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Angiotensin is known to influence the
cardiovascular system in a number of differ-
ent ways. In addition to its powerful direct
vasoconstrictor properties, angiotensin affects
the cardiovascular system by interacting
with the sympathoadrenal system at various
sites. Angiotensin is a potent releaser of
catecholamines from the adrenal medullae of
some species (1); it stimulates the sympa-
thetic nervous system at central sites (2), as
well as at some ganglia (3, 4); and also it
has been reported that angiotensin interacts
with some adrenergic neuroeffector sites in
the peripheral circulation (3, 6).

Reports concerning the interaction of an-
giotensin with cardiac neuroeffector sites have
been variable. Krasney et al. (7) observed
consistent cardioacceleration after intracoro-
nary injections of angiotensin in the dog.
They concluded that this acceleration was
dependent on an intracardiac source of
catecholamines. However, other investigators
have reported that the release of catechola-
mines at cardiac neuroeffector sites was not
altered during sympathetic nerve stimulation
by angiotensin treatment (8, 9). The experi-
ments described here were designed to clarify
the nature of the interaction of angiotensin
with cardiac neuroeffector sites.

Methods. The innervated, Langendorff per-
fused hearts of 15 Dutch rabbits, ranging in
weight from 1.5 to 2.5 kg, were used in this

1 These studies were performed in part during
tenure of a National Science Foundation Graduate
Fellowship, and contributed to a dissertation sub-
mitted in partial fulfillment of the requirements for
the degree of Doctor of Philosophy at the University
of Wisconsin.

2Present address: Department of Pharmacology,
Medical Research Laboratories, Pfizer, Inc., Groton,
Conn. 06340.
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study. A modified Tyrode solution (NaCl
137, KCl 2.7, CaCl, 2.7, MgCly 0.5,
NaHsPO, 0.9, NaHCO; 12.0, dextrose 5.5
mM /liter, equilibrated with 93% O2-5%
CO) containing 2 pg/ml of atropine was
pumped from a reservoir by a Harvard mul-
tispeed peristaltic pump through a Thelco
precision water bath and delivered at 37° to
the ascending aorta by means of a cannula
inserted through the left common carotid ar-
tery. A cannula for recording perfusion pres-
sure was inserted through the right common
carotid artery. Other vessels were tied off so
that all of the perfusion fluid was forced
through the coronary arteries. The heart re-
mained én situ. A force transducer was at-
tached to the apex of the heart, and tension
development, perfusion pressure, and heart
rate were recorded on a Gilson polygraph.
Once the infusion rate was initially adjusted,
it was kept constant throughout the experi-
ment. The infusion rates ranged from 10.5 to
15 ml/min. ‘

Stimulation of the sympathetic nerves to
the heart was accomplished by dissecting the
right caudal cervical ganglion, and placing a
bipolar platinum stimulating electrode under
branches leaving this ganglion. An American
Electronics Laboratory stimulator was used
to deliver supramaximal square-wave pulses
of 1-msec duration at a frequency of 2/sec.
In all 15 preparations studied, 30-sec periods
of sympathetic nerve stimulation were given
at 5-min intervals. In three of these prepara-
tions, the heart rate response to stimulation
at 5-min intervals was observed for 60 min to
determine if there was any noticeable
change in response with time. In the other
12, after two to four initial stimulation peri-
ods, an angiotensin (Hypertensin, Ciba) in-
fusion (5 ng/ml) was begun. Three periods of
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F1c. 1. Increases in heart rate in response to sym-
pathetic nerve stimulation given at 5-min intervals
at a frequency of two/sec. Records (A, B, C) are
the responses of three different isolated heart prepa-
rations. Each period of stimulation was for 30 sec at
a maximal voltage of 1-msec duration.

stimulation were given during the angioten-
sin infusion. Infusion was then discontinued
and the effects of additional periods of stimu-
lation were determined. In five of 12 prepara-
tions the responses to stimulation during a
second angiotensin infusion were observed,
while the responses to a third infusion were
observed in two preparations.

