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Angiotensin Il-Noradrenergic Interactions in Renovascular Hypertensive Rats
Jeffrey B. Zimmernan, David Robertson, and Edwin K. Jackson
Division of Clinical Pharmacology, Department of Pharmacology, Vanderbilt University School of Medicine, Nashville, Tennessee 37232

Abstract

This study tested the hypothesis that interactions of endogenous
angiotensin H (All) with the noradrenergic neuroeffector junction
are important in renin-dependent hypertension. In the in situ
blood-perfused rat mesentery, in normal rats exogenous All po-
tentiated mesenteric vascular responses to periarterial (sympa-
thetic) nerve stimulation (PNS) more than vascular responses
to exogenous norepinephrine (NE). In 2-kidney-i-clip (2K-1C)
rats with renovascular hypertension mesenteric vascular re-
sponses to PNSand NE were greater than in sham-operated
rats, and renovascular hypertension mimicked the effects of ex-
ogenous All with respect to enhancing responses to PNSmore
than responses to NE. In 2K-iC rats, but not in sham-operated
rats, i-Sar-8-Ile-AII markedly suppressed vascular responses
to PNS, without influencing responses to NE. Finally, l-Sar-8-
Ile-All attenuated sympathetic nerve stimulation-induced neu-
ronal spillover of NE in 2K-iC rats, but not in sham-operated
rats. These data indicate that renovascular hypertension enhances
noradrenergic neurotransmission, and that this enhancement is
mediated in part by AII-induced facilitation of NErelease.

Introduction

The role of the renin-angiotensin system in renovascular hy-
pertension has been investigated extensively in laboratory rats.
In rats with a normal contralateral kidney, surgically induced
ischemia of the ipsilateral kidney (placement of a silver clip on
one renal artery, i.e., 2-kidney-1-clip Goldblatt hypertension)
causes the development of hypertension via a mechanism pri-
marily dependent on the renin-angiotensin system. In 2-kidney-
1-clip Goldblatt rats, plasma renin activity increases rapidly (1),
and converting enzyme inhibition prevents the onset of hyper-
tension (2, 3). Further, the maintenance of an elevated arterial
blood pressure in 2-kidney-I-clip Goldblatt rats depends on the
renin-angiotensin system for some time after induction of hy-
pertension. Thus, for several weeks after the onset of hyperten-
sion, plasma renin activity remains elevated (1) and arterial blood
pressure can be normalized by angiotensin II antagonists (4, 5),
converting enzyme inhibitors (6, 7), removal of the ischemic
kidney (8), and restoration of renal artery patency (8). As the
ravages of hypertension take a toll on the contralateral kidney
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(9), however, the importance of the renin-angiotensin system in
sustaining the hypertension becomes less clear. Several months
into the hypertensive process, plasma renin activity normalizes
(1), and angiotensin H antagonists (4, 5) or removal of the isch-
emic kidney (8, 10) no longer reverses the hypertension. Con-
sidered together, the current body of evidence strongly supports
a primary role for the renin-angiotensin system in the devel-
opment and early maintenance of 2-kidney- I-clip hypertension,
with the importance of the renin-angiotensin system gradually
waning with time.

Although it is clear that the renin-angiotensin system par-
ticipates in the development and early maintenance of 2-kidney-
1-clip hypertension, how the effector molecule, angiotensin II,
chronically increases blood pressure is less evident. Angiotensin
II has impact on several key domains of the cardiovascular system
that influence blood pressure. In addition to the well-known
direct vasoconstrictor action of angiotensin II, this peptide also
stimulates aldosterone biosynthesis (11), activates the thirst
mechanism (12), exerts direct effects on renal mesangial (13)
and tubular (14, 15) cells, increases sympathetic tone (16), and
facilitates noradrenergic neurotransmission (17). Most likely,
angiotensin 11-induced hypertension is due to a constellation of
effects rather than to any one single action.

A critical component of chronic angiotensin II-induced hy-
pertension may be the interaction of this peptide with the sym-
pathetic nervous system. Blood-borne angiotensin II can pene-
trate into the central nervous system at sites deficient in a blood-
brain barrier, e.g., area postrema, and activate specific receptors
that mediate an increase in sympathetic tone (18). This central
action of angiotensin II may be reinforced and amplified by a
peripheral interaction with noradrenergic neuroeffector junc-
tions. Exogenous angiotensin H facilitates noradrenergic neu-
rotransmission by enhancing depolarization-induced norepi-
nephrine release (19, 20), blocking the uptake of norepinephrine
into sympathetic varicosities, i.e., uptake -1 (21, 22), and aug-
menting the postjunctional response to norepinephrine (23). It
is anticipated that these actions of angiotensin H, especially when
combined with an increased sympathetic tone, would contribute
significantly to the hypertensionogenic action of angiotensin 11.
That this is the case with exogenous angiotensin II can be inferred
from experiments demonstrating that chronic infusions of im-
mediately subpressor doses of angiotensin II cause a gradual rise
in arterial blood pressure that is reversed by noradrenergic neu-
ronal blocking drugs (24).

Although the interaction of exogenous angiotensin II with
noradrenergic neuroeffector junctions has been acknowledged
for over 20 years (25), the hypothesis remains untested that el-
evated levels of angiotensin II associated with sustained reno-
vascular hypertension facilitate noradrenergic neurotransmis-
sion. To our knowledge, the only full length publication ad-
dressing this issue reported studies conducted only after acute
renal artery stenosis in the dog (26). Accordingly, we carried to
fruition a series of studies designed to test the hypothesis that
elevated levels of angiotensin II associated with renovascular
hypertension facilitate noradrenergic neurotransmission. This
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hypothesis was initially tested by comparing the effects of an-
giotensin II and chronic renovascular hypertension on vascular
responses to sympathetic nerve stimulation and norepinephrine
in the autoperfused rat mesenteric vascular bed. The hypothesis
was tested further by determining the effects of antagonism of
angiotensin II receptors on mesenteric' vascular responses to
sympathetic nerve stimulation and norepinephrine in renovas-
cular hypertensive and sham-operated rats. Finally, we examined
the effects of angiotensin-receptor antagonism on the neuronal
spillover of endogenous norepinephrine from the mesenteric
vascular bed using a novel technique specifically designed for
these experiments. Taken as a whole, our results indicate that
renovascular hypertension enhances the vascular response to
sympathetic nerve stimulation and that this enhancement is
mediated in part by AII-induced facilitation of NErelease. These
studies demonstrate for the first time the importance of angio-
tensin I-noradrenergic interactions in chronic renovascular hy-
pertension.

Methods

Preparation of 2-kidney-1-clip (2K-IC)' renovascular
hypertensive rats
Male Sprague-Dawley rats (175-225 g) were anesthetized with pento-
barbital (50 mg/kg, i.p.), and the left kidney was exposed. In some rats,
a silver clip (0.25 mmgap) was permanently installed around the left
renal artery (2K-IC rats), and in other rats a clip was temporarily placed
around the renal artery and then removed (sham-operated rats). The
abdominal cavity was sutured with 4.0 silk, and the skin was held together
using 9-mm wound clips (Clay Adams, Parsippany, NJ). All animals
were allowed to recover for 3 wk. Animals were maintained on a diet
containing 170 meqNat/kg and 246 meq K+/kg (Allied Mills, Chicago,
IL) and were given tap water ad lib. Animals were housed in a facility
that provided a constant temperature (220C) and a 12-h light/dark cycle
(6:00 a.m.-6:00 p.m.).

Tail cuff measurement of systolic blood pressure
Systolic blood pressures were determined 3 wk after surgery. Rats were
kept in a 330C environment (heating pad in a plastic rat cage) for 10
min. Each animal was then placed in a heated animal restrainer (Narco,
Houston, TX). A cuff was placed around the base of the animal's tail,
and a pneumatic sensor was taped in place over the tail artery. Using
an electro-sphygmomanometer (model PE-300, Narco), the cuff around
the rat's tail was repeatedly inflated and deflated (17.5 mmHg/s, every
30 s) for 10 min. This procedure enabled the animal to habituate to the
system. Blood pressure measurements were then recorded. During cuff
inflation and deflation, the point of pulse-pressure dampening was read
from the chart paper for three consecutive cycles. Systolic blood pressure
was then calculated as the mean of these six values. The criterion for
classifying 2K-IC and sham-operated animals was as follows: clipped
animals having a systolic blood pressure greater than or equal to 165
mmHgwere classified as 2K-IC renovascular hypertensive rats. Sham-
operated animals having a systolic blood pressure less than or equal to
150 mmHgwere classified as normotensive. All other animals were not
studied.

