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Forearm Beta Adrenergic Receptor-mediated Vasodilation Is Impaired, without
Alteration of Forearm Norepinephrine Spillover, in Borderline Hypertension
C. Michael Stein, Richard Nelson, Robert Deegan, Huaibing He, Margaret Wood, and Alastair J. J. Wood
Division of Clinical Pharmacology, Vanderbilt University School of Medicine, Nashville, Tennessee 37232-6602

Abstract

Impaired beta adrenoceptor-mediated vasodilation associ-
ated with enhanced sympathetic activity has been reported
in established hypertension. Weexamined whether altered
beta adrenoceptor-mediated vasodilation occurs early in the
disease process, when structural vascular changes are likely
to be less marked, by measurement of forearm blood flow
by strain gauge plethysmography after the intraarterial ad-
ministration of increasing doses of a beta receptor agonist,
isoproterenol, in eight subjects with borderline hypertension
(BHT) and 13 normotensive (NT) controls. To determine
the role of sympathetic activation in the regulation of re-
sponsiveness, we measured local sympathetic activity in the
forearm by a radioisotope dilution technique. Vasodilation
in response to isoproterenol, measured either as changes
in forearm blood flow or forearm vascular resistance, was
impaired in the BHTgroup so that flow at the highest dose
of isoproterenol (400 ng/min) increased less (15.2±1.5 ml/
100 ml per min) than in the NT group (24.4±2.4 ml/100
ml per minute) (P < 0.001). Although, systemic norepi-
nephrine spillover was significantly greater in BHT, the dif-
ference in blood flow response to isoproterenol was not ac-
counted for by increased local sympathetic activity since
forearm norepinephrine spillover at baseline (BHT 1.0±0.4
ng/min vs. NT 0.64±0.13 ng/min) and after the administra-
tion of isoproterenol 60 ng/min (BHT 5.2±1.4 ng/min vs.
NT 6.0±1.5 ng/min) and 400 ng/min (BHT 13.5±2.9 ng/
min vs. NT 16.5±2.7 ng/min) did not differ between the two
groups. Wetherefore conclude that vasodilation in response
to isoproterenol is impaired in subjects with BHTand that
this impairment is not explained by locally increased basal,
or stimulated, sympathetic activity. (J. Clin. Invest. 1995.
96:579-585.) Key words: hypertension * vasodilation * iso-
proterenol * sympathetic * human

Introduction

Altered vascular smooth muscle responsiveness and increased
sympathetic activity are thought to be major factors accounting
for the increased peripheral resistance characteristic of hyper-
tension. In patients with hypertension vascular responses medi-
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ated through alpha (1) and beta adrenergic receptors (2), as
well as those mediated through nitric oxide (3), have been
reported to be altered. Although many studies have examined
alpha adrenoceptor-mediated vasoconstrictor responses in pa-
tients with hypertension, relatively few have examined beta
adrenoceptor-mediated vasodilation.

Reduced vascular beta adrenergic responsiveness has been
demonstrated in animal models of genetic and acquired hyper-
tension (2). In vitro human studies have found reduced affinity
for beta agonist, a reduction in the proportion of beta receptors
binding agonist with high affinity, and a reduction in isoprotere-
nol-stimulated adenylate cyclase activity in the lymphocyte beta
receptors of hypertensive subjects (4). In vivo studies that have
used the hemodynamic responses occurring after systemic infu-
sion of agonist to measure postsynaptic beta adrenoceptor sensi-
tivity in patients with hypertension have yielded inconsistent
results, variously reporting altered (5, 6) or unaltered (7, 8)
beta adrenoceptor responsiveness. However, the administration
of systemic doses of an agonist does not allow a direct determi-
nation of vascular response. Ideally, to limit the confounding
effects of reflex sympathetic activation and alterations in para-
sympathetic activity that occur after systemic administration of
isoproterenol, the response to a beta2 agonist should be exam-
ined by administering the agonist directly into the vascular bed
of interest in doses that have negligible systemic effects. In
such studies vascular response to a beta agonist was found to
be decreased in subjects with established essential hypertension
in both the dorsal hand vein (9) and in the forearm (10) after
the administration of low doses of isoproterenol directly into
vessel being studied, suggesting that decreased beta receptor-
mediated vasodilation might be important in the pathogenesis
of hypertension. These previous findings may reflect late
changes due to structural vascular changes due to hypertension
and also may be confounded by enhanced beta adrenoceptor-
mediated norepinephrine (NE) release in subjects by hyperten-
sion.

There is considerable evidence that sympathetic activity is
increased in hypertension but the data are not uniform. Elevated
plasma NEconcentrations ( 11 ) and increased NErelease deter-
mined by a radiotracer technique, have been found in some
(12), but not all (13) studies. Increased sympathetic nerve
traffic measured in the peroneal nerve (14) has also been re-
ported in hypertension. In the forearm local presynaptic beta
adrenergic receptors modify sympathetic activity by stimulating
the release of NE (15). Therefore, the overall effect of a beta
agonist may be influenced by the response, not only of postsyn-
aptic beta adrenoceptors (mediating vasodilation), but also that
of presynaptic adrenoceptors (mediating NErelease). Since the
degree of sympathetic activation -may influence vascular tone,
simultaneous determination of vascular responsiveness and
sympathetic activity allows the contribution of alterations in
sympathetic activity to changes in vascular sensitivity to be
determined.