In three additional preparations the
chronotropic responses to norepinephrine
(Levophed, Winthrop) injections (0.1-1

pg) were determined before and during an-
giotensin infusions (5 ng/ml). ,
Results. The chronotropic responses to
sympathetic nerve stimulation in the three
preparations in which angiotensin was not
given are shown in Fig. 1. A progressive de-
crease in the responses was observed in all
three preparations. The rate of decrease
varied considerably from preparation to
preparation; although the rate was quite con-
sistent for any one preparation for at least
the initial 45 min. Allowing longer periods
between stimulations did not prevent the pro-
gressive decrease in responses. Because of
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these wide variations, rather than determin-
ing an average rate of decrease in the re-
sponses with time, it was considered prefer-
able to compare responses during angiotensin
infusions with the one immediately preceding
the infusion.

The results from the 12 preparations in
which angiotensin was infused are summar-
ized in Table I. In 10 there were greater
increases in heart rate during angiotensin in-
fusion than before the infusion. In the other
two preparations, there was no increase in the
magnitude of the responses as compared to
the response immediately preceding the infu-
sion, but the rate of decrease in the responses
was less. The average increase in heart rate
during sympathetic nerve stimulation in all
12 preparations immediately preceding the
initial angiotensin infusion was 51 == 6.4
beats/min. The average increase in response
to the initial stimulation during angiotensin
was 63 = 7.9 beats/min. As analyzed by the
paired ¢ test, the responses during angioten-
sin were significantly (p < .005) greater than
those before angiotensin, and this differ-
ence was significant without considering the
progressive decrease in response to be expect-
ed with time and repeated stimulations alone.

Figure 2 shows the results from two
preparations in which second angiotensin in-
fusions were given. As indicated by the data
for the second and third infusions in Table I,
the magnitude of the potentiation during
succeeding angiotensin infusions was less
than during the initial infusions. In those five
preparations in which a second infusion was
given, the average potentiation of the acceler-
ator responses during the initial angiotensin
infusion was 44%, but only 28% during the
second infusion. In the two preparations in
which three angiotensin infusions were given,
the magnitude of the potentiation progres-
sively decreased with succeeding infusions in
each preparation (30%, 28%, 11% and
103%, 59%, 29%).

No differences were observed in the
chronotropic responses to norepinephrine in-
jections before and during angiotensin infu-
sions in any of the three preparations
studied.

Discussion. From the results of this study



827

ANGIOTENSIN EFFECT ON CARDIOACCELERATION

*g "81q ut paydesd oxe suorsnyul wIsudjorIur puores pue jsiy oy} Surnmp sprqqes oseyy yo seswodseqy,
‘uosngur usudjordue Junnp worjenmys yo poried [errur 0f osuodsor ur (UTHI/$1RI(]) 9JBI JIBOY UL OSBOIIUY ,
‘uotsngut uwiswalordue yo Jurnurdaq oyl Jurpessrd Lpaerpouwnnr worjenwls sAIU osrjeeduwds 01 osuodsar ur (uUTUr/$)EI() 9)RI JILIY UL OSBLIOUT ,

(suotsnyur puodes

1'6 + 8% T'IT + %L 1’8 + 6¢ 9'¢ FF¥ T8+ 18 89 F 8¢ WM Q) S F W
§0T+ L3 6L €9 FoF1e  (3T1B) @S F uesy
o1+ 98 8L I+ 28 gL g1
0T+ LL 0L 78+ L8 29 oTT
61+ 3¢ 13 01
01— 0¢ €¢ 6
5+ 93 13 8
i+ 76 88 L
1+ ge 0e 9
gg+ 6¢ 63 v+ g 98 28
63+ €6 gL 68+ SOT 99 0T+ 00T 6% i
35+ €9 18 e
e— gL gL (4
T+ 0¢ 152 83+ £9 0g 0g+ a8 99 I
o3uey)) % JButing LI0y0g aguey) % JSurm LQIlogeg a8wey)) % QLBuTIN(L 210 g ou 41 ey
TOTISNIUT UTSUDJOTI UL PIIYJ, UOISNFUT UISUSIOLIUR PUOIIY TOTSNIUT USUIIOIFUR ISILT
(ur/8u )