Validation of the 2K-IC animal as an elevated renin model
12 2K-IC rats (3 wk postclipping) and 12 sham-operated animals were
moved to a quiet room and animals (chosen randomly between 2K- IC
and sham-operated groups) were transferred one at a time to an adjacent

1. Abbreviations used in this paper: ANOVA, analysis of variance; EPI,
epinephrine; NE, norepinephrine; PNS, periarterial nerve stimulation;
PRA, plasma renin activity; 2K-IC, 2 kidney-l clip.

room. The rat was killed rapidly by decapitation. Blood (3 ml) for plasma
renin activity (PRA) was collected during the first 3 s after decapitation
into a prechilled (40C) 10 ml polypropylene tube containing 15 mg
EDTA. Blood for plasma angiotensin I levels was collected during the
second 3 s (2 m!) after decapitation into a 10-ml polypropylene tube
containing EDTA, pepstatin, and nonapeptide converting enzyme in-
hibitor (I5 mM, 10 AM, and 23 AMfinal concentration, respectively).

Blood was centrifuged at 2,000 g at 40C for 15 min. The rat plasma
was transferred in a cold room to 5-ml polypropylene tubes and stored
at -70'C. PRAand plasma angiotensin I levels were determined by the
method of Workman et al. as previously described (27).

Preparation of animals for in situ perfusion of the
mesenteric vasculature
3 wk after surgery, each rat was anesthetized with pentobarbital (50 mg/
kg, i.p.) and prepared for in situ blood perfusion of the mesenteric vascular
bed using a modification of the technique described by Jackson and
Campbell (28). An incision was made in the neck, and cannulas were
placed into the right jugular vein (PE-50, Clay Adams) and the trachea
(PE-240, Clay Adams). The animal was maintained on a pentobarbital
infusion (0.375 mg/kg per min) via the right jugular cannula throughout
the experiment.

The rat was secured to a Plexiglas board, and a laparotomy was
performed. The intestines were exteriorized and covered with cotton
gauze moistened with 0.9% saline. The abdominal aorta caudal to the
left renal artery was isolated, and two 4.0 sutures were placed, but not
tied, around the artery. The superior mesenteric artery was isolated 5
mmfrom the junction with the abdominal aorta, and two sutures were
placed loosely around the mesenteric artery. The tissue and nerves sur-
rounding the mesenteric artery were isolated, and a suture was placed
around the bundle. The mesenteric nerves entering the surrounding tissue
of the superior mesenteric artery were then severed. The abdominal area
was covered with saline-moistened gauze and kept warm under a 75-W
light.

A 45-min rest period was allowed to give time for small bleeders to
clot. Following the rest period, 1.5 ml of heparin (1,000 U/ml Elkins-
Sinn, Inc., Cherry Hill, NJ) was infused into the jugular vein. A 6-in
cannula (PE-90, Clay Adams) was filled with normal saline and clamped
with forceps at one end. The suture on the distal aorta was tied securely,
and a small vascular clamp was placed on the proximal portion of the
isolated aorta. A small incision was cut into the aorta distal to the vascular
clamp, and the PE-90 cannula was inserted into the vessel. The proximal
aortic tie was then secured around the vessel, and the vascular clamp
was removed.

The rat and board unit were transferred to the top of a Harvard
peristaltic infusion system equipped with the perfusion cannula detailed
in Fig. 1 and Table I. Pressure transducers (model RP-1500i, Narcoy
were connected to cannulas T2 and T9 for monitoring arterial blood
pressure and mesenteric perfusion pressure, respectively. The PE-90
cannula from the aorta was cut to 3 in and inserted into Tl of the
perfusion cannula (Fig. 1). The peristaltic pump was turned on to purge
the cannula at TIO of air and then immediately turned off. The proximal
suture around the mesenteric artery was secured to occlude the vessel.
While pulling on the distal suture, a nick was cut into the mesenteric
artery between the two sutures. A PE-50 cannula attached to TIO was
then inserted into the artery. The distal suture was tied around the mes-
enteric artery and cannula to secure the cannula in place. The peristaltic
pumpwas immediately switched on, and perfusion was begun at 3.0 ml/
min. The cannulation of the mesenteric artery, following occlusion of
the artery, took place within 2 min, thereby preventing degradation and
instability of the preparation.

A bipolar platinum electrode was then placed around the mesenteric
artery including the periarterial nerves 1 cm from the aortic junction,
and cotton gauze moistened with normal saline was placed over the
abdominal opening and exteriorized intestines. Throughout the exper-
iment, the preparation was kept warm with a 75-W light aimed over the
animal and was kept moist by continual application of normal saline to
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Figure 1. Physical arrangement of perfusion cannula.
See Table I for dimensions and descriptions of labeled
parts.

the cotton gauze. An infusion of 0.9% saline (0.05 ml/min) or 0.9%
saline containing angiotensin peptides (0.05 ml/min) was maintained at
all times into cannulas T3 and T4, respectively. For a diagram of the in
situ perfused rat mesentery see Fig. 2.

Vascular responses (i.e., changes in perfusion pressure) to periarterial
nerve stimulation (PNS) were elicited by stimulating the mesenteric
periarterial nerves with 20-s trains of bipolar pulses (1.0 mspulse duration,
34.0 V amplitude) at 3, 5, and 7 Hz. After each stimulation, there was

Table I. Part Description for the Mesenteric Perfusion Cannula

Part No. ID OD Length Material

in. in. cm

T 1 0.040 0.085 2.0 Silastic
T2 0.062 0.094 3.0 Silastic
T3 0.020 0.037 60.0 Silastic
T4 0.020 0.037 25.0 Silastic
T5 0.062 0.125 6.5 Silastic
T6, T7 0.062 0.125 6.0 Silastic
T8 0.062 0.125 7.5 Silastic
T9 0.062 0.094 3.0 Silastic
T10 0.040 0.085 4.0 Silastic
Tl l, T12 0.045 40.6 Flexible PVC
T13, T14 15g 2.0 Stainless needle
T15, T16

Silastic, DowComing Medical Grade Tubing. Flexible PVC, FISHER-
brand Technicon Manifold PumpTubing. Stainless Needle, Clay
Adams Intramedic Luer Stub Adapter.

a 3-min rest period. PNSalways occurred in ascending order (3, 5, and
7 Hz) and always preceded the dose-response curve to norepinephrine.
This order was chosen to avoid any residual effects of injected norepi-
nephrine on responses to PNSdue to activation of prejunctional alpha2-
adrenoceptors.

Vascular responses to norepinephrine (NE; 100, 200, and 300 ng)
also were determined in ascending order. NE in a volume of 100 Mul of
0.9% saline was loaded into cannula T3 (Fig. 1), and the NE solution
was then flushed into the perfusion system with normal saline (150 Ml).
After each dose of agonist, the return to baseline was followed by a 3-
min rest period. Vascular responses were recorded on a polygraph (model
79, Grass Instrument Co., Quincy, MA) and were measured as the peak
height relative to the baseline preceding the stimulus.

Protocols using in situ perfusion of mesenteric vasculature
In one group (n = 7) of unoperated normal animals (N group), responses

to PNSand NEwere determined in a control period, in the presence of
angiotensin II, and in the presence of both angiotensin II and l-Sar-8-
Ile-All as follows. 3 min after the last NEdose in the control period, an

infusion (0.05 ml/min) of angiotensin II (9 ng/min; dissolved in saline)
was initiated directly into the mesenteric artery. 15 min into the angio-
tensin II infusion, vascular responses to PNSand NEwere redetermined.
Next, an infusion of l-Sar-8-Ile-AII (150 ng/min) was added to the an-

giotensin II infusion, and mesenteric vascular responses were again de-
termined 30 min into this combined infusion of angiotensin II and 1-

Sar-8-Ile-AII.
In a group of 2K-IC animals (n = 11), control responses to PNSand

NEwere determined. After responses to NE had been elicited, in 6 of
the 11 animals the angiotensin II antagonist, l-Sar-8-Ile-AII (150 ng/
min, dissolved in 0.9% saline), was infused at 0.05 ml/min directly into
the mesenteric artery. In the remaining 5 of the 11 animals, vehicle
(0.9% saline) was infused instead. 30 min into the infusion of either 1-

Sar-8-Ile-AII or vehicle, responses to PNS and NE were repeated. An
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Figure 2. Diagram illustrating the in situ perfused rat
mesentery. A polyethylene cannula (PE-90) is placed
into the aorta distal to the left renal artery and is con-
nected to the perfusion circuit, which courses extracor-
poreally through a Harvard peristaltic pump and reen-
ters the circulation at the mesenteric artery. Blood
flows from the aorta to the mesenteric artery at 3 mV
min. Both aortic pressure and mesenteric perfusion
pressure are monitored. Mesenteric perfusion pressure
responses are determined by either electrically stimu-
lating the mesenteric periarterial nerves or injecting
norepinephrine into the extracorporeal circuit. (Figure
adapted from Jackson and Campbell, 1979, by per-
mission from publisher.)

identical protocol was conducted also in a group (n = 11) of sham-
operated animals.

