistance elicited by 0.1 and 0.5 mg kg�1 doses of isoprenaline
in pentobarbital-anesthetized rats before and after injection of

saline or L-NAME and again after injection of propranolol.

To control for the increases in MAP and vascular resistances

elicited by L-NAME, the hemodynamic responses elicited by

0.1 and 0.5 mg kg�1 doses of isoprenaline were determined

before and during an equi-pressor infusion of the selective

a1-adrenoceptor agonist, phenylephrine, and again after sub-

sequent injection of propranolol.

We now report that the ability of propranolol to block the

hemodynamic responses elicited by isoprenaline was markedly

reduced in L-NAME-treated, but not in phenylephrine-treated,

rats. This suggests that the relative status of b-adrenoceptor
subtypes is not affected by changes in resting parameters per

se. Rather, these findings suggest that propranolol-sensitive

b1- and b2-adrenoceptors are downregulated, whereas propra-
nolol-insensitive b1-adrenoceptors and/or b3-adrenoceptors are
upregulated after inhibition of NO synthesis.

Methods

Surgical and experimental procedures

All studies were carried out in accordance with the National

Institutes of Health Guide for the Care and Use of Laboratory

Animals (NIH Publication No. 80-23) revised in 1996. The

protocols were approved by the Animal Care and Use

Committees of the University of Iowa and University of

Georgia. Male Sprague–Dawley rats (250–350 g) were anesthe-

tized with pentobarbital (50mg kg�1, i.p.). To prepare rats for

study 1, a catheter was inserted into a femoral vein to give

bolus injections of the test agents. The rats received supple-

mental doses of pentobarbital (5mgkg�1, i.v.) to maintain

anesthesia as necessary during surgery and experimentation. A

catheter was placed in a femoral artery to measure pulsatile

arterial blood pressures and MAP. A midline laparotomy was

performed and pulsed Doppler flow probes were placed

around the superior mesenteric artery, a renal artery and

lower abdominal aorta (below the level of the kidneys) to

continuously record mesenteric, renal and hindquarter blood

flow velocities, respectively, and to determine MR, RR and

HQR vascular resistances, respectively (Davisson et al., 1996;

Whalen et al., 1999b–d). The body temperature of each rat was

maintained at 371C via a rectal thermometer connected to

a thermostatically-controlled heating pad. Exactly the same

procedures were used to prepare rats for study 2, except that

another catheter was placed into the same femoral vein to

allow continuous infusion of the selective a1-adrenoceptor
agonist phenylephrine, which will be described below.

Immediately after the above surgeries, the arterial catheter

was connected to a Beckman Dynagraph-coupled pressure

transducer to record MAP and pulsatile arterial blood

pressures. HR was derived from pulsatile arterial blood

pressure by a Beckman Dynagraph-coupled cardiotachometer.

The leads from the Doppler flow probes were connected to a

Beckman Dynagraph-coupled Doppler flowmeter (Depart-

ment of Bioengineering, University of Iowa) to continuously

record blood flow velocities. Vascular resistance at any point

in time was determined by dividing MAP by blood flow

velocity in the particular bed. The above techniques have been

detailed previously (Whalen et al., 1999b–d; 2000; Lewis et al.,

2005a–c). Details of the Doppler technique, including the

reliability of the method for the estimation of flow velocity and

determination of percent changes in vascular resistances, have

also been detailed previously (Haywood et al., 1981). In this

series of studies, the arithmetic and/or percent changes in all

parameters at the point of maximal drug-induced response

were determined. All rats were given 25–30min to stabilize

after surgery before beginning the experiments.

General statements about protocols under studies 1 and 2

All rats received bolus intravenous injections of isoprenaline

(0.1 and then 0.5mg kg�1) given 5min apart before and after

various treatments. The 5-min interval between injections

allowed the responses elicited by the 0.1 mg kg�1 dose to

subside completely before the 0.5 mg kg�1 dose was given. The
dose of propranolol was 1mgkg�1 and the dose of L-NAME

and D-NAME was 50 mmol kg�1. The responses elicited by

L-NAME and propranolol had reached plateau levels at the

times the injections of isoprenaline were given (see below).

