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Abstract. Renin is present in vascular smooth
muscle cells and has been shown to coexist with angio-
tensins I (Al) and II (All) in many cell types. Accordingly,
we postulated that the renin-angiotensin system controls
vascular tone, not by the action of circulating renal
renin but rather, by the local generation of angiotensin
by vascular renin. Isolated rat hindquarters were perfused
in vitro with Krebs-Henseleit buffer containing 7% al-
bumin, and flow-adjusted to obtain a perfusion pressure
of -90 mmHg. Infusion of 4.8 nmol* min-' for 5 min
of All or Al markedly increased perfusion pressure. An
identical dose of the synthetic tetradecaptide of renin
substrate (TDCP-RS) increased pressure similarly to Al.
The pressure increase evoked by TDCP-RSwas markedly
decreased by captopril and by two different peptides
that inhibit renin. Renin activity in the perfusate, incu-
bated with semipurified rat renin substrate, was 21±3
pg Al ml-' h-' (mean±SEM) at 15 min of perfusion
and 47±4 pg Al - ml-' - h-' at 45 min (n = 9; P < 0.01).
When TDCP-RS was infused at 4.8 nmol * min-' for 5
min in the presence of captopril, Al in the perfusate
increased linearly at a rate of 16.5 pmol min-' for 10
min (n = 5). The results indicate that TDCP-RS con-
stricted the vasculature by its conversion to All and
suggest that All was generated from a two-step hydrolysis
of TDCP-RSby renin and converting enzyme. The data
thus suggest that the renin-angiotensin system controls
vascular tone by the local generation of All by renin
and converting enzyme in the vasculature.
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Introduction
Renin is a protease that cleaves its substrate to generate the
decapeptide angiotensin I (AI),' which is, in turn, converted
to the octapeptide angiotensin II (All) by converting enzyme.
All is a potent vasoconstrictor that is required for the mainte-
nance of blood pressure in a variety of conditions such as salt
depletion (1) and heart failure (2). Secretion of renin by the
kidney increases in these conditions and renin in plasma may
act upon its substrate to generate AI. However, renin is present
in many organs (3-6) and cell types (7-9), including vascular
smooth muscle cells (8); AI and All and converting enzyme
exist in renin-containing cells (7, 9, 10); and the plasma
concentration of All is in the picomolar range (1 1), but binding
affinities of this peptide to its receptors are in the nanomolar
range (12-15). These observations raise questions about the
role of circulating renin and angiotensin. Accordingly, in the
present study, we tested the hypothesis that the renin-angio-
tensin system controls vascular tone by the local generation of
angiotensin by vascular renin. Weshow here in an isolated rat
hindquarters perfused in vitro that locally produced All con-
stricts the vasculature. The results suggest that renin and
converting enzyme in the peripheral vasculature use circulating
renin substrate to locally generate All and regulate vascular
tone.

Methods
Male Sprague-Dawley rats (250-300 g) were anesthetized with Inactin
and given -5 ml of saline at 37°C over 30 min through a jugular
vein catheter. A transverse laparotomy below the costal margins was
then performed and both kidneys removed. The urinary bladder was
emptied and after ligation, the distal sigmoid was sectioned and
displaced to the upper abdomen. A perfusion cannula was introduced
in the abdominal aorta just below the renal pedicles and perfusion was
begun. A diagram of the perfusion system is shown in Fig. 1. Both
hindquarters were isolated by sectioning the animal at the level in
which the perfusion cannula was introduced. During the initial 8-10
min of perfusion, the preparation was thoroughly rinsed with 2 liter
of saline at 37°C while being perfused with 500 ml of modified Krebs-
Henseleit solution at 37°C, gassed with 02/CO2 (95%/5%) and containing

1. Abbreviations used in this paper: Al and All, angiotensin I and II,
respectively; H77, renin inhibitor His-Pro-Phe-His-Leu-Leu-Val-Tyr,
RI, renin inhibitor Pro-His-Pro-Phe-His-Phe-Phe-Val-Tyr-Lys; TDCP-
RS, tetradecapeptide of renin substrate.
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Figure 1. Diagram of perfusion system. 1, container with preperfu-
sion fluid; 2, 10-Mum Millipore filter, 3, perfusion pump; 4, bubble
trap chamber; 5, line to pressure transducer, 6, chamber containing
hindquarters; 7, perfusion cannula; 8, oxygenation chamber with
perfusate fluid; 9, outlet.