Determination of NEspillover from the mesenteric vascular
bed of 2K-1C and sham-operated animals
Method and protocol. The experiments described above were designed
to examine the effects of All receptor blockade on vascular responses to
PNSand NE. Wealso wished to explore the effects of All receptor block-
ade on NE spillover. Ideally, we would have preferred measuring NE
spillover in the same system described above, i.e., the in situ blood-
perfused rat mesentery. However, it was realized that the loss of blood
due to the blood sampling and the dead space in the extracorporeal
perfusion (1.5 ml) would probably have given rise to high circulating
levels of NE. If so, detection of NE release from the mesentery during
PNSwould have been difficult. For these reasons, we chose a different
paradigm for measuring the effects of All receptor blockade on NEspill-
over.

3 wk after either renal artery clipping or sham operation, rats were
anesthetized with pentobarbital (50 mg/kg, i.p.) and secured to a Plexiglas
board. Cannulas were placed in the trachea (PE-240), the jugular vein
(PE-50), the left ventricle (PE-50) via the right carotid artery, the femoral
artery (PE-50), and the femoral vein (PE-50). Animals were maintained
on a pentobarbital infusion (0.375 mg/kg per min) into the jugular vein
over the course of the experiment.

Next, a laparotomy was performed, and the superior mesenteric artery
was isolated 5 mmfrom its junction with the abdominal aorta, and two
sutures were placed around the mesenteric artery but were not tied. The
tissue surrounding the mesenteric artery, including the mesenteric nerves,
was isolated, and the superior mesenteric nerves were severed, and a
suture was placed around the nerve bundle to enable placement of a
bipolar electrode.

The mesenteric vein was gently cleared of connective tissue, and a
22-gauge needle connected to silastic tubing was inserted into the mes-
enteric vein against mesenteric flow. Superglue (Duro Corp., Cleveland,
OH) was placed around the needle to prevent slippage, and the cannula
was filled with heparinized saline (100 U/ml). A 30-gauge needle formed
into a hook was connected to silastic tubing, and the 30-gauge needle
was inserted into the mesenteric artery in the direction of blood flow. A
bipolar electrode was then placed around the mesenteric nerve-artery
bundle 1 cm from the aortic junction, and the electrode was attached to

a stimulator (model SD-5, Grass Instrument Co.) set at 1.0 ms pulse
duration, 34.0 V, and bipolar pulses. Cotton gauze moistened with 0.9%
saline was placed over the abdominal cavity and exteriorized intestines,
and was kept moist throughout the experiment. The animals were kept
warm with a 75-W lamp.

After a 45-min postsurgical rest period, either 1-Sar-8-Ile-AII (300
ng/min) or vehicle (0.9% saline, 0.05 ml/min) was infused into the mes-
enteric artery via the 30-gauge needle. Six 2K-lC rats and six sham-
operated rats received l-Sar-8-Ile-AII, and six 2K-1C and six sham-op-
erated rats received vehicle. The dose of l-Sar-8-Ile-AII was increased
from 150 ng/min to 300 ng/min in these experiments since the mesenteric
blood flow in a normal rat is - 5 ml/min, compared with 3 ml/min in
the extracorporeal system.

The experiment was divided into two periods separated by 20 min.
For half of the 2K-1C animals and sham-operated rats, period 1 consisted
of periarterial nerve stimulation (5 Hz, for 3 min), and period 2 was a
control period. In the remaining half of the 2K-1C animals and sham-
operated rats, period 1 was a control period and period 2 was a stimulation
period.

Period 1 began 1 h into the infusion of either 1-Sar-8-Ile-AII or vehicle.
Period 2 began after a 20-min rest after period 1. Both periods 1 and 2
consisted of injection of radiolabeled microspheres into the left ventricle
via the right carotid artery. Blood samples from the femoral artery and
the mesenteric vein were withdrawn simultaneously with the injection
of radiolabeled microspheres.

Blood withdrawal and microsphere injection began 1 min after the
onset of periarterial nerve stimulation. Microspheres were injected and
flushed through the ventricular cannula over 1 min, whereas blood was
withdrawn during the last 2 min of nerve stimulation. Each control period
was initiated by a 2-min blood withdrawal and a 1-min microsphere
injection and flush in the absence of periarterial nerve stimulation.

The femorl artery sample was used for determination of microsphere
content and for arterial catecholamine analysis. The mesenteric vein
sample was used for determination of mesenteric venous catecholamine
concentration. At the end of each 2-min blood withdrawal period, blood
volume was replaced with 2 vol of 0.9% saline administered into the
femoral vein.

Femoral artery blood was withdrawn via a Harvard withdrawal pump
at a rate of 0.45 ml/min into a 1-ml syringe to a total volume of 0.9 ml.
Mesenteric venous blood was also withdrawn into a 1-ml syringe, but
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to a total volume of 0.5 ml. Both syringes were preloaded with a gluta-
thione-EGTA solution (20 Ml/ml blood) to prevent catecholamine deg-
radation.

Radiolabeled microspheres tagged with different isotopes (141Ce or
88Sr) were used for each of the injection periods. Microspheres (3M
Company, St. Paul, MN, 2.0 X IO' spheres/ml, 5.4 MCi/ml, 15 Mm)were
suspended in 0.9% saline. The microsphere solution was placed in a
sonicator for 5 min and subjected to vigorous shaking (vortex) for 1 min
before injection. Microspheres (0.5 ml) were drawn into a 1-ml syringe
equipped with a 20 gauge blunt needle. The microsphere-saline suspension
was injected slowly into the ventricular cannula over 30 s. The ventricu-
lar cannula was then flushed with 0.5 ml of normal saline over an addi-
tional 30 s.

At the end of the 2-min blood withdrawal period, a sample for he-
matocrit determination was taken from the femoral artery cannula, and
reference blood flow counts were determined by counting the femoral
artery sample and the PE-50 tubing used to withdraw the blood sample
(autogamma scintillation spectrometer, Packard Instrument Co., Inc.,
Downers Grove, IL). The mesenteric venous samples were placed in a
glass tube and stored on ice. After counting, the arterial sample was
placed in a glass tube and stored on ice. All samples were centrifuged
(1,000 g) for 20 min at 4VC. The plasma was stored at -70'C and later
assayed for norepinephrine and epinephrine concentrations.

The catecholamine content of plasma samples was determined ac-
cording to the methodology of Peuler and Johnson (29). Analysis was
facilitated by the use of the CAT-A-KIT catecholamines radioenzymatic
assay kit (The Upjohn Co., Kalamazoo, MI).

At the end of the experiment, the mesentery and the small intestines
(from the stomach to the cecum) were excised from the animal and
flushed with normal saline to clean out the bowel contents. The mesentery
and the small intestines were weighed, and their radioactivity determined
by gammascintillation spectrometry. Suitable energy window settings
were used for each microsphere isotope. Counts were corrected for overlap
of energy spectra, and blood flow to the mesentery was determined using
previously published equations (30). Neuronal spillover of NE from the
in vivo rat mesentery was then calculated as described below.

Calculation of neuronal NEspillover
By knowing the mesenteric blood flow, hematocrit, and plasma levels
of NE in the mesenteric venous blood (NEv) and arterial blood (NE,)
the spillover of NEfrom the mesentery can be calculated by the formula:

NEspillover = (NEV- NE.) X mesenteric blood flow X (l-Hct) (1)

This is the traditional formula for calculating the spillover of NE from
sympathetic nerves innervating a tissue. However, the NEspillover cal-
culated using Eq. I may not be accurate. By subtracting out the arterial
level of NE from the venous level, one is assuming that all of the NE
entering the tissue gains access to the venous drainage of that tissue.
Clearly, this is not the case since some NE is removed by the tissue as
it makes a transit through the tissue. Therefore, this formula underes-
timates the true spillover of NE from sympathetic nerve endings within
the tissue.

Another approach used to calculate the spillover of NE from sym-
pathetic nerves is to assume that none of the arterial NEescapes tissue
clearance, and therefore one need not subtract the arterial levels of NE
from the venous levels, i.e.:

NEspillover = NE, x mesenteric blood flow X (l-Hct) (2)

This approach also may not be accurate since the assumption that most
of the arterial input of NE is cleared by the tissue may not be valid.

As an alternate approach to calculating the spillover of NE from
sympathetic nerves in a tissue, we use a technique that takes into con-
sideration the percentage of arterial NEthat escapes clearance and appears
in the venous drainage of a tissue. The formula that we advocate is:

NE spillover = (NE, - kNEa) X mesenteric blood flow X(Il-Hct) (3)

In this formula the coefficient k is the fraction of arterial NE that
escapes tissue clearance and appears in the venous drainage. Note that
this formula reduces to Eq. I if it is assumed that k is 1 (i.e., that all the
arterial NEends up in the venous drainage) and reduces to Eq. 2 if it is
assumed that k is 0 (i.e., that none of the arterial NE ends up in the
venous drainage). Eq. 3 allows calculation of the true amount of NE
that is released by the nerve endings and escapes into the venous drainage
(i.e., the amount of NE that is released from nerve endings and escapes
uptake and metabolism). Although this calculated spillover cannot be
equated with the actual release rate of NE, the spillover calculated by
this technique should be closer to this quantity than is the NEspillover
calculated by Eqs. I and 2.