Study 1

Group 1 rats (n¼ 6) received injections of isoprenaline before

and beginning 25–30min after a bolus injection of saline and

again 15–20min after another injection of saline. Group 2 rats

(n¼ 6) received injections of isoprenaline before and beginning

25–30min after a bolus injection of saline and again 15–20min

after an injection of propranolol. Group 3 rats (n¼ 6) received

injections of isoprenaline before and beginning 25–30min after

a bolus injection of L-NAME, and again 15–20min after

an injection of saline. Group 4 rats (n¼ 6) received injections
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of isoprenaline before and beginning 25–30min after injection

of L-NAME, and again beginning 15–20min after injection of

propranolol. Group 5 rats (n¼ 5) received injections of

isoprenaline before and beginning 25–30min after injection

the inactive of enantiomer, D-NAME.

Study 2

In group 6 rats (n¼ 10), the hemodynamic responses eli-

cited by bolus injections of isoprenaline (0.1 and 0.5 mg kg�1)
were determined before, during intravenous infusion

(3 mg kg�1min�1) of a 30 mgml�1 solution of phenylephrine

(Lacolley et al., 1991), and again 15–20min after injection of

propranolol (1.0mgkg�1). The effects of phenylephrine on

HR, MAP, HQR, RR and MR were determined but only the

HR, MAP and HQR results will be reported since the changes

in these parameters elicited by the infusion of phenylephrine

were qualitatively and quantitatively similar to those elicited

by L-NAME (see Results) whereas the increases in MR and

RR were much greater than those elicited by L-NAME.

Drugs

Sodium pentobarbital and sterile saline were obtained from

Abbott (Chicago, IL, U.S.A.). All other drugs were obtained

from Sigma (St Louis, MO, U.S.A.). These drugs were

dissolved and diluted for injection in sterile saline.

Statistics

The data are presented as mean7s.e.m. and were analyzed

by repeated measures analysis of variance (ANOVA) followed

by Students modified t-test with Bonferroni corrections for

multiple comparisons between means using the error mean

square terms from the repeated measures ANOVAs (see

Whalen et al., 1999b–d). A value of Po0.05 denoted statistical

difference.

Results

General observations

The hemodynamic responses elicited by isoprenaline in the

salineþ propranolol and L-NAMEþ propranolol treatment

groups will be described in detail later in this article. With

respect to the control studies for the above groups, it should be

mentioned that the responses elicited by the 0.1 and 0.5 mg kg�1

doses of isoprenaline were similar before and after each of the

two injections of saline (salineþ saline group, P40.5, for all

comparisons). For example, the arithmetic increases in HR

elicited by the 0.1mg kg�1 dose of isoprenaline before and after
the injection of the first and second injections of saline

were þ 6277, þ 6578 and þ 6377 beatsmin�1, respectively

(P40.5, for all comparisons).

The injection of L-NAME augmented the increases in HR

elicited by the 0.1 and 0.5mg kg�1 doses of isoprenaline in the

L-NAMEþ saline group. The responses elicited by the 0.1 and

0.5 mg kg�1 doses of isoprenaline were similarly augmented

after the injection of L-NAME and the subsequent injection of

saline. Importantly, the responses elicited by isoproterenol

after injection of saline were equal to those after the preceding

injection of L-NAME (P40.5, for all comparisons). For

example, the arithmetic increases in HR elicited by the

0.1mg kg�1 dose of isoprenaline before and after the injection

of L-NAME and the subsequent injection of saline were

þ 5878, þ 8779 and þ 8876 beatsmin�1, respectively

(P40.5, post-L-NAME and post-saline values versus pre;

P40.5, post-saline versus post-L-NAME values). Finally, the

hemodynamic responses elicited by the 0.1 and 0.5 mg kg�1

doses of isoprenaline were similar before and after the injection

of D-NAME (P40.5, for all comparisons, data not shown).

For example, the arithmetic increases in HR elicited by the

0.1mg kg�1 dose of isoprenaline before and after the injection

of D-NAME were þ 5476 and þ 5779 beatsmin�1, respec-

tively (P40.5).