To overcome the problems of the previous studies that have
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suggested that beta receptor function in vascular smooth muscle
may be altered in hypertension, we studied patients earlier in
the disease process, in whom structural vascular changes are
less marked (16). In addition, the potential confounding effect
of altered local sympathetic activity on observed alterations
in blood flow response to a beta agonist was addressed by
simultaneously measuring both postsynaptic beta receptor-me-
diated vasodilation and presynaptic beta receptor-mediated NE
release in order to define the contribution of altered local sympa-
thetic activity to the observed changes in blood flow.

Methods

Subjects. 13 white, normotensive, healthy nonsmoking male volunteers
aged 32.9±1.9 yr and eight white, nonsmoking male subjects with bor-
derline hypertension aged 33.4±1.9 yr were studied. All subjects pro-
vided written informed consent and the study protocol was approved
by the Vanderbilt Committee for the Protection of Human Subjects.
Borderline hypertension was defined as a diastolic blood pressure inter-
mittently > 90 mmHgwhile receiving no antihypertensive therapy. An-
tihypertensive medications were discontinued 4 wk before the study in
the four borderline hypertensive (BHT)' subjects who were receiving
antihypertensive treatment. Blood pressure was monitored once or twice
weekly in these subjects and if the diastolic blood pressure rose to
2 110 mmHg, subjects were to be excluded from the study. In no
case did this occur. Apart from elevated blood pressure no subject had
clinically significant abnormalities on history, physical examination, or
routine laboratory tests including complete blood count, prothrombin
and partial thromboplastin times, renal and liver function tests, and
electrocardiogram. Subjects did not take any medications for - 4 wk
before the study and were maintained on a diet, provided by the meta-
bolic kitchen of the Vanderbilt Clinical Research Center, that was free
of caffeine and alcohol and provided 150 mmol Na+/d and 70 mmol
K+/d, for 5 d before the study.

Experimental protocol. All experiments were performed in the
morning with the subjects resting supine in bed, in the same temperature-
controlled room. An intravenous canula was placed in an antecubital
vein of both arms. After subderm4ladministration of 1% lidocaine
an 18-gauge polyurethane catheter (Cook Inc., Bloomington, IN) was
inserted into the brachial artery of the nondominant arm for local infu-
sions and blood sampling. Arterial catheter patency was maintained with
a 30-ml/h saline infusion. By altering the concentration of isoproterenol
the total flow rate through the canula was always maintained constant
at 30-ml/h. Arterial blood pressure was measured by means of a pressure
transducer (Hewlett Packard Co., Waltham, MA) and heart rate was
recorded from a continuous electrocardiograph monitor. After the arte-
rial line and intravenous catheters had been placed, subjects rested qui-
etly for 30 min. [3H] NE (norepinephrine levo- [ring-2,5,6-3H] 43.7-
56.9 Ci/mmol; Du Pont/NEN, Wilmington, DE) was infused into the
arm contralateral to the arterial line. An initial loading dose of [3H] NE,
25 1Ci, was administered over 2 min followed by a constant infusion
of 0.9 .Ci/min. The [3H]NE was prepared for human administration
by the Vanderbilt Hospital Radiopharmacy and appropriate sterility and
pyrogen testing was performed. Immediately before use [3H ] NE was
diluted to a concentration of 2 yCi/ml in normal saline with ascorbic
acid, 1 mg/ml, added to the infusion solution. Forearm blood flow was
measured and simultaneous arterial and venous blood samples were
drawn for determination of baseline concentrations of endogenous and
[3H]NE after 30 and 40 min of the [3H] NE infusion. Isoproterenol
(Isuprel; Winthrop Pharmaceuticals, NewYork) was infused intraarteri-
ally in increasing doses by a Harvard infusion pump (Harvard Appara-
tus, South Natick, MA). Each dose of isoproterenol was infused for 7
min with blood flow recordings performed during the last 2 min. After

1. Abbreviations used in this paper: BHT, borderline hypertensive; BMI,
body mass index; NT, normotensive.

measurement of forearm blood flow at isoproterenol doses of 60 and
400 ng/min, simultaneous arterial and venous blood samples were drawn
for catecholamine determinations into cooled tubes with EGTA and
reduced glutathione (Amersham Corp., Arlington Heights, IL), placed
on ice, and centrifuged at 40C. Samples of the [3H ] NE infusion solution
were collected, stored, and later assayed, as described for the blood
samples, to allow determination of the actual rate of [3H] NE infusion.

Forearm blood flow. Forearm blood flow was measured in the arm
into which intraarterial isoproterenol was infused using mercury-in-
silastic strain gauge plethysmography (17). The wrist was supported in
a sling to raise the level of the forearm to above that of the atrium. The
hand was excluded from the measurement of blood flow by inflation of
a pediatric sphygmomanometer cuff to 200 mmHgaround the wrist
before and during measurement of forearm blood flow. The volume of
the forearm, excluding the hand and wrist, was measured by water
displacement. A complete forearm blood flow dose-response to isopro-
terenol was not performed in one normotensive (NT) subject, and this
subject has been excluded from analysis of the forearm blood flow data.
The forearm blood flow response in this individual was similar to that
of the other NT controls with flows of 3.1, 15.0, and 29.9 ml/100 ml
per minute at baseline and after administration of isoproterenol, 60 and
400 ng/min, respectively. NE data for this individual at baseline and
after the administration of isoproterenol, 60 and 400 ng/min, are in-
cluded in the analysis. In addition forearm blood flow data were not
available for two subjects at the isoproterenol, 40 and 100 ng/min doses,
respectively, representing two missing data points out of a possible 180
data points. Forearm blood flow data at the isoproterenol, 40 and 100
ng/min doses, were not included in the repeated-measures analysis of
variance (ANOVA) because of these missing data points.