To use Eq. 3 it is necessary to know the true value for k. One approach
for determining k is to assume that the fraction of arterial epinephrine
that escapes tissue clearance is the same as that for norepinephrine. Since
epinephrine levels can be measured in the mesenteric vein and femoral
artery of each rat, if this assumption is true then one could calculate k
for each rat as: k = Epinephrine level in vein/Epinephrine level in artery.

Fortunately, the assumption that NE clearance is similar to epi-
nephrine clearance in the rat mesentery is valid, both under basal con-
ditions and during sympathetic nerve stimulation (see below). Therefore,
in these studies we calculated NEspillover using Eq. 3 by estimating the
value of k from the level of epinephrine (EPI) in the mesenteric vein
and aorta. The validity of the assumption that the clearance of NEand
EPI are similar in the rat mesentery was determined as described below.

Six male Sprague-Dawley rats (300 g) were divided into two groups.
Cannulas were placed into the jugular vein, trachea, left ventricle, femoral
artery, femoral vein, and mesenteric vein as described above for the
spillover experiments. A bipolar electrode was placed around the periar-
terial nerves. The bipolar electrode was connected to a stimulator (model
SD-5, Grass Instrument Co.) set at 5 Hz, 1.0 ms pulse duration, and
34.0 V. A continuous infusion of pentobarbital (0.375 mg/kg per min)
was administered into the jugular vein. A 1-h stabilization period followed.

For rats in group 1, a control (no stimulation) period was followed
30 min later by a stimulation period; rats in group 2 received these
treatments in the reverse order. In the control period, [3H]NE (sp act
53.5 Ci/mmol) and [3H]EPI (sp act 74.9 Ci/mmol) were infused (25.7
MCi of each isotope in a total volume of 3 ml of 0.9% saline) into the
left ventricle over 2 min. 1 min into the infusion, and during the remaining
1 min of the infusion, blood was withdrawn from both the femoral artery
(0.5 ml) and mesenteric vein (0.5 ml) into a 1-ml syringe previously
loaded with a 10-Mi aliquot of an EGTA-glutathione solution (95 mg
EGTA, 60 mg reduced glutathione per ml solution, pH 6.5, 20 Ml/ml
blood).

During the stimulation period, the periarterial nerves were stimulated
(5 Hz) for 3 min. After 1 min of periarterial nerve stimulation, an infusion
of [3HINE and [3HJEPI into the left ventricle was commenced and con-
tinued for the remaining 2 min. Blood was withdrawn from both the
femoral artery and mesenteric vein during the last minute of catechol-
amine infusion.

Blood samples were kept on ice until the end of the experiment, at
which point plasma was separated from blood by centrifugation (1,000
g, 4°C) and was stored at -70°C for later determination of [3H]NE and
[3H]EPI.

Mesenteric venous plasma and femoral arterial plasma collected
during the infusion of [3HJNE and [3H]EPI were processed as follows.
Plasma (200 gl) was placed in a 5-ml conical reaction vial containing
50 mg acid-washed aluminum oxide. A 1-ml portion of Tris buffer/
EDTA(45 g Tris base and 5 g Na2EDTAin 250 ml distilled water adjusted
to pH 8.6 with HC1) was added to the reaction vial. The reaction vial
was immediately vortexed then shaken reciprocally for 5 min. The slurry
was allowed to settle, and the aqueous portion was aspirated and dis-
carded.

The alumina was washed once with Tris buffer/EDTA by adding 1
ml of the buffer, vortexing, and then aspirating the liquid portion after
settling. The alumina was then washed with 1 ml glass-distilled water,
vortexed, and the liquid aspirated after settling, A 1-ml portion of distilled
water was again added to the reaction vial, and then the contents were
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transferred to a microfilter assembly (part No. MF5500, Bioanalytical
Systems, West Lafayette, IN) loaded with an RC-58 (Bioanalytical Sys-
tems) membrane. To dry the alumina, the microfilter was placed into a
small centrifuge and spun at 1,000 g for 30 s. The bottom, receiving
portion of the microfilter, now full with filtrate, was exchanged with an
empty receiver tube. A 200-Al aliquot of 0.1 MHC104 was added to the
alumina in the top portion of the microfilter. The microfilter was vortexed
briefly, and then let to stand for a 5-min period. The microfilter was
again vortexed briefly, and then centrifuged at 1,000 g for 1 min. The
receiving portion of the microfilter contained the extracted catechol-
amines in 0.1 MHC104. Catecholamine extracts were stored overnight
at -200C.

High-pressure liquid chromatography (HPLC; LC-304, Bioanalytical
Systems) was utilized to separate [3H]NE from [3H]EPI. The flow rate
was 0.7 ml/min. The mobile phase used to separate the catecholamines
was 0.15 M monochloroacetate buffer, pH 3.0, containing 1.5 g
Na2EDTA, 54 mgsodium octyl sulfate, and 9.35 g NaOHin 2 liters of
glass-distilled, deionized water. The mobile phase was filtered and de-
gassed before use. Catecholamine extracts obtained from the plasma
samples were injected (100 ;l) into the HPLCsystem, and fractions were
collected every 30 s from 6 min until 15.5 min after the injection.

A 200-MAl portion of each fraction was added to a scintillation vial
containing 5 ml scintillation fluid (ACS, NewEngland Nuclear, Boston,
MA). Samples were counted for 5 min in a scintillation counter (Nuclear-
Chicago Corp., Des Plaines, IL). A typical elution profile for both the
venous and arterial samples is shown in Fig. 3.

Extraction ratios were determined during the stimulation period (5
Hz) and control period. The counts under the peak corresponding to
NEand EPI were summated. The extraction ratios for NEand EPI were
calculated by the formula: Extraction ratio = cpm from arterial sample
- cpm from venous sample/cpm from arterial sample.

The extraction ratios for NEand EPI during the control period were
0.488±0.046 and 0.557±0.044, respectively, and the extraction ratios
for NEand EPI obtained during the stimulation period were 0.694±0.036
and 0.735±0.030, respectively. The NEand EPI extraction ratios obtained
during either the control period or the 5-Hz stimulation period were not
significantly different (unpaired Student's t test).

Statistical analysis
Two sample hypotheses were tested with either paired or unpaired Stu-
dent's t tests. Dose-response and frequency-response relationships during
various treatments were compared using a fixed model two-way analysis
of variance (ANOVA) in which one fixed factor was treatment (two or
three levels) and the second fixed factor was frequency of nerve stimu-
lation or dose of NE (three levels). Whenever three dose-response or
frequency-response relationships were analyzed simultaneously, if the
ANOVArevealed a significant treatment effect, the residual mean square
from the ANOVAwas applied in a Dunnett's test or Newman-Keuls

CPM

test to determine which treatments were different from control (Dunnett's
test) or different from each other (Newman-Keuls test). All hypotheses
tested were two-tailed and the criterion of significance was P < 0.05. All
statistical calculations were performed on a Digital Equipment Corpo-
ration 1099 computer (Maynard, MA) using the statistical package for
the social sciences.

Drugs and chemicals
l-Norepinephrine bitartrate and pentobarbital were from Sigma Chemical
Co. (St. Louis, MO)and 5-Ile-AII and I-Sar-8-Ile-AII were from Peninsula
Laboratories (San Carlos, CA).

Results

Systolic blood pressure and PRA in 2K-IC and sham-operated
rats. Systolic blood pressure was determined by the tail cuff
method 3 wk after surgery. As shown in Fig. 4, the systolic blood
pressure in 2K-1C animals (173±7 mmHg;n = 12) was signif-
icantly greater (P < 0.001; unpaired Student's t test) than the
systolic blood pressure in the sham-operated animals (129±3
mmHg;n = 12).

On the following day, these same rats were killed by decap-
itation and blood was collected and analyzed for PRAand AI
levels (Fig. 4). PRAin 2K-1C rats was 5.8± 1.1 ng AI/ml per h,
whereas PRAin sham-operated animals was 2.5±0.4 ng AI/ml
per h. Plasma AI levels in 2K-1C rats and sham-operated rats
were 478±74 pg/mi and 193±35 pg/ml, respectively. PRAand
plasma AI levels were significantly greater in 2K-IC animals
than in sham-operated animals (P < 0.001; unpaired Student's
t test). These data indicated that in our hands the procedure of
clipping one renal artery afforded a high renin model of reno-
vascular hypertension.