L-NAME studies

Isoprenaline-induced changes in HR Resting HR values

before the injection of the 0.1mg kg�1. dose of isoprenaline in
the salineþ propranolol treatment group (left-hand panels)

and the L-NAMEþ propranolol treatment groups (right-hand

panels) are summarized in Figure 1. The injection of saline did

not affect HR, whereas the subsequent injection of proprano-

lol elicited a sustained bradycardia (�4174 beatsmin�1,

�1171%, Po0.05). L-NAME elicited a sustained bradycar-

dia (�3574 beatsmin�1, �1071%, Po0.05) and the subse-

quent injection of propranolol elicited an additional sustained
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Figure 1 Summary of the maximal changes in HR elicited by
isoprenaline (0.1 mg kg�1, i.v.) before and after injection of saline or
L-NAME (LNM, 50mmol kg�1, i.v.) and again after an injection of
propranolol (prop, 1mg kg�1). There were six rats in each group. All
values are mean7s.e.m. Statistical symbols for resting HR.
*Po0.05, significant change from Pre. wPo0.05, Post-propranolol
versus post-saline or post-L-NAME. Statistical symbols for iso-
prenaline-induced changes in HR. *Po0.05, significant difference
from Pre. wPo0.05, Post-L-NAME versus post-saline, and post-L-
NAMEþ propranolol versus post-salineþ propranolol. The num-
bers of rats and doses of drugs are the same for Figures 2–10.
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reduction in HR (�1172 beatsmin�1, �3.570.5%, Po0.05).

Note that the HR values after injection of propranolol were

similar in the salineþ propranolol and L-NAMEþ proprano-

lol treatment groups (P40.05). The arithmetic and percent

increases in HR elicited by the 0.1 mg kg�1 dose of isoprenaline
in the two groups of rats are also summarized in Figure 1. The

isoprenaline-induced increases in HR were similar before and

after injection of saline, but were abolished after the subsequent

injection of propranolol (residual tachycardia¼ þ 673

beatsmin�1, þ 271%, P40.05). The isoprenaline-induced

increases in HR were augmented by L-NAME (þ 287
4beatsmin�1, þ 1172%, Po0.05). These responses were

diminished but not abolished by propranolol (residual

tachycardia¼ þ 4177beatsmin�1, þ 1473%, Po0.05).

The increases in HR elicited by the 0.5mg kg�1 dose of ISO
in the salineþ propranolol or L-NAMEþ propranolol groups

are summarized in Figure 2. The pre-injection values were

similar to those shown in Figure 1. The 0.5 mg kg�1 dose of

isoprenaline elicited pronounced increases in HR that were

greater in magnitude than those of the 0.1 mg kg�1 dose

(Po0.05). The increases in HR elicited by the 0.5 mg kg�1 dose
of isoprenaline were similar before and after the injection of

saline. These responses were reduced, but not abolished, after

the subsequent injection of propranolol (þ 3776 beatsmin�1,

þ 1172%, Po0.05). The isoprenaline-induced increases in

HR were augmented by L-NAME (þ 4575 beatsmin�1,

þ 1772%, Po0.05). These responses were diminished after

the subsequent injection of propranolol. However, the residual

tachycardia in the L-NAMEþ propranolol group (þ 1117
6beatsmin�1, þ 3673%) was greater (Po0.05) than in the

salineþ propranolol group (þ 3776beatsmin�1, þ 1172%).

Isoprenaline-induced changes in MAP

Resting MAP values before the injections of the 0.1 mg kg�1

dose of isoprenaline in the salineþ propranolol and L-NAME-

propranolol groups are summarized in Figure 3. Resting MAP

values were similar before and after injection of saline and the

subsequent injection of propranolol. L-NAME elicited a

sustained increase in MAP (þ 3773mmHg, þ 3573%,

Po0.05). Subsequent injection of propranolol did not affect

resting MAP (þ 272mmHg, 172%, P40.05). The changes

in MAP elicited by the 0.1mg kg�1 dose of isoprenaline in the

salineþ propranolol or L-NAMEþ propranolol groups are

summarized in Figure 3. Isoprenaline elicited decreases in

MAP that were similar before and after injection of saline.