suomnyuy uwuweorduy Juung pue olofeg (99s/g) UoTB[MWIS PAIRN oTjouyedwdy 03 1IBLY[ 11qqBY PojelosT ou} yo sesuodsey ordoxjouciy) ‘T HTAVL



828

100+

904

80

(beats / min)

70+ A

INCREASE
D
2

@
e
O

8
-
6

HEART RATE
g
B

angiot ensin R B8
EESIRTRRS

n
(=]
i

anglotensin
IR

A

0O 10 20 30 4 50 60
TIME (min)

F1c. 2. Increases in heart rate in response to sym-
pathetic nerve stimulation given at 5-min intervals
at a frequency of two/sec before and during angio-
tensin infusions (5 ng/ml). Each period of stimula-
tion was for 30 sec at a maximal voltage of 1-msec
duration. Durations of angiotensin infusions are indi-
cated by shaded areas.

it can be concluded that angiotensin interacts
with the cardiac neuroeffector sites in the
rabbit heart under these conditions in such a
way that the accelerator response to sympa-
thetic nerve stimulation is potentiated. A
similar influence of angiotensin has been ob-
served previously to occur at some other
adrenergic neuroeffector sites. The constrictor
response of vascular smooth muscle to sym-
pathetic nerve stimulation has been reported
to be increased during angiotensin treatment
in the perfused paw (5) and renal vascular
bed (6) of the dog, perfused cat mesenteric
vessels (10), perfused central ear artery of
the rabbit (11), and the perfused renal artery
stump of the rat (12). In addition, it has
been reported that angiotensin increases the
responses to sympathetic nerve stimulation of
the cat spleen and guinea pig vas deferens
(13).

Theoretically, there are a number of ways
in which angiotensin could modify events at
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the adrenergic neuroeffector site with a resul-
tant potentiation of the response to nerve
stimulation. Some evidence has been reported
for at least three possible mechanisms of
action: a—Sensitization of the receptor site
to the action of norepinephrine, b—facilita-
tion of the release of norepinephrine, c—
inhibition of the normal re-uptake of neurally
released norepinephrine. There are reports in
the literature both supporting and refuting
all of these mechanisms of action. It is pos-
sible that there are real differences in various
species, and even at different neuroeffector
sites within the same animal, However, it is
more probable that the inconsistencies are
due in most cases to varying levels of activity
in the adrenergic nerves, experimental diffi-
culties in distinguishing between increased re-
lease and inhibition of re-uptake, or to the
use of widely different doses of angiotensin.
For instance, Zimmerman and Whitmore (5)
noted an increased pressor response to sym-
pathetic nerve stimulation in the dog paw
during angiotensin infusions, and this in-
creased response was associated with in-
creased levels of norepinephrine in the
venous effluent. In the perfused femoral bed
of epidurally blocked dogs, Lowe (14) ob-
served no significant differences in the
pressor responses to angiotensin injections be-
fore and after alpha and beta receptor block-
ade; therefore, he concluded that angiotensin
was not causing release of norepinephrine
from inactive sympathetic nerves. Although
some investigators have measured only tissue
retention of norepinephrine as an indication
of the effects of angiotensin on uptake of
catecholamines, it has been pointed out (15)
that this is not sufficient to distinguish be-
tween re-uptake and release, since either an
inhibition of re-uptake or increased release of
norepinephrine would result in decreased re-
tention of norepinephrine. Dosage also ap-
pears to be important in determining by what
mechanism angiotensin interacts with adre-
nergic neuroeffector sites. Kiran and Khairal-
lah (16) observed in the isolated rabbit aorta
that angiotensin released norepinephrine,
but only in pharmacological doses, the
amount required being 1000-fold in excess of
that needed to inhibit norepinephrine uptake.