Effects of AII or AII + I-Sar-8-Ile-AII on vasoconstrictor
responses to PNSand NEin normal rats. Mesenteric vascular
responses to PNSin normal rats (N group) are shown in Fig. 5.
Vascular responses were obtained in a control period, in the
presence of All (9 ng/min) alone, and in the presence of both
AII and l-Sar-8-Ile-AII (150 ng/min).

The vascular response to PNS increased linearly over the
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Figure 3. Typical chromatogram illustrating the extraction of [3H]NE
and [3H]EPI across the rat mesentery.
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Figure 4. Systolic blood pressure, PRA, and plasma angiotensin I (Al)
level in 2K-1C and sham-operated (Sham) rats. Data from each group
are presented as mean±SEM. Student's t test (two-tailed, unpaired) in-
dicated that systolic blood pressure, PRAand plasma Al level were
significantly greater in 2K-IC rats compared with sham-operated ani-
mals.
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Figure 5. Vasoconstrictor responses to sympathetic nerve stimulation
in normal rats before and during infusions of either angiotensin II
(All) or All + I-Sar-8-Ile-AII. Vasoconstrictor responses are presented
as the mean change in perfusion pressure ±SEM. Vasoconstrictor re-
sponses in the control period were compared to vasoconstrictor re-
sponses in the AII-treated and the All + I-Sar-8-Ile-AII-treated peri-
ods by two-way ANOVAfollowed by a Dunnett's test. This analysis
revealed that there was a significant enhancement of the vasoconstric-
tor responses during All infusion, as compared to the vasoconstrictor
responses during the control period (P < 0.01). There was not a statis-
tically significant difference (NS) between responsiveness in the con-
trol period compared to the All + l-Sar-8-Ile-AII-treated period.
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Figure 6. Vasoconstrictor responses to norepinephrine in normal rats
before and during infusions of angiotensin II (AII) or All + l-Sar-8-
Ile-AII. Vasoconstrictor responses are presented as the mean change in
perfusion pressure ±SEM. Responses in the control, AH-treated, and
All + l-Sar-8-Ile-AII-treated periods were analyzed by two-way AN-
OVAfollowed by Neuman-Keuls test. AII infusion significantly en-
hanced the vasoconstrictor responses to norepinephrine as compared
to the vasoconstrictor responses during vehicle infusion (P < 0.01).
All + l-Sar-8-Ile-AII infusion significantly decreased the vasoconstric-
tor responses, as compared to the vasoconstrictor responses during All
infusion alone (P < 0.05). The All antagonist did not completely abol-
ish the AII-induced enhancement of norepinephrine vasoconstrictor
responses (P < 0.05).

range of 3 to 7 Hz. Responses to PNS in the presence of All
were significantly enhanced relative to control responses (P
<0.001; two-way ANOVA). The angiotensin II antagonist, 1-
Sar-8-lle-AII, reduced the enhanced mesenteric vascular re-
sponses to levels comparable to control responses. In fact, control
responses and responses in the presence of All plus l-Sar-8-Ile-
All were not statistically different. These data indicated that the
dose of l-Sar-8-Ile-All chosen totally blocked the effects of All
on responses to PNS.

The mesenteric vascular responses to NE in normal rats
(N group) in a control period, in the presence of All (9 ng/min),
and in the presence of All plus l-Sar-8-Ile-AlI (150 ng/min) are
shown in Fig. 6. The log dose response to NE increased linearly
over the range of 100 to 300 ng NE in the control period. Re-
sponses to NE in the AII-treated period were significantly en-
hanced (P < 0.01; two-way ANOVA) relative to the control
period. Although the All antagonist reduced the All enhance-
ment of responses (P < 0.05; two-way ANOVA), there remained
a significant difference (P < 0.05; two-way ANOVA) between
the control and the All plus l-Sar-8-Ile-AII-treated periods. This
contrasts with the total inhibition by l-Sar-8-Rle-AII of the All
enhancement of responses to PNS. These data indicated that
the dose of l-Sar-8-Ile-AII used in this study at least partially
blocked the effects of All on exogenous NE.

The AII-induced enhancement of vascular responses to PNS
was greater than the enhancement by All of responses to NE.

To assess this differential enhancement of responses to PNS
compared with the enhancement of responses to NE, the fol-
lowing analysis was performed. Linear regression analysis was
computed on data from each individual rat, and the frequencies
of PNSand doses of NEeliciting vascular responses of 20, 30,
and 40 mmHgin the control frequency-response and NEdose-
response curves were calculated from the best-fit relationship.
The vascular responses during treatment with All corresponding
to these calculated fiequencies of PNSand doses of NE (from
above) were determined by linear regression analysis of the fre-
quency-response and NEdose-response curves obtained during
the infusion of AII. The difference (delta) between the calculated
vascular response during All infusion and the control mesenteric
response of either 20, 30, or 40 mmHgwas determined. A sche-
matic representation of this analysis is shown in Fig. 7.

The differential enhancement by AII of the response to PNS
compared to the response to NEis shown in Fig. 7. AII-induced
potentiation of the response to PNSwas greater than the poten-
tiation of responses to NE at frequencies of PNSand doses of
NE producing equivalent responses in the absence of AII (P
< 0.001; two-way ANOVA). These data are consistent with pre-
viously published results indicating that the primary interaction
of exogenous AII with noradrenergic nerve terminals is pre-
junctional (see Discussion).

Effects of renal artery clipping on vasoconstrictor responses
to PNSand NE. Mesenteric vascular responses to PNSin the
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Figure 7. Analysis of angiotensin II(AII)-induced enhancement of nor-
adrenergic vasoconstrictor responses in normal rats. The All-induced
enhancement (delta) of the mesenteric perfusion pressure response to
either periarterial nerve stimulation (data shown in Fig. 5) or to in-
jected norepinephrine (data shown in Fig. 6) was determined at fre-
quencies of nerve stimulation and doses of norepinephrine causing
equal responses in the control period of 20, 30, and 40 mmHg(see
text for details). The potentiation by All of responses to nerve stimula-
tion was significantly greater than the enhancement by All of re-
sponses to equipressor doses of norepinephrine (two-way ANOVA;P
< 0.01).

2K-IC group (n = 11) were compared with mesenteric vascular
responses to PNSin the sham-operated group (n = 11). As shown
in Fig. 8, responses to PNSincreased linearly over the frequency
range of 3 to 7 Hz in both the 2K-lC and sham-operated groups.
However, the response to PNS in the 2K- 1C group was much
greater than the response to PNS in the sham-operated group
(P < 0.001; two-way ANOVA).

Responses to NE also were compared between the 2K-IC
and sham-operated groups (Fig. 9). The log dose-response to NE
increased linearly in the range of 100 to 300 ng in both the 2K-
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Figure 8. Vasoconstrictor responses to periarterial nerve stimulation in
2K-IC and sham-operated rats (Sham) 3 wk following renal artery
clipping or sham operation. Two-way ANOVAindicated that renal ar-
tery clipping significantly enhanced responses to periarterial nerve
stimulation in 2K-IC rats compared with responses in sham-operated
rats (P < 0.001). Vasoconstrictor responses are presented as the mean
change in perfusion pressure ±SEM.
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Figure 9. Vasoconstrictor responses to norepinephrine in 2K-IC and
sham-operated (Sham) rats 3 wk after renal artery clipping or sham
operation. Vasoconstrictor responses are presented as the mean
change in perfusion pressure ±SEM. Two-way ANOVAindicated that
renal artery clipping significantly enhanced responses to norepineph-
rine in 2K- IC rats as compared to responses in sham-operated rats (P
< 0.001).

1C and sham-operated animals. However, responses to NE in
the 2K-IC group were greater than responses to NE in sham-
operated rats (P < 0.001; two-way ANOVA).

These data demonstrated that vascular responses to PNS
and exogenous NEwere elevated in 2K-i C animals relative to
sham-operated animals. Further, the enhancement of vascular
responses in 2K-IC rats compared with sham-operated rats ap-
peared greater for responses to PNSthan for responses to NE.
To quantitate this differential enhancement by renal artery clip-
ping of vascular responses to PNSand NE, an analysis was per-
formed similar to that described above for the AII infusion ex-
periments. In this analysis, a linear regression was performed
on the frequency-response curve and NE dose-response curve
obtained by combining all the data from the sham-operated an-
imals. From these two regression equations, the frequencies of
PNSand doses of NE required to provoke responses of 20, 30,
and 40 mmHgin sham-operated animals were calculated. Next,
linear regressions of the frequency-response curves and NEdose-
response curves for each individual rat in the 2K-IC group were
performed, and the vascular responses to the previously calcu-
lated frequencies and doses of NEwere computed. The differ-
ences between the calculated vascular responses to PNSand NE
in 2K-IC animals and 20, 30, and 40 mmrng were calculated.
A schematic representation of this analysis is illustrated in Fig.
10. This analysis indicated that renal artery clipping enhanced
vascular responses to frequencies of PNS, which in sham-op-
erated animals elicited responses of 20, 30, or 40 mmHg,more
than to doses of NE, which in sham-operated animals elicited
responses of 20, 30, and 40 mmHg(P < 0.01; two-way ANOVA).
This analysis suggested that, like exogenous All, the effects of
renal artery clipping on noradrenergic neurotransmission were
primarily prejunctional. Further, a comparison of Figs. 7 and
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Figure 10. Analysis of clipping-induced enhancement of noradrenergic
vasoconstrictor responses. The renal artery clipping-induced enhance-
ment (delta) of the mesenteric perfusion pressure response to periar-
terial nerve stimulation (data shown in Fig. 8) and to norepinephrine
(data shown in Fig. 9) was determined at frequencies of nerve stimula-
tion and doses of norepinephrine causing equal responses in sham-op-
erated rats of 20, 30, and 40 mmHg(see text for details). The poten-
tiation by renal artery clipping of responses to nerve stimulation was
significantly greater than the enhancement of responses to equipressor
doses of norepinephrine (two-way ANOVA;P < 0.01).