These responses were abolished by propranolol. The arith-

metic decreases in MAP elicited by isoprenaline were

augmented after injection of L-NAME (1172mmHg),

whereas the percent decreases in MAP were not. The

isoprenaline-induced decreases in MAP were diminished, but

not abolished, by propranolol. The decreases in MAP elicited

by the 0.5mg kg�1 dose of isoprenaline in the sali-

neþ propranolol or L-NAMEþ propranolol groups are sum-

marized in Figure 4. The decreases in MAP elicited by this

dose of isoprenaline were greater than those elicited by the

0.1mg kg�1 dose. The decreases in MAP elicited by the

0.5mg kg�1 dose of isoprenaline were similar before and after

injection of saline. These responses were reduced, but not

abolished, by propranolol. The arithmetic decreases in MAP

elicited by isoprenaline were augmented by L-NAME

(1072mmHg), whereas the percent reductions were not. The

isoprenaline-induced decreases in MAP were diminished by
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Figure 2 Summary of the maximal changes in HR elicited by
isoprenaline (0.5 mg kg�1) before and after injection of saline or
LNM and again after injection of propranolol (prop). All values are
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difference from Pre. wPo0.05, Post-propranolol versus post-saline
or post-L-NAME. Symbols for isoprenaline-induced changes in HR.
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Figure 3 Summary of the maximal changes in MAP elicited by
isoprenaline (0.1mg kg�1) before and after injection of saline or
LNM and again after injection of propranolol (prop). All values are
mean7s.e.m. Symbols for resting MAP. *Po0.05, significant
difference from Pre. wPo0.05, post-propranolol versus post-saline
or post-L-NAME. Symbols for isoprenaline-induced changes in
MAP. *Po0.05, significant change from Pre. wPo0.05, post-L-
NAME versus post-saline and post-L-NAMEþ propranolol versus
post-salineþ propranolol.
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propranolol. However, the residual responses were substan-

tially greater than those in the salineþ propranolol group.

Isoprenaline-induced changes in hindquarter vascular
resistance

Resting HQR values before the injections of the 0.1 and

0.5 mg kg�1 doses of isoprenaline in the salineþ propranolol

and L-NAMEþ propranolol groups are summarized at the

bottom of Figure 5. Resting HQR values were similar before

and after the injection of saline and subsequent injection of

propranolol. L-NAME elicited a sustained increase in HQR

(þ 7378%, Po0.05). The subsequent injection of proprano-

lol did not affect resting MAP (þ 372mmHg, þ 272%,

P40.05). The percent decreases in HQR elicited by the

0.1 mg kg�1 dose of isoprenaline were similar before and after

injection of saline (see the top left panel of Figure 5). These

responses were abolished by propranolol. The percent

decreases in HQR elicited by the 0.1 mg kg�1 dose of isoprena-
line were similar before and after injection of L-NAME (see the

top right panel of Figure 5). The isoprenaline-induced

decreases in HQR were diminished, but not abolished, by

propranolol. The changes in HQR elicited by the 0.5 mg kg�1

dose of isoprenaline in the salineþ propranolol or L-NAME-

propranolol treatment groups are summarized in the bottom

panels of Figure 5. The percent decreases on HQR elicited by

the 0.5 mg kg�1 dose of isoprenaline were greater than those

elicited by the 0.1mg kg�1 dose. The percent decreases in HQR

elicited by the 0.5 mg kg�1 dose of isoprenaline were similar

before and after injection of saline. These responses were

reduced but not abolished by propranolol. The percent

decreases in HQR elicited by the 0.5 mg kg�1 dose of isoprena-
line were similar before and after injection of L-NAME. The

isoprenaline-induced decreases in HQR were diminished after

subsequent injection of propranolol. However, the residual

responses were substantially greater than in the salineþ
propranolol group (Po0.05).