Catecholamine assay. NE concentrations were measured by high-
performance liquid chromatography (HPLC) using electrochemical
detection with 3,4-dihydroxybenzylamine (DHBA) as the internal stan-
dard as we have described previously (18). The chromatographic reten-
tion times of norepinephrine (9.5 min), DHBA(15.7 min), and isopro-
terenol (39.7 min) allowed complete separation of their respective peaks
without any cross-interference. The HPLCeffluent coinciding with the
NEpeak was collected and counted by liquid scintillation. This allowed
determination of plasma [3H] NE concentration without interference
from tritiated metabolites. The intra- and inter-day coefficients of varia-
tion were 7.8% and 7.6% respectively.

Data analysis. Prestimulation values obtained after 30 and 40 min of
[3H] NE infusion were similar, and their mean was used as the baseline
measurement. Calculations for the determination of NE kinetics using
the isotope dilution method (19, 20) were performed as follows: Frac-
tional extraction (FE) of [3H]NE in the forearm = (A* - V*)/A*,
where A* and V* were the arterial and venous concentrations of
[3H]NE, respectively; Forearm spillover of NE = [(V - A) + (A
x FE)] Q, where A and V were the arterial and venous concentrations
of endogenous NE, respectively, and Q was the forearm plasma flow
derived from the hematocrit, the forearm blood flow, and the forearm
volume; Forearm norepinephrine clearance = FE x Q; Forearm norepi-
nephrine plasma appearance rate and intrinsic clearance were obtained
by dividing forearm norepinephrine spillover and forearm NEclearance
by 1 - FE (21); NEplasma clearance from the whole body (systemic
clearance) = [3H] NEinfusion rate/A*; and the rate at which NEentered
plasma for the whole body (systemic spillover) = systemic clearance
x A. Data were analyzed by repeated-measures ANOVAto compare
responses of NT and hypertensive subjects with respect to the effect of
blood pressure (BP) category, dose of isoproterenol (DOSE), and the
interaction between blood pressure category and response to isoprotere-
nol (BP x DOSE). Baseline data were compared by a two-tailed Stu-
dent's t test for unpaired data. The minimum level of statistical signifi-
cance was P < 0.05. The data from the NT control subjects studied
have been reported elsewhere (15, 22).

Results

NT and BHT subjects did not differ with regard to age, height,
weight, forearm volume, forearm circumference, 24-h sodium
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Table I. Baseline Data in Normotensive and Borderline
Hypertensive Subjects

Normotensive Hypertensive
Measurement (n = 13) (n = 8)

Age (yr) 32.9±1.9 33.4±1.9
Height (in.) 72.2±0.5 71.8±1.1
Weight (lbs) 174.2±5.7 200.0±16.5
Body mass index (kg/m2) 23.5±2.8 27.2±5.6
Forearm volume (ml) 1180.4±48.6 1392.5±107.1
Forearm circumference (cm) 25.2±0.44 24.8±1.2
24-h Na+ excretion (mmol) 118.7±11.7 102.0±17.8

Values are means±SEM. No measurement differed significantly be-
tween the two groups. To convert inches to meters multiply by 0.0254
and to convert pounds to kilograms multiply by 0.454.

excretion (Table I), baseline heart rate, or baseline forearm
blood flow (Table H). However, although the differences did
not attain statistical significance, weight and body mass index
(BMI) (wt (kg)/ht2 (m)) was greater in the borderline hyper-
tensive group than the normotensive controls (P = 0.10 and P
= 0.06, respectively); findings representative of the general
difference in body weight between hypertensives and normoten-

sives in the population (23). Baseline blood pressure was higher
in the BHT group (mean arterial pressure, 102.6+1.6 mmHg)
compared with the NT group (85.1±1.5 mmHg)(P < 0.0001)
(Table II).

The administration of intraarterial isoproterenol resulted in
an increase in forearm blood flow in both normotensive and
hypertensive subjects but the response was blunted in subjects
with borderline hypertension (P < 0.0001) (Fig. 1). Similarly,
forearm vascular resistance (mean arterial blood pressure/fore-
arm blood flow) was not different at baseline in the two groups
(BHT 54.9±8.0 mmHg/ml per min/ 100 ml vs. NT 40.8±6.2
mmHg/ml per min per 100 ml, P = NS) but the decrease in
forearm vascular resistance that resulted from the administration
of isoproterenol was blunted in subjects with borderline hyper-
tension (BP x DOSE, P = 0.006) (Table II). Changes in
conductance, the reciprocal of forearm vascular resistance, are
shown in Fig. 2.

Baseline forearm norepinephrine spillover, reflecting local
sympathetic activity in the forearm was not different in the two
groups (BHT 1.0±0.4 ng/min vs. NT 0.64±0.13 ng/min, P
= NS). As we have previously reported (15), isoproterenol
administered into the brachial artery resulted in a marked in-
crease in forearm norepinephrine spillover (Fig. 3, Table II)
with a similar response observed in hypertensive and normoten-
sive subjects after the administration of isoproterenol 60 ng/
min (BHT 5.2±1.4 ng/min vs. NT 6.0±+1.5 ng/min, P = NS)

Table 11. Results of Intra-arterial Infusion of Isoproterenol in Normnotensive and Borderline Hypertensive Subjects

Baseline Isoproterenol, 60 ng/min Isoproterenol, 400 ng/min Significance

Hypertensive Normotensive Hypertensive Normotensive Hypertensive Nornotensive BP DOSE BP X DOSE

Forearm blood flow
(m/100 mlmin) 2.1±0.29 2.7±0.40 7.9±1.1 14.6±2.1 15.2±1.5 24.4±2.4 * I I