10 suggested a strildng similarity between the effects of exogenous
All and renal artery clipping on responses to PNSand NE.

Effects of I-Sar-8-lle-AII on vasoconstrictor responses to PNS
and NE in 2K-iC rats. Vascular responses to PNS in the 2K-
IC group during a control period (n = I 1) and during infusion
of either saline (n = 5) or I-Sar-8-lle-AII (150 ng/min; n = 6)
are depicted in Fig. 11. Control responses to PNS, responses to
PNS in the presence of l-Sar-8-Ile-AII, and responses to PNS
during vehicle infusion all increased linearly over the frequency
range of 3 to 7 Hz. No statistically significant differences were
observed between control responses and responses to PNS in
the presence of vehicle. However, there was a significant decrease
(P < 0.01; two-way ANOVA)in responses to PNSin the presence
of l-Sar-8-Ile-AII when compared with control responses. These
data indicated that in the presence of an All antagonist, responses
to sympathetic nerve stimulation were significantly decreased
in 2K-IC animals. The observed decrease in responses to PNS
was not due to time dependent changes in the preparation since
responses in the presence of vehicle were not statistically different
from control responses.

Dose-responses to NE in the 2K-IC group during a control
period (n = 11) and during infusions of either saline (n = 5) or
l-Sar-8-Ile-AII (150 ng/min; n = 6) are illustrated in Fig. 12.
Log dose-responses to NE increased linearly over the range of
100 to 300 ng NE in the control period and in the presence of
either l-Sar-8-Ile-AII or vehicle. No statistically significant dif-
ferences were obtained among dose-responses to NEin the con-
trol period, the l-Sar-8-Ile-AII-treated period, or the vehicle-
treated period. These data demonstrated that dose-responses to
NEwere unaffected by the All receptor antagonist, l-Sar-8-Ile-
All, at least during the time frame of these experiments.

Effects of I-Sar-8-Ile-AII on vasoconstrictor responses to PNS
and NE in sham-operated rats. Control responses to PNS (n
= 1 1), responses to PNSin the presence of l-Sar-8-Ile-AII (150
ng/min; n = 6), and responses to PNSin the presence of vehicle
(n = 5) all increased linearly over the range of 3 to 7 Hz in sham-
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Figure 11. Vasoconstrictor responses to periarterial nerve stimulation
in 2K- IC rats treated with either l-Sar-8-Hle-AII or vehicle (saline).
Mesenteric perfusion pressure responses to periarterial nerve stimula-
tion were determined in 2K-IC rats during a control period and dur-
ing an infusion of either l-Sar-8-lle-AII or vehicle. Vasoconstrictor re-
sponses are presented as the mean change in perfusion pressure ±SEM.
Control vasoconstrictor responses were compared to vasoconstrictor
responses in the presence of l-Sar-8-Ile-AII and to vasoconstrictor re-
sponses in the presence of vehicle by two-way ANOVAfollowed by a
Dunnett's test. This analysis revealed that there was a significant de-
crease (P < 0.01) in the vasoconstrictor response to nerve stimulation
in the presence of l-Sar-8-Ile-AII as compared with the control re-
sponse. No statistically significant differences were observed between
control responses and responses in the presence of vehicle.

operated rats (Fig. 13). No statistically significant differences were
observed among the control, the l-Sar-8-Hle-AH-treated, and the
vehicle-treated periods, although a trend towards smaller re-
sponses after treatment with l-Sar-8-Ile-AII was noted. These
data indicated that the inhibition of responses to PNSby 1-Sar-
8-lle-AII was selective for renovascular hypertensive rats and
occurred to a lesser extent in sham-operated animals.

Dose responses to NE in sham-operated rats are shown in
Fig. 14. Log dose responses to NE increased linearly over the
range of 100 to 300 ng NE in the control period (n = 11) and
in the presence of either I -Sar-8-Ile-AII (150 ng/min; n = 6) or
vehicle (n = 5). Again, no statistically significant differences were
observed among the control, the l-Sar-8-Ile-AII-treated, and the
vehicle-treated periods (two-way ANOVA).

Baseline perfusion pressure and meanarterial blood pressure.
Baseline perfusion pressures and mean arterial blood pressures
immediately before eliciting vascular responses during each pe-
riod for each group of animals are detailed in Tables II and III,
respectively. As shown, no treatment significantly altered baseline
perfusion pressure or arterial blood pressure compared with the
control period, with the exception that exogenous AII increased
perfusion pressure 30%.

Effect of 1-Sar-8-Ile-AII on neuronal NEspillover in 2K-1C
and sham-operated rats. As shown in Fig. 15, in vehicle treated
2K-IC rats sympathetic nerve stimulation increased the neuronal
spillover of NE (calculated by Eq. 3) approximately fivefold (P
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Figure 12. Vasoconstrictor responses to norepinephrine in 2K-1C rats
treated with either l-Sar-8-Ile-AII or vehicle (saline). Mesenteric perfu-
sion pressure responses to injections of norepinephrine were deter-
mined in 2K-1C rats during a control period and during an infusion
of either l-Sar-8-Ile-AII or vehicle. Vasoconstrictor responses are pre-

sented as the mean change in perfusion pressure ±SEM. Control vaso-

constrictor responses were compared to vasoconstrictor responses in
the presence of l-Sar-8-Ile-AII and to vasoconstrictor responses in the
presence of vehicle by two-way ANOVA. This analysis indicated that
there were no statistically significant differences in vascular responsive-
ness to NEamong the control, the l-Sar-8-Ile-AII-treated, and the ve-

hicle-treated periods.
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Figure 13. Vasoconstrictor responses to periarterial nerve stimulation
in sham-operated (Sham) rats treated with either l-Sar-8-Ile-AII or ve-

hicle (saline). Mesenteric perfusion pressure responses to periarterial
nerve stimulation were determined in sham-operated rats during a

control period and during an infusion of either l-Sar-8-Ile-AII or vehi-
cle (saline). Vasoconstrictor responses are presented as the mean

change in perfusion pressure ±SEM. Control vasoconstrictor responses

were compared to vasoconstrictor responses in the presence of 1-Sar-
8-Ile-AII and to vasoconstrictor responses in the presence of vehicle by
two-way ANOVA. No statistically significant differences in vascular
responsiveness to nerve stimulation among the control, the l-Sar-8-
Ile-AII-treated, and the vehicle-treated periods were detected.

< 0.004; paired Student's t test). In contrast in 2K-lC rats re-

ceiving an intramesenteric artery infusion of l-Sar-8-Ile-AII (300
ng/min), sympathetic nerve stimulation only slightly and non-

significantly increased NE spillover. Further, the level of NE
spillover during nerve stimulation in the l-Sar-8-Ile-AII-treated
group was significantly lower than in the group receiving vehicle
(P < 0.05; unpaired Student's t test). Fig. 16 illustrates the effects
of l-Sar-8-Ile-AII on NEspillover in sham-operated rats. In these
normotensive rats, nerve stimulation significantly increased NE
spillover to the same extent in vehicle-treated and -Sar-8-Ile-
AII-treated animals. These data indicated that antagonism of
All receptors reduced the neuronal release of NEin renovascular
hypertensive animals, but not in normotensive animals.

For comparison, other methods for assessing NE spillover
are presented in Figs. 17 (2K- IC rats) and 18 (sham-operated
rats), including: (a) NEspillover calculated according to Eqs. 1

and 2: (b) the plasma arteriovenous concentration difference for
NE; and (c) the venous plasma concentration of NE. In sham-
operated animals NE release appeared to increase equally in
vehicle and l-Sar-8-Ile-AII treated animals, regardless of which
method was used to estimate NErelease. In 2K-IC rats, 1 Sar-
8-Ile-AII appeaMd to reduce NE release regardless of which
method was used to estimate NE release. However, none of the
four techniques presented in Fig. 17 afforded a statistically sig-
nificant difference in NE release between control and treated
animals during nerve stimulation. For reasons discussed in the
methods, we think that the NE spillover calculated according

to Eq. 3 (Figs. 15 and 16) provides the most valid basis for
interpretation.