Isoprenaline-induced changes in mesenteric vascular
resistances

Resting MR values before the injections of the 0.1 and

0.5mg kg�1 doses of isoprenaline in the salineþ propranolol

and L-NAMEþ propranolol groups are summarized at the

bottom of Figure 6. Resting MR values were similar before

and after the injection of saline and the subsequent injection of

propranolol. L-NAME elicited a sustained increase in MR

(þ 158716%, Po0.05). The subsequent injection of propra-

nolol did not affect resting MAP (þ 573%, P40.05). The

percent decreases in MR elicited by injections of the 0.1 and

0.5mg kg�1 doses of isoprenaline in the salineþ propranolol

and L-NAMEþ propranolol groups are also summarized in

Figure 6. The percent decreases in MR elicited by the

0.5mg kg�1 dose of isoprenaline were greater than those elicited
by the 0.1mg kg�1 dose. The percent decreases in MR elicited

by the 0.1 and 0.5mg kg�1 doses of isoprenaline were similar

before and after injection of saline. These responses were

reduced, but not abolished, by propranolol. The percent

decreases in MR elicited by the 0.1 and 0.5 mg kg�1 dose of

isoprenaline were similar before and after injection of
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L-NAME. The isoprenaline-induced decreases in MR were

diminished after the subsequent injection of propranolol.

However, the residual responses were substantially greater

than in the salineþ propranolol group (Po0.05).

Isoprenaline-induced changes in renal vascular resistances

Resting RR values before the injections of the 0.1 and

0.5 mg kg�1 doses of isoprenaline in the salineþ propranolol

and L-NAMEþ propranolol groups are summarized at the

bottom of Figure 7. Resting RR values were similar before and

after injection of saline and subsequent injection of proprano-

lol. L-NAME elicited a sustained increase in RR

(þ 136714%, Po0.05). The subsequent injection of propra-

nolol did not affect resting RR (�375%, P40.05). The

percent decreases in RR elicited by the 0.1 and 0.5 mg kg�1

doses of isoprenaline in the salineþ propranolol and L-

NAMEþ propranolol groups are also summarized in Figure 7.

The percent decreases in MR elicited by the 0.5 mg kg�1 dose of
isoprenaline were greater than those of the 0.1 mg kg�1 dose.
The percent decreases in MR elicited by the 0.1 and 0.5 mg kg�1

doses of isoprenaline were similar before and after injection of

saline. These responses were virtually abolished by proprano-

lol. The percent decreases in MR elicited by the 0.1 and

0.5 mg kg�1 doses of isoprenaline were similar before and after

injection of L-NAME. The isoprenaline-induced decreases in

MR were diminished after the subsequent injection of

propranolol. However, the residual responses were substan-

tially greater than in the salineþ propranolol group (Po0.05).

Phenylephrine studies

Isoprenaline-induced changes in HR Resting HR values

before the injections of the 0.1 and 0.5mg kg�1 doses of

isoprenaline, prior to and during the continuous infusion of

phenylephrine, and after the subsequent injection of propra-

nolol are summarized in Figure 8. The infusion of phenyl-

ephrine elicited a sustained reduction in HR (e.g.,

�2174 beatsmin�1, �671%, Po0.05; pre 0.1mg kg�1 dose

values), that was most likely due to baroreceptor-reflex-

mediated changes in autonomic outflow in response to the

phenylephrine-induced increases in MAP (see below). Resting

HR values during the infusion of phenylephrine (e.g.,

32879 beatsmin�1, pre 0.1mg kg�1 dose values) were similar

to those following the injection of L-NAME (e.g.,

32278 beatsmin�1, see the right-hand panels of Figure 1).

Subsequent injection of propranolol elicited a further reduc-

tion in HR in the rats receiving phenylephrine (e.g.,

�2475 beatsmin�1, �671%, Po0.05; pre 0.1mg kg�1 dose

values). The arithmetic and percent increases in HR elicited by

the 0.1mg kg�1 dose of isoprenaline were abolished by

propranolol. The effects of propranolol on the isoprenaline-

induced tachycardia were identical to those in saline-treated

rats (see the left panels of Figure 1). The arithmetic and

percent increases in HR elicited by the 0.5 mg kg�1 dose of

isoprenaline were reduced, but not abolished, by propranolol.