Forearm vascular resistance
(mmHg/ml/min/100 ml) 54.9±8.0 40.8±6.2 14.3±1.6 7.1±1.0 7.1±0.66 3.9±0.44 * *

Arterial NE (pg/ml) 189.0±21.5 124.6±11.1 193.8±24.3 127.1±12.5 215.3±23.4 153.1±10.5 * NS
Venous NE (pg/ml) 178.8±21.5 128.8±10.2 200.4±25.1 155.1±12.6 249.1±25.7 209.8±12.6 NS I NS
Forearm NE spillover

(ng/min) 1.0±0.4 0.64±0.13 5.2±1.4 6.0±1.5 13.5±2.9 16.5±2.7 NS NS
Forearm NE clearance

(milmin/100 ml) 6.0±1.3 4.8±0.83 22.3±4.2 25.8±4.8 40.9±5.8 49.0±7.0 NS NS
Plasma NE apperance rate

(ng/min) 2.1±0.95 1.1±0.27 9.1±2.8 9.0±2.2 20.6±4.0 26.4±5.6 NS NS
Forearm NE intrinsic

clearance
(milmin/100 ml) 11.0±3.0 8.5±1.9 39.2±8.5 43.4±10.6 64.2±8.5 79.2±15.7 NS NS

Systemic NE spillover
(ng/min) 543.5±68.1 320.4±34.3 517.4±74.7 333.2±30.2 658.1±91.9 446.7±33.1 * NS

Systemic NE clearance
(liters/min) 2.9±0.17 2.6±0.13 2.7±0.19 2.7±0.15 3.1±0.20 3.0±0.14 NS * NS

Systolic blood pressure
(mmHg) 138.8±1.9 120.6±2.2 134.9±2.4 116.5±2.1 136.6±2.9 120.7±2.9 NS

Diastolic blood pressure
(mmHg) 84.6±1.6 67.4±1.6 83.9±2.0 66.6±2.0 77.8±2.2 63.0±2.5 I NS

Mean arterial blood
pressure (mmHg) 102.6±1.6 85.1±1.5 100.9±1.9 83.2±1.7 97.4±2.0 82.2±2.4 NS

Heart rate (beats/min) 71.4±4.7 63.2±2.0 70.0±3.6 61.8±1.9 79.3±5.1 71.5±3.4 NS * NS

Values are means±SEM; Statistical significance of the effect of blood pressure category (BP), response to isoproterenol (DOSE), and the interaction
between blood pressure category and response to isoproterenol (BP x DOSE) is expressed as P > 0.05 (NS), * P < 0.05, and * P < 0.001.
Conversion factor: To convert norepinephrine concentrations from pg/ml to nmol/liter divide by 169.2.
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Figure 1. Forearm blood flow (ml/ 100 ml per min) at baseline and
after the administration of increasing doses of intraarterial isoproterenol
(10-400 ng/min) in normotensive controls (n = 12) and subjects with
borderline hypertension (n = 8). Data are expressed as means±SEM.
Statistical significance of the effect of blood pressure category (BP)
was P < 0.05, response to isoproterenol (DOSE) P < 0.001, and the
interaction between blood pressure category and response to isoprotere-
nol (BPxDOSE) P < 0.001 (ANOVA).

and 400 ng/min (BHT 13.5±2.9 ng/min vs. NT 16.5±2.7 ng/
min, P = NS). Local norepinephrine spillover may be affected
by blood flow and therefore forearm norepinephrine plasma
appearance rate and intrinsic clearance, measures of local nor-
epinephrine kinetics that have been reported to be independent
of flow (21) were calculated. The norepinephrine plasma ap-
pearance rate, as was found for norepinephrine spillover, in-
creased in both groups after the administration of isoproterenol,
but did not differ between the hypertensive and normotensive
groups either at baseline or after the administration of isoproter-
enol (Table II).

Subjects with borderline hypertension had higher baseline
systemic norepinephrine spillover (BHT 543.5±68.1 ng/min
vs. NT 320.4±34.3 ng/min; P < 0.005), reflecting overall sym-
pathetic activity, as well as both baseline arterial (BHT
189.0±21.5 pg/ml vs. 124.6±1 1.1 pg/ml, P < 0.01 ) and venous
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Figure 2. Forearm conductance [forearm blood flow (ml/ 100 ml per
min)/mean arterial pressure (mmHg) ] at baseline and after the adminis-
tration of increasing doses of intraarterial isoproterenol (10-400 ng/
min) in normotensive controls (n = 12) and subjects with borderline
hypertension (n = 8). Data are expressed as means±SEM. Statistical
significance of the effect of blood pressure category (BP) was P
= 0.008, response to isoproterenol (DOSE) P < 0.001, and the interac-
tion between blood pressure category and response to isoproterenol
(BPxDOSE) P < 0.001 (ANOVA).
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Figure 3. Forearm norepinephrine spillover (ng/min) at baseline and
after the administration of intraarterial isoproterenol (60 and 400 ng/
min) in normotensive controls (n = 13) and subjects with borderline
hypertension (n = 8). Data are expressed as means±SEM. Statistical
significance of the effect of blood pressure category (BP) was P = NS,
response to isoproterenol (DOSE) P < 0.001, and the interaction be-
tween blood pressure category and response to isoproterenol (BP
x DOSE) P = NS (ANOVA).