Discussion

Although it is well known that exogenous All can enhance nor-

adrenergic neurotransmission, both in vitro and in vivo, the
significance of AII-noradrenergic interactions in vivo in reno-

vascular hypertension has, until now, remained unclear. A priori,
there are at least two mechanisms that, despite positive results
with exogenous All, would render AII-noradrenergic interactions
in chronic renovascular hypertension unimportant. First, All
levels at the sympathetic neuroeffector junction may not be suf-
ficiently high in renovascular hypertension to activate junctional
All receptors. Second, even if junctional levels of All are ade-
quate to enhance noradrenergic neurotransmission acutely, it is
possible that in the long term a tolerance to the facilitatory effects
of All on noradrenergic neurotransmission develops. Therefore,
in our view, the hypothesis that increased levels of endogenous
All facilitate noradrenergic neurotransmission in chronic re-

novascular hypertension was in need of more stringent testing.
The purpose of the studies described in this report was to

critically evaluate the hypothesis that in renovascular hyperten-
sion sympathetic neurotransmission is enhanced because of the
facilitatory effects of All on the noradrenergic neuroeffector
junction. To test this hypothesis, two strategies were employed.
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Figure 14. Vasoconstrictor responses to NE in sham-operated (Sham)
rats treated with either l-Sar-8-Ile-AII or vehicle (saline). Mesenteric
perfusion pressure responses to injections of NEwere determined in
sham-operated rats during a control period and during an infusion of
either 1-Sar-8-Ile-AII or vehicle. The vasoconstrictor responses are pre-
sented as the mean change in perfusion pressure ±SEM. Control vaso-
constrictor responses were compared to responses in the presence of 1-
Sar-8-Ile-AII and vehicle by two-way ANOVA. No statistically signifi-
cant differences in vascular responsiveness to NEamong the control,
the 1-Sar-8-Ile-AII-treated, and the vehicle-treated periods were de-
tected.

First, the effects of chronic renal artery clipping and exogenous
AII on mesenteric vascular responses to sympathetic nerve stim-
ulation were compared. If increased levels of endogenous AII
facilitate neurotransmission in renovascular hypertensive rats,
then vascular responses to sympathetic nerve stimulation should
be increased by induction of renovascular hypertension, and
this effect should be mimicked by exogenous All. This prediction
was confirmed. Second, if AII-noradrenergic interactions are re-
sponsible for enhancing neurotransmission in renovascular hy-
pertension, then antagonism of AII receptors should reduce the
vascular response to sympathetic nerve stimulation in 2K-1C
rats, whereas in sham-operated animals All receptor antagonism
should have a lesser or no effect (depending on the significance

of AlI-noradrenergic interactions in normotensive animals). This
prediction also was corroborated. Our results indicate, therefore,
that chronic renal artery stenosis enhances sympathetic neuro-
transmission, and that this enhancement is mediated in part by
an AII-dependent mechanism.

Our conclusion that elevated levels of endogenous All do
facilitate noradrenergic neurotransmission in renovascular hy-
pertension raises two additional questions: Howdoes endogenous
All enhance neurotransmission in renovascular hypertension?
Is neurotransmission enhanced in renovascular hypertension by
circulating All or locally formed All or both?

Previous studies indicate that exogenous All can influence
neurotransmission at the noradrenergic neuroeffector junction
in three ways: (a) enhancement of release of NEfrom the nerve
terminal (i.e., for any given frequency of nerve stimulation more
NE is released), (b) inhibition of neuronal uptake of NE, and
(c) enhanced responsiveness of the effector organ to released NE
(i.e., for any given level of NE in the junctional cleft a greater
response is elicited).

That exogenous All enhances NErelease has been well doc-
umented. In canine hindquarters the vascular response to ex-
ogenous All was markedly attenuated by sympathectomy (25).
In contrast, vascular responses to injected NEwere unchanged
by sympathectomy. Further, in a number of studies, All was
found to augment vascular responses to electrical stimulation
of sympathetic nerves, without altering vascular responses to
exogenous NE(31-33). In addition, All was observed to increase
nerve stimulation-induced release of NEfrom isolated perfused
tissues, even when changes in NE reuptake were prevented (20,
34, 35). Finally, All was shown to enhance the release of do-
pamine-beta-hydroxylase from electrically stimulated rabbit left
atrium (36). Since dopamine-beta-hydroxylase is an enzyme re-
leased from noradrenergic nerve terminals during exocytosis of
NE containing vesicles, enhancement of its release most likely
indicates an increase in the exocytosis of NE. Taken as a whole,
previously published data clearly indicate that exogenous All
can facilitate NE release.

Although All facilitates the release of neurotransmitter at
most noradrenergic neuroeffector junctions, the effects of this
peptide on NE uptake and vascular sensitivity to NE are less
clear. If All influences the uptake of NE or the postjunctional
response to NE, an increase in the vascular response to exogenous
NEwould be anticipated. However, in many cases All was shown
not to affect the vascular response to exogenous NE (31-33).
Therefore, at some neuroeffector junctions All does not alter

Table II. Baseline Perfusion Pressure (mmHg) Immediately before Eliciting Vascular Responses during the Control, Vehicle (Saline)-
Treated, Angiotensin II (AII)-Treated, I-Sar-8-Ile-AII-Treated, and All + I-Sar-8-Ile-AII-Treated Periods

Treatment

Group Control Vehicle All l-Sar-8-Ile-AII All + l-Sar-8-Ile-AII

Normals (7) 53±2 70±5* 50±3
2K-IC (1 1)

Vehicle (5) 73±3 72±3
l-Sar-8-Ile-AII (6) 63±4 57±3

Sham-operated (1 1)
Vehicle (5) 61±4 58±2
l-Sar-8-Ile-AII (6) 59±2 - 55±2

Values indicate mean±SEM. * P < 0.01; paired Student's t test.

Angiotensin II-Noradrenergic Interactions 453



Table III. Mean Arterial Blood Pressure (mmHg) Immediately before Eliciting Vascular Responses during the Control, Vehicle (Saline)-
Treated, Angiotensin II (AII)-Treated, I-Sar-8-Ile-AII-Treated, and AII + I-Sar-8-Ile-AIl-Treated Periods

Treatment

Group Control Vehicle All l-Sar-8-Ile-AII AII + I-Sar-8-lle-AII

Normals (7) 105±3 103±4 104±5
2K-IC (1 1)

Vehicle (5) 115±5 113±8
1-Sar-8-Ile-AII (6) 128±6 112±12

Sham-operated (I 1)
Vehicle (5) 101±6 104±5
1-Sar-8-Ile-AII (6) 106±6 - 102±5

Values indicate mean±SEM. No treatment altered mean arterial blood pressure (paired Student's t test).

either NE uptake or postjunctional responses to NE. On the
other hand, All was shown to potentiate the vascular response
to NEin a number of other studies (19, 37-39). Enhancement
of NEresponses by All could have been due to blockade of NE
uptake and/or to an increase in the postjunctional sensitivity to
NE. Evidence exists indicating that both mechanisms may be
important (23, 40).

In our study, chronic renal artery clipping enhanced vascular
responses to both sympathetic nerve stimulation and exogenous
NE. However, renovascular hypertension enhanced vascular re-
sponses to sympathetic nerve stimulation to a greater extent
than responses to NE. This observation supports the hypothesis
that the release of NE from sympathetic nerve terminals is ac-
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centuated by renovascular hypertension. Also, the AII-receptor
antagonist, l-Sar-8-Ile-AII, attenuated vascular responses to
nerve stimulation, but not to NE, in renovascular hypertensive
rats. This observation also supports the conclusion that All fa-
cilitates NErelease in renovascular hypertensive rats.