The effects of propranolol on the isoprenaline-induced

tachycardia were identical to those in saline-treated rats (see

the left panels of Figure 1). More specifically, the residual
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tachycardia elicited by isoprenaline after the injection of

propranolol in the saline-treated and in the phenylephrine-

infused rats were þ 3776 beatsmin�1 (þ 1172%) and

þ 3175 beatsmin�1 (þ 1072%), respectively (P40.05 for

all comparisons).

Isoprenaline-induced changes in MAP

Resting MAP values before the injections of the 0.1 and

0.5 mg kg�1 dose of isoprenaline, prior to and during the

continuous infusion of phenylephrine, and after the subse-

quent injection of propranolol are summarized in Figure 9.

The infusion of phenylephrine elicited a sustained increase

in MAP (e.g., þ 3173mmHg, þ 287371%, Po0.05; pre

0.1 mg kg�1 dose values). Resting MAP values during the

infusion of phenylephrine (e.g., 13774mmHg, pre 0.1mg kg�1

dose values) were similar to those following the injection

of L-NAME (e.g., 14274mmHg, see right-hand panels of

Figure 3). Subsequent injection of propranolol did not affect

the resting MAP. The arithmetic and percent decreases in

MAP elicited by the 0.1 mg kg�1 dose of isoprenaline were

abolished by propranolol. The effects of propranolol on the

isoprenaline-induced depressor responses were identical to

those in saline-treated rats (see the left panels of Figures 3 and

4). The arithmetic and percent decreases in MAP elicited by

the 0.5mg kg�1 dose of isoprenaline were reduced, but not

abolished, by propranolol. The effects of propranolol on the

isoprenaline-induced depressor responses were identical to

those in saline-treated rats (see the left panels of Figures 3

and 4). More specifically, the depressor response elicited

by isoprenaline after the injection of propranolol in the

saline-treated and in the phenylephrine-infused rats were

�972mmHg (�872%) and �1272mmHg (�1072%),

respectively (P40.05 for all comparisons).

Isoprenaline-induced changes in hindquarter vascular
resistance

Resting HQR values before the injections of the 0.1 and

0.5mg kg�1 doses of isoprenaline, prior to and during the

continuous infusion of phenylephrine, and after subsequent

injection of propranolol (while maintaining the infusion of

phenylephrine) are summarized in Figure 10. The infusion of

phenylephrine elicited a sustained increase in HQR (e.g.,

þ 110713%, Po0.05; pre 0.1mg kg�1 dose values). The

resting HQR values during infusion of phenylephrine (e.g.,

147715mmHgkHz�1, pre 0.1mg kg�1 dose values) were

similar (P40.05) to that following the administration of

L-NAME in the saline-treated rats (134715mmHgkHz�1, see

the right-hand panels of Figure 5). The subsequent injection of

propranolol did not affect resting HQR. The percent decreases

in HQR elicited by the 0.1 mg kg�1 dose of isoprenaline were

abolished by propranolol. The effects of propranolol on the

isoprenaline-induced depressor responses were identical to

those in saline-treated rats (see left panels of Figure 5). The

percent decreases in HQR elicited by the 0.5 mg kg�1 dose of

isoprenaline were reduced, but not abolished, by propranolol.

The effects of propranolol on the isoprenaline-induced

depressor responses were identical to those in saline-treated

rats (see left panels of Figure 5). More specifically, the

reductions in HQR elicited by isoprenaline after the injection
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of propranolol in the saline-treated and in the phenylephrine-

infused rats were �872% and �1071%, respectively

(P40.05).

Discussion

The present study examined the effects of the NO synthesis

inhibitor, L-NAME, and the b1- and b2-adrenoceptor antago-
nist, propranolol, on the hemodynamic responses elicited

by two doses of isoprenaline, namely 0.1 and 0.5 mg kg�1,
in pentobarbital-anesthetized rats. The rationale for the use

of the lower dose of isoprenaline was that the increases in HR

and the vasodilator responses in the hindquarter and renal

beds would be abolished by propranolol, whereas the

vasodilator responses in the mesenteric bed would be

substantially, but not completely, abolished by the b1- and

b2-adrenoceptor antagonist (see Whalen & Lewis, 1999).