(BHT 178.8+21.5 pg/ml vs. NT 128.8±+10.2 pg/ml, P < 0.05)
plasma norepinephrine concentrations (Table II, Fig. 4). Sys-
temic norepinephrine spillover increased a small, but significant
amount, after administration of the highest dose of isoproterenol
in both groups (Fig. 4). Although the absolute systemic norepi-
nephrine spillover after the administration of isoproterenol 400
ng/min was greater in the BHTgroup (658.1±91.9 ng/min vs.

NT 446.7_33.1 ng/min, P < 0.05) (Table II), these reflect
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Figure 4. Systemic norepinephrine spillover (ng/min) at baseline and
after the administration of intraarterial isoproterenol (60 and 400 ng/
min) in normotensive controls (n = 13) and subjects with borderline
hypertension (n = 8). Data are expressed as means±SEM. Statistical
significance of the effect of blood pressure category (BP) was P < 0.05,
response to isoproterenol (DOSE) P < 0.001, and the interaction be-
tween blood pressure category and response to isoproterenol
(BPXDOSE) P = NS (ANOVA).
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differences present at baseline (BHT 543.5±68.1 ng/min vs.
NT320.4±34.3, P < 0.005) and isoproterenol-induced increase
in systemic norepinephrine spillover did not differ between
BHT and NT subjects (BP X DOSE, P = NS) (Table HI).

The doses of isoproterenol infused had minimal systemic
effects with heart rate increasing from baseline (BHT 71.4±4.7
beats/min vs. NT 63.2±2.0 beats/min, P = NS) by approxi-
mately 8 beats/min in both groups after administration of the
highest dose of isoproterenol (Table II). Similarly, small, but
statistically significant, decrements in mean arterial pressure
and diastolic blood pressure occurred in both groups after the
administration of isoproterenol 400 ng/min but the response
was similar in the two groups (BP X DOSE, P = NS)
(Table II).

Discussion

Vasodilation in response to the intraarterial administration of
isoproterenol, as determined by alterations in both forearm
blood flow (Fig. 1) and forearm vascular resistance (Table I),
was impaired in subjects with borderline hypertension, com-
pared with a well-matched group of normotensive controls.
These findings were not explained by increased local sympa-
thetic activity in the BHT group since forearm norepinephrine
spillover (and its flow-independent equivalent, forearm plasma
norepinephrine appearance rate) were not different, either at
baseline, or after stimulation of norepinephrine release by the
intraarterial infusion of isoproterenol (Fig. 3, Table II).

In a previous study in which low doses of isoproterenol were
infused into the brachial artery, it was found that in hypertensive
subjects receiving a diet containing 250 mmol Na+/d, the fore-
arm blood flow response to isoproterenol was impaired and that
this could be corrected by a low-sodium diet (10). Our study
extends these findings by showing a similar impairment of the
response to isoproterenol in subjects with borderline hyperten-
sion, in whomstructural vascular alterations induced by hyper-
tension are less likely to confound observations of vascular
response and that these changes occurred while subjects were
receiving a sodium intake more representative of the average
sodium intake in the United States.

Several studies have indicated that sympathetic activity, par-
ticularly early in the disease process, is enhanced in subjects
with hypertension (11, 12). Our study, which examined sympa-
thetic activity in white normotensive and hypertensive subjects
matched for sodium intake, confirms that systemic norepineph-
rine spillover is enhanced in subjects with borderline hyperten-
sion. Obesity and a higher BMI are associated with increased
sympathetic activity (24). BMI was greater in the BHTgroup
and may therefore have contributed to the finding of increased
systemic NE spillover in this group. The difference in baseline
forearm NE spillover between the BHT (1.0±0.4 ng/min) and
NT (0.64±0.13) groups was not significant (P = 0.32), and
the higher mean value was attributable to one BHT individual
with a forearm NE spillover of 3.94 ng/min (more than twice
the value obtained for any other BHTor NT individual). If the
value for this individual is excluded from the comparison, then
the baseline forearm NEspillover in the BHTgroup (0.63_±0.13
ng/min) is similar to that of the NT group (0.64±0.13). Esler
and colleagues (12) measured organ-specific norepinephrine
spillover in hypertensive and normotensive subjects and found
that the increase in systemic norepinephrine spillover observed
in hypertensive subjects was largely accounted for by enhanced
renal and cardiac NE spillover. Thus our findings that systemic

norepinephrine spillover was increased but that local norepi-
nephrine spillover in the forearm was unaltered in subjects with
borderline hypertension is in keeping with that observation.
However, the relatively small sample size in this and other
studies examining overall and regional sympathetic activity in
hypertension suggest that the power of these studies to exclude
differences between groups is low and may account for differ-
ences in the literature (11-14).