To further test the hypothesis that endogenous All facilitates
NE release in renovascular hypertensive rats we developed a
technique for estimating the quantity of NEthat is released from
mesenteric sympathetic nerve terminals and escapes into the
mesenteric vein. Wedesignate this estimate of NErelease "neu-
ronal spillover" of NE. Athough the neuronal spillover of NE
cannot be equated with the neuronal release of NE, a change in
the neuronal spillover of NEshould reflect a change in the neu-
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Figure 15. Mesenteric neuronal spillover in 2K-IC rats treated with ei-
ther l-Sar-8-Ile-AII or vehicle (saline). Mesenteric neuronal spillover
was determined in vehicle-treated and l-Sar-8-Ile-AII-treated rats dur-
ing a baseline period (no stimulation) and during a stimulation period
(5 Hz). Neuronal spillover is presented as the mean spillover ±SEM.
No statistically significant difference was observed in neuronal spill-
over between vehicle-treated and l-Sar-8-Ile-AII-treated rats during
the baseline period (unpaired Student's t test). Periarterial nerve stim-
ulation caused a significant (P < 0.004; paired Student's t test) eleva-
tion of neuronal spillover in vehicle-treated rats, but not in l-Sar-8-Ile-
AII-treated animals. The neuronal spillover during nerve stimulation
was significantly greater (P < 0.05; unpaired Student's t test) in rats
treated with vehicle compared to rats treated with l-Sar-8-Ile-AII.
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Figure 16. Mesenteric neuronal spillover in sham-operated (Sham)
rats treated with either l-Sar-8-Ile-AII or vehicle (saline). Mesenteric
neuronal spillover was determined in vehicle-treated and l-Sar-8-Ile-
All-treated sham-operated rats during a baseline (no stimulation) pe-
riod and nerve stimulation period (5 Hz). Neuronal spillover is pre-
sented as the mean spillover ±SEM. Mesenteric neuronal spillover in-
creased during nerve stimulation in both the vehicle-treated and l-Sar-
8-Ile-AII-treated rats (paired Student's t test; P < 0.18 and P < 0.013,
respectively). Unpaired Student's t test did not reveal a statistically sig-
nificant difference in baseline values or values during nerve stimula-
tion in vehicle treated versus l-Sar-8-Ile-AII-treated rats.
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ronal release of NE, given a constant efficiency of NE uptake
and metabolism. The unique feature of our method for esti-
mating the neuronal spillover of NE is that it corrects for the
amount of NE entering the tissue in the arterial blood. As ex-
plained above (Methods section), other techniques for estimating
the neuronal spillover of NEmay either overestimate or under-
estimate the contribution of arterial NE to venous NE.

Using this new method to calculate the neuronal spillover
of NE, we found that antagonism of AII receptors attenuated
the increase in NE neuronal spillover induced by sympathetic
nerve stimulation in 2K-IC rats, but not in sham-operated rats.
The attenuation of NEneuronal spillover by l-Sar-8-Ile-AII in
2K-IC rats could have been due to changes in NEmetabolism
or uptake. However, if this were the case, then I-Sar-8-Ble-AII
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Figure 17. Summary of several indices of NE release
in 2K-IC rats treated with either l-Sar-8-Ile-AII or ve-
hicle (saline) under baseline conditions and during
sympathetic nerve stimulation (5 Hz). Values indicate
mean±SEM. Statistical values are from paired and un-
paired Student's t tests. NET, concentration of NE in
mesenteric vein; NE., concentration of NE in aorta;
Q, mesenteric plasma flow.

also would have altered the vascular response to exogenous NE
in renovascular hypertensive animals. Since l-Sar-8-lle-AII did
not alter the vascular response to NEin 2K-i C rats, we conclude
that the reduction in NE neuronal spillover by l-Sar-8-Ile-AII
was not due to changes in NEmetabolism or uptake. Most likely
the reduction in NE neuronal spillover by I-Sar-8-lle-AII was
due specifically to attenuation of NEneuronal release. This con-
clusion corroborates our inferences from the vascular response
studies and strengthens our contention that endogenous AII fa-
cilitates neurotransmission in renovascular hypertensive rats in
part by enhancing NE release.

An apparent contradiction to our conclusion that endoge-
nous AII facilitates NE release in 2K-IC rats is the observation
that nerve stimulation-induced NE neuronal spillover was not
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Figure 18. Summary of several indices of NE release
in sham-operated (Sham) rats treated with either 1-

Sar-8-lle-AII or vehicle (saline) under baseline condi-
tions and during sympathetic nerve stimulation (5
Hz). Values indicate mean±SEM. Statistical values are

from paired and unpaired Student's t tests. NEv, con-

centration of NE in mesenteric vein; NE., concentra-
tion of NE in aorta; Q, mesenteric plasma flow.
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significantly different in sham-operated and 2K- IC rats that did
not receive 1 -Sar-8-Ile-AII. However, in the experiments in which
NE neuronal spillover was determined, technical difficulties
rendered comparisons between 2K-IC and sham-operated an-
imals somewhat meaningless. In this experiment, it was not pos-
sible to apply the stimulating electrodes snugly around the mes-
enteric artery because of the intramesenteric artery needle and
because a polyethylene cannula was not in the lumen to provide
mechanical support for the electrode. Therefore, the number of
sympathetic nerve fibers stimulated varied greatly from animal
to animal. This was especially true in the 2K- IC animals where
formation of adhesions in the peritoneal cavity, due to the silver
clip, reduced the number of nerve fibers that could be stimulated
with a loosely applied periarterial electrode. Therefore, the
number of sympathetic nerve fibers stimulated in 2K-IC rats
was, in all probability, less than the number of fibers stimulated
in sham-operated animals.

Our data also demonstrate that the vascular responsiveness
to NE is enhanced in renovascular hypertension. This no doubt
contributes to the overall enhancement of neurotransmission in
renovascular hypertensive rats. However, exactly how this en-
hancement of responses to NE is mediated is unclear. One pos-
sibility is that nonspecific hypertension-induced alterations in
blood vessel reactivity to vasoconstrictors is responsible. Another
explanation for enhancement of NE responses in renovascular
hypertension is that All increases the vascular sensitivity to NE
and/or inhibits NEuptake. This latter hypothesis would explain
the similarity between the effects of exogenous All and reno-
vascular hypertension on vascular responses to nerve stimulation
and NE (compare Figs. 7 and 10). However, this conclusion is
apparently inconsistent with our observation that a 30-min in-
fusion of l-Sar-8-Ile-AII does not reduce vascular responses to
NE in renovascular hypertensive rats. A possible explanation
for this discrepancy is that the effects of chronic exposure of All
on vascular sensitivity to NE and NE uptake are not reversed
by short-term antagonism of All receptors. That this might be
the case is suggested by our observation that it is not possible to
fully reverse the effects of even a short-term infusion of All on
NE responses with I-Sar-8-Ile-AII (Fig. 6).

To summarize, the present data allow us to conclude that
chronic renal artery stenosis enhances vascular responses to
sympathetic nerve stimulation and, to a lesser extent, exogenous
NE; the enhancement of vascular responses to sympathetic nerve
stimulation by renal artery stenosis is mediated in part by All-
induced facilitation of NE release and in part by an enhanced
sensitivity to NE; and the mechanism of the enhanced sensitivity
to NE is unclear; however, a specific involvement of an All-
mediated increase in vascular sensitivity and/or decrease in NE
uptake cannot be excluded at the present time.

Another interesting question raised by our observations re-

lates to the site of formation of the All responsible for facilitating
noradrenergic neurotransmission in renovascular hypertension.
Unfortunately, the present data cannot distinguish between the
possibilities that the All responsible for facilitating neurotrans-
mission is generated in the plasma or is formed in the blood
vessel wall by the vascular renin-angiotensin system. Indeed,
All formation at both sites may be important.

Our study confirms and extends the previously published
observations of Zimmerman and Kraft (26). These investigators
examined the effects of acute aortic constriction on vascular
responses to sympathetic nerve stimulation and exogenous NE
in the blood-perfused dog paw. Whenplasma renin activity was

increased by constricting a Blalock clamp cephalad to both renal
arteries, vascular responses to sympathetic nerve stimulation,
but not to exogenous NE, were potentiated. Further, this poten-
tiation was reversed by All-receptor blockade with saralasin.
The authors concluded that acute renal ischemia activates the
renal renin-angiotensin system sufficiently to potentiate depo-
larization-induced norepinephrine release from sympathetic
nerve terminals. Our results differ from the findings of Zim-
merman and Kraft mainly in that we observed enhancement of
responses to both sympathetic nerve stimulation and exogenous
NE. However, this difference is most likely due to the fact that
we studied vascular responsiveness after chronic renal ischemia,
whereas Zimmerman and Kraft examined the effects of acute
renal ischemia. The important point of our study is that the
previously observed acute prejunctional effects of endogenously
generated All can now be extended to the setting of sustained
high renin renovascular hypertension. However, one caveat that
must be considered is that both this study and the study by
Zimmerman and Kraft were conducted in anesthetized animals.
Inasmuch as anesthesia may alter the renin response to renal
artery hypotension, it remains to be demonstrated whether or
not these observations in anesthetized animals can be extended
to the normal physiological state.

In summary, we observed that chronic renovascular hyper-
tension was associated with an elevation in vascular responses
to sympathetic nerve stimulation, and, to a lesser extent, exog-
enous NE. Further, antagonism of All receptors attenuated the
increase in vascular resistance and the increase in NEneuronal
spillover induced by sympathetic nerve stimulation in renovas-
cular hypertensive, but not normotensive, rats. Weconclude
that chronic renal artery stenosis enhances the vascular response
to sympathetic nerve stimulation, and that this enhancement is
mediated in part by AII-induced facilitation of NE release.
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