Therefore, any changes in the contribution of propranolol-

sensitive and propranolol-insensitive b-adrenoceptors after

inhibition of NO synthesis following administration of

L-NAME would be readily detectable. The rationale for the

use of the higher dose of isoprenaline was that the

hemodynamic actions of this agonist would be only partially

affected by propranolol (see Whalen & Lewis, 1999), which

would therefore allow for the ready evaluation of the activity

of propranolol-sensitive and -insensitive b-adrenoceptors after
inhibition of NO synthesis.

The increase in HR and the vasodilator responses in the

hindquarter and renal beds elicited by the 0.1 mg kg�1 dose of
isoprenaline were abolished by propranolol in naı̈ve rats,

whereas the vasodilation in the mesenteric bed was substan-

tially attenuated, but not abolished, after injection of the

b1- and b2-adrenoceptor antagonist. These findings suggest

that the majority of responses elicited by the lower dose of

isoprenaline were due to activation of propranolol-sensitive

b1- and b2-adrenoceptors whereas propranolol-insensitive

b1- and b3-adrenoceptors, may also be present in the

mesenteric circulation. The hemodynamic actions of the

0.5 mg kg�1 dose of isoprenaline were substantially attenuated,
but not abolished, by propranolol in naı̈ve rats. This suggests

that propranolol-insensitive b1- and/or b3-adrenoceptors are

present in cardiac pacemaker cells and in the vascular smooth

muscle of the hindquarter, renal and mesenteric vasculature.

This study confirms that the vasodilator actions of isoprena-

line are not substantially diminished in pentobarbital-anesthe-

tized rats treated with the NO synthesis inhibitor L-NAME

(Whalen et al., 2000). It therefore appears that the vasodilator

actions of isoprenaline in these rats were mainly due to

activation of Gs protein-coupled b-adrenoceptors on vascular

smooth muscle rather than the release of endothelium-derived

nitrosyl factors such as NO and S-nitrosothiols (see Myers

et al., 1990; Rosenblum, 1992; Stamler et al., 1992; 1997;

Danser et al., 1998; Batenburg et al., 2004a, b). As such,

it appears that the maximal vasodilation elicited by the full

compliment of b-adrenoceptor subtypes available to isoprena-

line is not altered after inhibition of NO synthesis.

One principal finding of this study was that the ability

of propranolol to block the vasodilator actions of both doses

of isoprenaline was substantially diminished in L-NAME-

treated rats. Again, since the maximal responses to isoprena-

line were not affected by L-NAME, it appears that the activity

of propranolol-sensitive b1- and b2-adrenoceptors was reduced,
whereas the activity of propranolol-insensitive b-adrenocep-
tors (e.g., b3-adrenoceptors and the propranolol-insensitive

state of b1-adrenoceptors) was increased after inhibition of NO
synthesis. In contrast, the ability of propranolol to block the

hypotensive and vasodilator actions of the 0.1 and 0.5 mg kg�1

doses of isoprenaline was not affected in rats that were

receiving an equi-pressor infusion of the a1-adrenoceptor
agonist, phenylephrine. Taken together, it appears that the

changes in the relative contribution of propranolol-sensitive

and -insensitive b-adrenoceptors to the hemodynamic actions

of isoprenaline in L-NAME-treated rats is not simply due to

the increases in MAP and vascular resistances elicited by the

NO synthesis inhibitor.

It is possible that the affinity of propranolol for b1- and b2-
adrenoceptors or the signal transduction processes initiated by

these receptors were diminished after loss of exposure to

endothelial-derived nitrosyl factors (see Myers et al., 1990;

Rosenblum, 1992; Stamler et al., 1992; 1997; Danser et al.,

1998; Batenburg et al., 2004a, b), following administration of

L-NAME. These nitrosyl factors may elicit their effects via

generation of cGMP (Ignarro, 1990) and/or nitrosation of

cysteine residues in functional proteins (Stamler et al., 1992;