Isoproterenol has effects mediated through both beta, and
beta2 adrenoceptors but its effects in human vasculature are
thought to be mediated largely through beta2 adrenoceptors (25,
26); therefore the observations in the present study are likely
to largely be attributable to effects mediated through beta2 adre-
noceptors. Stimulation of presynaptic beta adrenoceptors by the
administration of low doses of isoproterenol directly into the
brachial artery in vivo in humans has been shown to increase
the release of norepinephrine locally by ourselves (15) and
confirmed recently by others (13). The overall effect of a beta
agonist on forearm blood flow may therefore be influenced not
only by postsynaptic beta adrenoceptors but also by presynaptic
beta receptor response. In the present study the impaired vasodi-
lation in response to isoproterenol in subjects with borderline
hypertension occurred in spite of there being no difference in
either basal or stimulated local sympathetic activity, measured
either as forearm norepinephrine spillover, or its flow-indepen-
dent equivalent-forearm norepinephrine plasma appearance
rate, compared with normal controls. A possible explanation
for the impaired isoproterenol-induced vasodilation in BHTsub-
jects would be that isoproterenol-induced NE release, and con-
sequently vasoconstriction, might have been greater in BHT
subjects. In fact, however isoproterenol-stimulated forearm NE
spillover was not significantly different in BHTand NT subjects
and if anything tended to be lower in the BHTgroup. Therefore
enhanced presynaptic beta adrenoceptor-mediated NE release
in the BHTgroup does not explain the attenuated postsynaptic
beta adrenoceptor-mediated vasodilation observed in this
group. Furthermore, isoproterenol-stimulated norepinephrine
release was maintained despite the impaired vasodilatory re-
sponse in borderline hypertension, suggesting a differential sen-
sitivity of these two isoproterenol-mediated responses as we
have previously shown occurs in response to anesthesia (27).
The unaltered sensitivity of presynaptic beta adrenergic recep-
tors in hypertension is supported by a study performed by Chang
and colleagues (13) that found that the increase in forearm
norepinephrine spillover occurring after the administration of
epinephrine (a mixed a and ,3 receptor agonist) did not differ
between subjects with longstanding hypertension and normal
controls. Local NE spillover increases with increased flow but
the calculation of NEplasma appearance rate has been reported
to be a flow-independent measure of NE release (21), and we
therefore have presented data for both NE spillover and plasma
appearance rate. If plasma appearance rate does not fully correct
for flow-mediated increases in NE spillover, it is possible that
presynaptic beta receptor-mediated NErelease may be increased
in BHT but that this was masked by a lower flow-mediated
increase in NE spillover in this group.

Most (3, 28), but not all (29), previous studies of vascular
response in hypertensive subjects have found that responses to
an endothelium-dependent agonist, such as acetylcholine, were
impaired, whereas responses to an endothelium-independent ag-
onist, such as sodium nitroprusside, were maintained. The pre-
served response to sodium nitroprusside in these studies of pa-
tients with established hypertension indicates that structural vas-
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cular alterations, although present in subjects with borderline
hypertension (16, 30), are unlikely to explain either the im-
paired responses to acetylcholine noted by others (3, 28) or the
impaired response to isoproterenol found in the present study.

The administration of phentolamine, an alpha receptor an-
tagonist, results in a greater reduction in forearm vascular resis-
tance in hypertensive patients than in normal controls, sug-
gesting increased alpha agonist activity in hypertension (1).
However, the vasoconstrictor response following direct intraar-
terial administration of an alpha agonist was not enhanced in
patients with hypertension in studies examining both arterial
( 1, 10) and venous (31 ) responses, suggesting that the enhanced
response to phentolamine may have reflected increased basal
sympathetic activity rather than true increased vascular sensitiv-
ity to alpha agonists. Enhanced alpha receptor-mediated vaso-
constriction therefore does not appear to be a likely explanation
for the impaired beta receptor-mediated vasodilation.

Prolonged exposure of beta receptors to agonist has been
shown, both in vitro (32-34) and in vivo (35), to lead to a
decrease in beta receptor-mediated responses, a process known
as desensitization. Sympathetic activity, as determined by sys-
temic norepinephrine spillover, was significantly higher at base-
line in the subjects with borderline hypertension. Therefore, it
is possible that catecholamine-induced desensitization of beta
adrenoceptors in the borderline hypertensive subjects explains
the decreased vasodilation in response to isoproterenol. How-
ever, since local norepinephrine release after the administration
of intraarterial isoproterenol, thought to be mediated through
presynaptic beta adrenoceptors ( 15 ), was not altered in subjects
with BHT, it would imply that presynaptic beta adrenoceptors
(mediating norepinephrine release) and postsynaptic beta adre-
noceptors (mediating vasodilation) are regulated in a differen-
tial fashion. An argument against catecholamine-induced desen-
sitization being important in this process is the observation that
a low-sodium diet, a diet that results in sympathetic activation
and a rise in plasma norepinephrine concentrations (36), has
previously been reported to correct the impaired vasodilation
in response to isoproterenol in hypertensive subjects (9, 10)
when the increased catecholamines would be expected to in-
crease desensitization.

Impaired responses to the endothelium-dependent vasodila-
tor, acetylcholine, in subjects with hypertension have been re-
ported (3, 28). It is unlikely that the same mechanisms thought
to account for the impaired vascular responses of hypertensive
subjects to acetylcholine explain the impaired responses to iso-
proterenol since isoproterenol is though to produce vasodilation
by an endothelium-independent mechanism that does not in-
volve nitric oxide or guanylate cyclase (37). However, studies
suggesting that prolonged infusion of isoproterenol may have
resulted in the release of an endogenous vasodilator (38) and
that the effects of isoproterenol in rat aortic rings may be par-
tially mediated through an endothelium-dependent, nitric ox-
ide-mediated mechanism (39) raise the possibility that vascular
responses to isoproterenol, and to agonists acting through nitric
oxide, may not be totally independent. Altered endothelium-
dependent isoproterenol-induced vasodilation, a phenomenon
not known to occur in humans, appears to be an unlikely expla-
nation for the blunted vasodilatory response to isoproterenol in
BHT subjects.