90 mg/100 ml glucose and 4% bovine serum albumin (Fraction V,
Miles Laboratories, Inc., Elkhart, IN) and 2.4 mMphosphate (16).
During this initial washing period the flow was adjusted to obtain a
perfusion pressure of =60 mmHgand the effluent exiting from the
vena cava was discarded. Toward the end of this period, the preparation
was placed in a water-jacketed container at 370C (6 in Fig. 1) and the
perfusion was then continued with modified Krebs-Henseleit solution
as described above except that the concentration of bovine serum
albumin was 7% and also contained a mixture of amino acids (17).
This solution had an initial volume of 150 ml and after discarding the
initial -60 ml, it was recirculated for the remainder of the experiment.
Flow was adjusted to obtain a perfusion pressure of "90 mmHg. The
perfusion apparatus was a modification of that described by DeMello
and Maack (17) for kidney perfusion with the exception that there
were two perfusion systems that terminated in a single perfusion
cannula. Thus, perfusion with the initial washing solution could be
followed without interruption with the final perfusate. Pressure was
recorded with a Statham transducer interfaced with a Grass recorder.

All experimental maneuvers were carried out after a 20-30-min
period of equilibration. At this time, control pressure was determined
and immediately afterwards, Al and All (Sigma Chemical Co., St.
Louis, MO)or tetradecapeptide of renin substrate (TDCP-RS) (Peninsula
Laboratories, Inc., San Carlos, CA) were administered. These compounds
were dissolved in saline and the solution was infused into the perfusate
at a rate of 0.21 ml min-' resulting in an infusion dose of 4.8

nmol - minI for 5 min for all three compounds. A single infusion was
performed for each preparation.

In other experiments, the effects of captopril and of two peptide
inhibitors of renin on the TDCP-RS action were studied. Captopril
(E. R. Squibb & Sons, Inc., Princeton, NJ) was added (0.25 mM) to
the perfusate at the beginning of the perfusion; the renin inhibitor
peptide Pro-His-Pro-Phe-His-Phe-Phe-Val-Tyr-Lys (18) (Peninsula
Laboratories, Inc.) was added (26 gM) to the perfusate 15 min before
the infusion of TDCP-RS or Al; the renin inhibitor peptide His-Pro-
Phe-His-Leu-Leu-Val-Tyr (19) (Ferring Pharmaceuticals, Middlesex,
England) was added (5 MAM) to the perfusate 15 min before the infusion
of TDCP-RS. Captopril and both renin inhibitors were dissolved in
saline.

Perfusate (1 ml) for determination of renin activity was collected
in tubes containing EDTA(15 mM) and frozen until assayed. 666 M1
of perfusate were incubated for 5 h at pH 6.4 as described by Menard
and Catt (20) with 250 Ml of a partially purified rat renin substrate
preparation containing 0.35 gg of renin substrate. Rat renin substrate
was prepared as described by Boucher et al. (21). Briefly, plasma was
obtained from rats nephrectomized 24 h previously by collecting blood
in syringes moistened with heparin. After separation of plasma from
cells by centrifugation at 4VC, 0.1 MK2EDTAwas added and the pH
adjusted to 8. After slow stirring for 1 h at room temperature, the
solution was cooled to 40C and the pH readjusted to 5.3. The substrate
was next salted out by the addition of solid (NH4)2 SO4 to 2.3 Mand
stirred for 10 min. After centrifugation, the precipitate was resuspended
in distilled water and extensively dialyzed. The specific activity of the
renin substrate preparation was 0.09 Mig of angiotensin I equivalents of
renin substrate per milligram of protein. The incubation mixture was
assayed for angiotensin I as described elsewhere (22). The preincubation
levels of AI were near zero as were levels generated from the renin
substrate preparation incubated in the absence of perfusate. The
angiotensin I radioimmunoassay has a B10 of 5 pg and a B50 of 36 pg.
The interassay coefficient of variation for the determination of renin
activity is 13%. When renin was incubated with excess renin substrate,
the generation of Al per unit time was constant up to 5 h. All values
are expressed as mean±SEM. Data were analyzed by analysis of
variance or paired t test (22). Differences were termed significant if the
F or t value exceeded the critical value for the 5% level.

Results
At the beginning of the experiment, flow was adjusted to
obtain a perfusion pressure of 90-95 mmHg. As shown in
Table I, the preparation remained quite stable for at least
45 min.