1997). For example, nitrosation of b1- and b2-adrenoceptors
may confer optimal receptor configuration for the agonist and

the antagonist such that the loss of nitrosyl factors would lead

to the downregulation of b1- and b2-adrenoceptor affinity for

isoprenaline and propranolol. Conversely, the loss of nitrosyl

factors and/or cGMP signaling mechanisms may upregulate

b3-adrenoceptors and/or induce the conformational change

necessary to produce the propranolol-insensitive form of the

b1-adrenoceptor. It should be noted that the vasodilator

actions of the membrane-permeable cAMP analog, 8-CPT-

cAMP, are also augmented after injection of propranolol in

anesthetized rats (Whalen et al., 1998). As such, the

vasodilator actions of isoprenaline in rats treated with

L-NAME and propranolol may involve the upregulation of

propranolol-insensitive b1- and b3-adrenoceptors and cAMP

signal transduction processes, perhaps via the loss of activity of

cGMP-dependent phosphodiesterases that degrade cAMP

(White et al., 1993).
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This study also confirms that the increases in HR elicited

by isoprenaline are augmented after injection of L-NAME

(Whalen et al., 1999a). These in vivo findings complement

in vitro studies that have demonstrated the existence and

functional importance of NO synthase isoforms in cardiac

pacemaker and muscle cells (see Balligand et al., 1993; Han

et al., 1994; Gauthier et al., 1998). The tachycardia elicited by

the membrane-permeable cAMP analog, 8-CPT-cAMP, is also

augmented after injection of L-NAME in anesthetized rats

(Whalen et al., 1999a). As such, the enhanced tachycardia

elicited by isoprenaline in L-NAME-treated rats may involve

the upregulation of b-adrenoceptors and cAMP signal

transduction processes.

The other principal finding of this study was that the ability

of propranolol to block the tachycardia elicited by the 0.1 and

0.5 mg kg�1 doses of isoprenaline was markedly diminished in

L-NAME-treated rats. In contrast, the ability of propranolol

to diminish the increases in HR to isoprenaline were not

diminished in rats that were receiving the infusion of

phenylephrine. Since resting HRs were similar after the

administration of propranolol in the L-NAME- and phenyl-

ephrine-treated rats, it appears that the differential effect of

propranolol is not a function of the baseline HR. Taken

together, it is possible that the loss of nitrosyl factors generated

in cardiac pacemaker cells (see Balligand et al., 1993; Han

et al., 1994; Gauthier et al., 1998) promotes the down-

regulation of propranolol-sensitive b1- and b2-adrenoceptor
functions, whereas it promotes the upregulation of proprano-

lol-insensitive b1- and b3-adrenoceptor functions. However,

since the increases in HR elicited by 8-CPT-cAMP are also

augmented after administration of propranolol (see Whalen

et al., 1998), it is possible that the tachycardia elicited by

isoprenaline in the presence of propranolol is due to the

combination of an increased activity of propranolol-insensitive

b1- and b3-adrenoceptors and enhanced cAMP-dependent

signaling.

In summary, this study provides evidence that the activity

of propranolol-sensitive b1- and b2-adrenoceptors is

diminished, whereas the activity of propranolol-insensitive

b1- and b3-adrenoceptors may be increased after inhibition

of NO synthesis. It is possible that the differences in amino-

acid sequences of b1-, b2- and b3-adrenoceptor subtypes

(see Harden, 1983; Probst et al., 1992; Emorine et al., 1994;

Cohen et al., 1995) regulate the differential effects of

nitrosyl factors and cGMP-dependent protein kinase on the

functional status of these receptors. Moreover, in a recent

study, the S-nitrosothiol, S-nitrosoglutathione, was shown to

reversibly inhibit a1-adrenoceptor-mediated vasoconstriction

and ligand binding in the pulmonary artery. These effects of

S-nitrosoglutathione were independent of cGMP-dependent

protein kinase and strongly suggestive of receptor S-nitrosyla-

tion (Nozik-Grayck et al., 2006). The potential influence

of nitrosyl factors on more traditional regulators of b-
adrenoceptor function, signaling and expression, namely,

protein kinase A, G protein-coupled receptor kinases,

b-arrestin proteins and phosphodiesterases (Claing et al.,

2002; Kohout & Lefkowitz, 2003; Lefkowitz & Whalen,

2004), and the consequences of such regulation remain to be

determined.
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