The technique used in this study allowed the local intra-
arterial infusion of the beta agonist isoproterenol to stimulate
both presynaptic and postsynaptic beta adrenoceptors in the
forearm and determination of their response. The dose of isopro-

terenol used (400 ng/min) has previously been shown by our-
selves ( 10, 15 ) and others (40) to have minimal systemic effects
and to produce no change in the blood flow in the contralateral
forearm when infused intra-arterially in the same fashion as
used in the present study. The effects of isoproterenol in the
present study were largely limited to the forearm. The 10-20-
fold increase in forearm NE spillover was accompanied by a
much smaller increase (< 50%) in systemic norepinephrine
spillover and small systemic hemodynamic changes. This in-
crease in systemic norepinephrine spillover may reflect either
stimulation of presynaptic receptors at tissue sites outside the
forearm, or reflex sympathetic stimulation due to baroreceptor
stimulation. Systemic norepinephrine spillover increased by
22.3±8.8% in the BHTgroup and 49.1±10.0% in the NTgroup.
This difference was not statistically significant (P = 0.08) but
shows the same directional change as in the forearm in keeping
with impairment of systemic vasodilation in BHT subjects.
However, a study with a larger sample size and greater statistical
power would be required to specifically determine this.

Impaired vasodilation of forearm vasculature was observed
after the administration of intra-arterial isoproterenol in white
subjects with borderline hypertension receiving a moderate so-
dium diet. Although systemic measures of sympathetic activity
were increased in BHT, the impaired vasodilatory response to
isoproterenol was not explained by locally increased sympa-
thetic activity and suggests that impaired beta2 receptor-medi-
ated vasodilation occurs early in the course of hypertension and
may be important in its pathogenesis.

Acknowledgments

This study was supported in part by grants from the American Heart
Association, Tennessee Affiliate, and a National Grant-in-Aid, and U.S.
PHS grants GM-31304, GM-46622, and GM-5M01-RR00095. Michael
Stein was supported in part by a Merck Sharp and Dohme International
Fellowship in Clinical Pharmacology and is in receipt of a Pharmaceuti-
cal Research and Manufacturers of America Foundation Faculty Devel-
opment Award in Clinical Pharmacology.

References

1. Egan, B., R. Panis, A. Hinderliter, N. Schork, and S. Julius. 1987. Mecha-
nism of increased alpha adrenergic vasoconstriction in human essential hyperten-
sion. J. Clin. Invest. 80:812-817.

2. Feldman R. D. 1987. ,6 Adrenergic receptor alterations in hypertension-
physiological and molecular correlates. Can. J. Physiol. Pharmacol. 65:56-62.

3. Panza J. A., A. A. Quyyumi, J. E. Brush, and S. E. Epstein. 1990. Abnormal
endothelium-dependent vascular relaxation in patients with essential hypertension.
N. Engl. J. Med. 323:22-27.

4. Feldman R. D., L. E. Limbird, J. Nadeau, D. Robertson, and A. J. J. Wood.
1984. Leukocyte beta-receptor alterations in hypertensive subjects. J. Clin. Invest.
73:648-653.

5. McAllister R. G., D. W. Love, G. P. Guthrie, J. A. Dominic, and T. A.
Kotchen. 1979. Peripheral beta receptor responsiveness in patients with essential
hypertension. Arch. Intern. Med. 139:879-881.

6. Bertel 0. F., F. R. Buhler, W. Klowski, and B. E. Lutold. 1980. Decreased
beta-adrenoceptor responsiveness as related to age, blood pressure, and plasma
catecholamines in patients with essential hypertension. Hypertension. 2:130-138.

7. Frolich E. D., R. C. Tarazi, and H. P. Dustan. 1969. Hyperdynamic beta-
adrenergic circulatory state. Arch. Intern. Med. 123:1-8.

8. Leenan F. H., H. P. Boer, and E. J. D. Mees. 1981. Peripheral ,-adrenocep-
tor responsiveness in young normotensive and hypertensive subjects. Clin. Exp.
Hypertension. 3:539-553.

9. Feldman R. D. 1990. Defective venous beta-adrenergic response in border-
line hypertensive subjects is corrected by a low sodium diet. J. Clin. Invest.
85:647-652.

10. Naslund T., D. J. Silbertstein, W. J. Merrell, J. H. Nadeau, and A. J. J.
Wood. 1990. Low sodium intake corrects abnormality in beta-receptor mediated
arterial vasodilation in patients with hypertension: correlation with beta-receptor
function in vitro. Clin. Pharmacol. Ther. 48:87-95.

584 C. M. Stein, R. Nelson, R. Deegan, H. He, M. Wood, and A. J. J. Wood



11. Goldstein D. S. 1983. Plasma catecholamines in hypertension: an analytical
review. Hypertension. 5:86-99.

12. Esler M., G. Jackman, A. Bobik, P. Leonard, D. Kelleher, H. Skews, G.
Jennings, and P. Korner. 1981. Norepinephrine kinetics in essential hypertension:
defective neuronal uptake of norepinephrine in some patients. Hypertension.
3:149-156.

13. Chang P. C., E. Kriek, and P. van Brummelen. 1994. Sympathetic activity
and presynaptic adrenoceptor function in patients with longstanding essential
hypertension. J. Hypertension. 12:179-190.

14. Anderson E. A., C. A. Sinkey, W. J. Lawton, and A. L. Mark. 1989.
Elevated sympathetic nerve activity in borderline hypertensive humans: evidence
from direct intraneuronal recordings. Hypertension. 14:177-183.

15. Stein M., R. Deegan, H. He, and A. J. J. Wood. 1993. Beta adrenergic
receptor mediated release of norepinephrine in the human forearm. Clin. Pharma-
col. Ther. 54:58-64.

16. Shore A. C., and J. E. Tooke. 1994. Microvascular function in human
essential hypertension. J. Hypertension. 12:717-728.