In the present study, the concentration of
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angiotensin used was within the range of
blood concentrations that have been reported
to result in dogs after hemorrhage (17) and
in certain pathologic conditions in humans
(18). At this concentration, the accelerator
responses to norepinephrine injections were
similar to the responses before angiotensin
infusions. This is in agreement with the
findings of Smyth (19) also in isolated rabbit
hearts, If the disposition of exogenous nor-
epinephrine is similar to neurally released
norepinephrine, these findings indicate that
in this preparation, angiotensin is neither
sensitizing the receptor sites nor preventing
the re-uptake of norepinephrine, both of
which should result in potentiated responses
to injected norepinephrine. Therefore, the in-
creased accelerator response to sympathetic
nerve stimulation during angiotensin is most
likely due to facilitated release of norepi-
nephrine. This action of angiotensin depends
upon actively discharging adrenergic neurons
in this preparation since there was no accel-
eration after angiotensin injection when the
sympathetic nerves were inactive (unpub-
lished observations).

These findings are not in agreement with
the results of two previous preliminary
studies of the interaction of angiotensin with
cardiac neuroeffector sites. Koch-Weser (8)
reported that the release of norepinephrine
from sympathetic nerves in the myocardium
which results from intense electrical stimula-
tion of cat papillary muscles was not in-
creased by angiotensin. And Zimmerman et
al. (9) indicated that the amount of tritiated
norepinephrine released by stellate nerve stim-
ulation in the isolated rabbit heart did not
establish that the release of norepinephrine
was facilitated by angiotensin. However, there
is some evidence from the work of Krasney
et al. (7) that the increase in heart rate after
intracoronary injections of angiotensin in
the dog was due to the release of intracardiac
norepinephrine.

The retention of exogenously infused triti-
ated norepinephrine has been studied in iso-
lated rat (20) and rabbit (21) hearts. In
both studies the retention of norepinephrine
was decreased during angiotensin infusions,
and these results were interpreted as indicat-
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ing that angiotensin was acting by preventing
the normal uptake process for norepineph-
rine at the nerve endings. However, it is
difficult, on the basis of these studies alone,
to determine whether the uptake of norepi-
nephrine was decreased or its release in-
creased, since either of these changes would
result in decreased retention.

The results of the present studies indicate
that the potentiated accelerator response to
sympathetic nerve stimulation during angio-
tensin infusions in the isolated rabbit heart
under the conditions of these experiments is
due to an increased release of norepineph-
rine. Because of the low concentrations of
angiotensin at which this action occurred, it
is reasonable to postulate that in some con-
ditions this interaction of angiotensin with
the cardiac adrenergic nerve endings may be
a factor in the cardiac response to endoge-
nous angiotensin.

Summary. The accelerator response to
sympathetic nerve stimulation in perfused
rabbit hearts was significantly greater during
than before angiotensin infusions. A similar
effect of angiotensin at other adrenergic neu-
roeffector sites has been reported previously,
and mechanisms of action that have been
suggested for this influence include sensitiza-
tion of the receptor site to the action of
norepinephrine, prevention of the re-uptake
or facilitated release of norepinephrine. Evi-
dence is presented in the experiments report-
ed here that at cardiac neuroeffector sites
angiotensin does not sensitize the receptor
sites nor prevent the uptake of norepineph-
rine, since the accelerator responses to
norepinephrine were similar before and dur-
ing angiotensin infusions. It appears most
likely, therefore, that the mechanism by
which angiotensin causes an increased accel-
erator response to sympathetic nerve stimula-
tion in these preparations is to potentiate the
release of norepinephrine from the active
adrenergic nerve endings.

The author acknowledges with appreciation the
assistance of Dr. R. F. Lowe during these experi-
ments, and the advice of Dr. W. B. Youmans in
preparing this manuscript.
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