The hindquarters vasculature readily responded to All;
infusion of this peptide into the perfusate markedly constricted
the vasculature, hence increasing the perfusion pressure; the
maximal effect was at 2 min of infusion (Table II). To
demonstrate conversion of Al to All by converting enzyme in
the preparation, the pressure response to angiotensin I was

Table I. Characteristics of Hindquarters Preparation

Time Pressure Flow Renin activity

min mmHg ml. min-' pg Al . ml-' * h-

15 92±1 98±5 21±3
45 92±1 95±4 47±4*

Values are mean±SEM; n = 9. *P < 0.01 vs. 15-min value.
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Table II. Perfusion Pressure (mmHg) during Control and Experimental Maneuvers

Min

Control 1 2 3 4 5

AII (n = 6) 93±2 118±9 135±10 133±8 124±6 119±6
AI (n = 6) 91±1 102±4 113±6 116±7 114±6 109±5
TDCP-RS (n = 7) 93±1 100±2 107±3 112±4 116±3 117±3
TDCP-RS + captopril (n = 6) 92±1 94±1 95±1 97±1 99±1 100±2
TDCP-RS + RI (n = 6) 94±2 96±2 99±2 101±2 104±3 106±4
AI + RI (n = 6) 90±1 93±1 100±3 108±6 113±8 115±8
TDCP-RS + H77 (n = 6) 93±1 94±1 96±1 98±2 99±2 99±2
AI + H77 (n = 3) 92±2 100±3 112±4 117±4 119±4 118±4

Values are mean±SEM. All treatments resulted in a significant increase in pressure at 5 min (P < 0.01).

determined. Table II shows that Al increased perfusion pressure
with a maximal effect at 3 min of infusion. Since angiotensin
I has no direct vasoconstrictor effect, this result provides
evidence for the generation of All from Al by the action of
converting enzyme present in the vasculature.

To examine whether angiotensin II could be generated
from exogenous renin substrate, the TDCP-RS (23) was ad-
ministered to the hindquarters preparation. As shown in Table
II and Fig. 2, infusion of TDCP-RSconstricted the vasculature
and thus increased perfusion pressure. Its maximal effect was
at 5 min of infusion and its overall action was almost identical
to that of Al. The 5-min infusion resulted in a maximal
concentration of TDCP-RS in the perfusate of -0.3 gM,
which is similar to the concentration of native renin substrate
in rat plasma (24). The inhibitor of converting enzyme,
captopril, markedly inhibited the increase in perfusion pressure
by TDCP-RS (Table II and Fig. 2). This result demonstrates
that the increase in pressure evoked by TDCP-RS was due to

generation by converting enzyme of angiotensin II and subse-
quent vasoconstriction by this peptide.

To determine whether the vasoconstrictor action of TDCP-
RS was also due to the action of renin, the following experi-
ments were performed. First, we examined whether renin
activity was released by the hindquarters into the perfusate.
Perfusate collected at 15 and 45 min was incubated with
partially purified rat renin substrate. As shown in Table I,
renin activity was measurable at 15 min of perfusion and
increased with time. Second, we examined the effects of the
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Figure 2. Captopril and both renin inhibitors, RI and H77, signifi-
cantly inhibited the increase in perfusion pressure elicited by TDCP-
RS (P < 0.00 1). A mmHgwere obtained from experiments detailed
in Table II. &, TDCP-RS (n = 7); ., TDCP-RS with RI (n = 6); *,
TDCP-RS with captopril (n = 6); o, TDCP-RS with H77 (n = 6).
Values are mean±SEM.

TIME (min)

Figure 3. Angiotensin I in the perfusate in five hindquarters prepara-
tions. Captopril was added to the perfusate and TDCP-RSwas in-
fused for 5 min as detailed in Methods. During infusion of TDCP-
RS, perfusate samples (0.5 ml) were collected at -mmin intervals in
tubes containing EDTA (15 mM) and after adding 10 ul of a 5%
solution of phenylmethyl-sulfonylfluoride in ethanol were assayed for
Al as detailed in Methods. Because of cross-reactivity of TDCP-RS
with the antibody to angiotensin I (0.05% at B0), five sham infusions
with TDCP-RS were done under identical conditions with the excep-
tion that no hindquarters were being perfused. Samples from these
experiments were incubated with the angiotensin I antibody and II21_
angiotensin I. The mean values of these five experiments were sub-
tracted from the mean values of the five experiments in which
hindquarters were perfused. The mean±SEMangiotensin I concen-
tration (pmol ml-') of the sham infusions was 0.7±0.1 at I min,
reached a maximum of 2.3±0.1 at 5 min, and was 2.1±0.1 at 10
min. Corresponding values in the presence of hindquarters were