17. Whitney R. J. 1953. The measurement of volume changes in human limbs.
J. Physiol. (Lond.). 121:1-27.

18. He H. B., R. J. Deegan, M. Wood, and A. J. J. Wood. 1992. Optimization
of HPLCassay for catecholamines: determination of ideal mobile phase composi-
tion and elimination of species-dependent differences in extraction recovery of
DHBA. J. Chromatogr. 574:213-218.

19. Esler M., G. Jennings, P. Korner, P. Blombery, N. Sacharias, and P.
Leonard. 1984. Measurement of total and organ-specific norepinephrine kinetics
in humans. Am. J. Physiol. 247 (Endocrinol. Metab. 10):E21 -E28.

20. Goldstein D. S., R. Zimlichman, R. Stull, P. D. Levinson, and H. R.
Keiser. 1985. Measurement of regional neuronal removal of norepinephrine in
man. J. Clin. Invest. 76:15-21.

21. Chang P. C., E. Kriek, J. A. van der Krogt, and P. van Brummelen.
1991. Does regional norepinephrine spillover represent local sympathetic activity?
Hypertension. 18:56-66.

22. Lang C. C., C. M. Stein, M. Brown, R. Deegan, R. Nelson, H. B. He, M.
Wood, and A. J. J. Wood. 1995. Blunted forearm beta2-adrenergic mediated
vasodilation in normotensive blacks. N. Engl. J. Med. In press.

23. Gordon T., and W. B. Kannel. 1976. Obesity and cardiovascular disease:
the Framingham study. Endocrinol. Metab. Clin. N. Am. 5:367-375.

24. Scherrer, U., D. Randin, L. Tappy, P. Vollenweider, E. Jequier, and P.
Nicod. 1994. Body fat and sympathetic nerve activity in healthy subjects. Circula-
tion. 89:2634-2640.

25. Lertora J. L. L., A. L. Mark, U. J. Johannsen, W. R. Wilson, and F. M.
Abboud. 1975. Selective beta, receptor blockade with oral practolol in man. A
dose-related phenomenon. J. Clin. Invest. 56:719-724.

26. Ikezondo K., H. Zerkowski, J. J. Beckeringh, M. C. Michel, and 0. Brodde.
1987. Beta2 adrenoceptor-mediated relaxation of the isolated human saphenous
vein. J. Pharmacol. Exp. Ther. 241:294-299.

27. Deegan R., H. B. He, A. J. J. Wood, and M. Wood. 1992. Halothane
inhibits presynaptic 162 receptor-induced norepinephrine release in vivo. Anesthesi-
ology. 77 :A622. (Abstr.)

28. Taddei S., A. Virdis, P. Mattei, and A. Salvetti. 1993. Vasodilation to
acetylcholine in primary and secondary forms of hypertension. Hypertension.
21:929-933.

29. Cockcroft J. R., P. J. Chowienczyk, N. Benjamin, and J. M. Ritter. 1994.
Preserved endothelial-dependent vasodilation in patients with essential hyperten-
sion. N. Engl. J. Med. 330:1036-1040.

30. Takeshita A., and A. L. Mark. 1983. Structural vascular changes in young
patients with borderline hypertension. Jpn. Circ. J. 47:256-257.

31. Eichler H. G., G. A. Ford, T. F. Blaschke, A. Swislocki, and B. B.
Hoffman. 1989. Responsiveness of superficial hand veins to phenylephrine in
essential hypertension. J. Clin. Invest. 83:108-112.

32. Hausdorff W. P., M. G. Caron, and R. J. Lefkowitz. 1990. Turning off
the signal: desensitization of beta-adrenergic receptor function. FASEB(Fed. Am.
Soc. Exp. Biol.) J. 4:2881-2889.

33. Fraser J., J. Nadeau, D. Robertson, and A. J. J. Wood. 1981. Regulation
of human leukocyte beta receptors by endogenous catecholamines. Relationship
of leukocyte beta receptor density to the cardiac sensitivity of isoproterenol. J.
Clin. Invest. 67:1777-1784.

34. Harden T. K. 1983. Agonist induced desensitization of the beta adrenergic
receptor linked adenylate cyclase. Pharmacol. Rev. 35:5-32.

35. Stein M., R. Deegan, and A. J. J. Wood. 1993. Chronic exposure to beta2
receptor agonist specifically desensitizes beta receptor-mediated venodilation.
Clin. Pharmacol. Ther. 54:187-193.

36. Watson R. D. S., M. D. Esler, P. Leonard, and P. I. Korner. 1984. Influence
of variation in dietary sodium intake on biochemical indices of sympathetic activ-
ity in normal man. Clin. Exp. Pharmacol. Physiol. 11:163-170.

37. Furchgott R. F., and P. M. Vanhoutte. 1989. Endothelium-derived relaxing
and contracting factors. FASEB (Fed. Am. Soc. Exp. Biol.) J. 3:2007-2018.

38. Stein C. M., R. Nelson, R. Deegan, H. He, T. Inagami, M. Frazer, K. F.
Badhr, M. Wood, and A. J. J. Wood. 1994. Acute exposure to agonist does not
result in desensitization of presynaptic or postsynaptic beta adrenergic receptor-
mediated responses. Clin. Res. 42:252A. (Abstr.)

39. Gray D. W., and I. Marshall. 1992. Novel signal transduction pathway
mediating endothelium-dependent /3-adrenoceptor vasorelaxation in rat thoracic
aorta. Br. J. Pharmacol. 107:684-690.

40. Pedrinelli R., G. Panarace, and A. Salvetti. 1991. Calcium entry blockade
and adrenergic vascular reactivity in hypertensives: differences between nicardip-
ine and diltiazem. Clin. Pharmacol. Ther. 49:86-93.

/3-Receptors in Hypertension 585