0.9±0.1, 3.2±0.3, and 4.0±0.5. Perfusate volume was 90 ml. At all
time periods, angiotensin I values in the presence of hindquarters
were significantly greater than during the sham infusions (P < 0.01).
Values are mean±SEM.
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renin inhibitor Pro-His-Pro-Phe-His-Phe-Phe-Val-Tyr-Lys (RI)
(18) and of the renin inhibitor His-Pro-Phe-His-Leu-Leu-Val-
Tyr (H77) (19) on the vasoconstriction caused by TDCP-RS.
Table II and Fig. 2 show that the pressure rise evoked by
TDCP-RS was markedly blunted by both renin inhibitors.
Third, we determined the ability of the preparation to generate
AI from TDCP-RS during inhibition of converting enzyme
with captopril. As shown in Fig. 3, during a 5-min infusion of
TDCP-RS in the presence of captopril, Al in the perfusate
increased linearly for 10 min (P < 0.001). The rate of generation
of angiotensin I was 16.5 pmol min-' as measured by least-
square fit of the data.

Discussion

These results indicate that in order to exert its effect, TDCP-
RS was hydrolyzed to All in two steps. It is clear that one
step was the hydrolysis of Al to All by converting enzyme
since captopril inhibited the vasoconstrictor action of TDCP-
RS. Several lines of evidence suggest that renin and not some
other peptidase was the enzyme responsible for the generation
of angiotensin I. First, renin activity was released by the
hindquarters into the perfusate and it increased with time
(Table I). Similar results have also been shown in the splanchnic
circulation (25). Further, renin activity is present in vascular
extracts (26, 27) and renin has recently been shown to be
synthesized by vascular smooth muscle cells (8). Second, two
different peptide inhibitors of renin, RI and H77, markedly
diminished the vasoconstrictor action of TDCP-RS (Fig. 2)
but had little effect on the action of angiotensin I (Table II).2
These results make it unlikely that converting enzyme alone
could be responsible for the generation of angiotensin II from
TDCP-RS (31). Moreover, infusion of TDCP-RS during inhi-
bition of converting enzyme with captopril resulted in gener-
ation of Al (Fig. 3). Finally, that TDCP-RSwas hydrolyzed to
angiotensin I by an enzyme specific for the generation of this
peptide, i.e., renin, is suggested by the equipotency of AI and
TDCP-RS. This makes it unlikely that cathepsins or other
peptidases were responsible for generating All nonspecifically
from TDCP-RS. Furthermore, these enzymes are inhibited in
the presence of albumin (32), and are not affected by captopril
(33, 34).

These results support the hypothesis that the renin-angio-
tensin system controls vascular tone by thejlocal generation of
angiotensin II by renin and converting enzyme in the vascu-
lature.3 An unequivocal demonstration of this hypothesis,
however, would require utilization of native renin substrate

2. Although RI has been shown in in vitro conditions to have only
weak inhibitory action against rat renin (28), in our experiments, it
was almost as effective as H77. However, recent evidence suggests that
angiotensin is generated intracellularly (7, 29) and the optimum pH of
the renin-renin substrate reaction is 6.5 (30). It is possible that these
renin inhibitors are more effective under these conditions.
3. Although it has recently been shown that vascular smooth muscle
cells grown in tissue culture synthesize renin [8], it is possible that
under in vivo conditions, renin present in the vasculature may, at least
in part, be of renal origin (27).

and a specific renin inhibitor, i.e., renin antibody. The data of
the present study are in agreement with the work of Swales
and Thurston, suggesting that vascular renin contributes to
blood pressure maintenance (27, 35). Determination of the
relative contributions of this vascular renin and of the renin
of renal origin circulating in plasma to the generation of
angiotensin and control of vascular tone requires further
quantitative experiments. However, the results presented here
together with the observations that (a) binding affinities of All
to its cellular receptors as well as its cellular actions occur at
concentrations in the nanomolar range (12-15) while the
concentration of this peptide in plasma is in the picomolar
range (11); (b) Al and All and converting enzyme exist in
renin containing cells (7, 9, 10); (c) in the kidney, renin and
angiotensin II are secreted into the interstitium (11, 36, 37);
and (d) inhibitors of converting enzyme (27, 38) or a specific
antibody to renin substrate (39) may lower blood pressure in
the absence of kidneys lead us to propose that the renin-
angiotensin system regulates vascular tone by utilizing circu-
lating renin substrate and subsequent local generation and
action of All. In this view, renin and angiotensin in blood
may only be overflow products of a locally acting system in a
similar manner to that of circulating norepinephrine and
dopamine-f3-hydroxylase. This could explain the effectiveness
of converting enzyme inhibitors in lowering blood pressure in
forms of hypertension with little renin activity in blood (34).
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