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Angiotensin-converting Enzyme Labeled with [3H]Captopril
Tissue Localizations and Changes in Different Models of Hypertension in the Rat

Stephen K. Wilson, David R. Lynch,* and Solomon H. Snyder*
Departments of Pathology and *Neuroscience, The Johns Hopkins University School of Medicine, Baltimore, Maryland 21205

Abstract

In vitro autoradiography with [3Hjcaptopril was used to local-
ize and quantitate angiotensin-converting enzyme (ACE) in
various tissues in two-kidney, one-clip (2K-1C) hypertension,
one-kidney, one-clip (1K-1C) hypertension, desoxycorticoster-
one acetate (DOCA)-salt hypertension, and a normotensive
control group. There were no significant differences in mean
systolic blood pressure among the hypertensive groups.
Plasma renin activity (PRA) was highest in the 2K-1C group
(6.20±2.17 ng/ml per h), intermediate in the 1K-1C group
(2.19±0.62 ng/ml per h) and control group (3.20±0.53 ng/ml
per h), and lowest in the DOCA-salt group (0.07±0.06 ng/ml
per h). In the lungs, aorta, mesenteric arteries, and adrenal
medulla, ACElabeling was highest in the 2K-1C group, inter-
mediate in the 1K-iC and control groups, and lowest in the
DOCA-salt group. ACElevels in these tissues correlated posi-
tively with PRA. In the kidney, anterior pituitary, testis, and
choroid plexus of the brain, ACE levels correlated negatively
with PRA, with lowest ACE levels in the 2K-IC group and
highest levels in the DOCA-salt group. In the epididymis, pos-
terior pituitary, and other regions of the brain, ACElevels did
not differ significantly among the groups.

Introduction

Angiotensin-converting enzyme (ACE)' plays a role in blood
pressure regulation as a component of the plasma renin-an-
giotensin system (RAS) by converting angiotensin I (ANG I) to
the potent vasoconstrictor angiotensin II (ANG II) and de-
grading the vasodilator bradykinin (1). In the plasma RAS,
ACEconversion of ANGI occurs primarily in the lungs, pro-
ducing changes in circulating ANGII levels that vary in ac-
cordance with plasma renin levels (2). ACEalso influences the
local production of ANGII in various tissues. In blood vessel
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1. Abbreviations used in this paper: ACE, angiotensin-converting en-
zyme; ANGI and ANGII, angiotensin I and II; DOCA, desoxycorti-
costerone acetate; lK-lC, one-kidney, one-clip hypertension; 2K-1C,
two-kidney, one-clip hypertension; PRA, plasma renin activity; RAS,
renin-angiotensin system.

walls, for example, ACEmay generate ANGII locally as part
of the vascular RAS(3-7). ACEand other components of this
vascular system may be involved in maintaining certain forms
of hypertension, perhaps independently of the plasma RAS
(3-5). ACEis also responsible for local ANGII production in
some regions of the brain (8, 9). ACEoccurs in other tissues,
such as adrenal, kidney, and pituitary gland (10), where it may
also generate ANGII, but its endogenous substrate is not
clearly established.

The intent of the present study was to examine the rela-
tionship of ACE to changes in the plasma RASin hyperten-
sion. To do so, we studied three models of hypertension asso-
ciated with high, normal, or low plasma renin levels. ACEwas
labeled by in vitro autoradiography with [3H]captopril, which
binds exclusively to ACEboth in tissue homogenates and sec-
tions (11-15), permitting the localization of particulate ACE
in tissue as well as quantitation of ACElevels by densitometry
(16, 17).

Methods

Male Wistar rats with initial weights of 200-220 g were obtained from
Charles River Laboratories, Inc., Wilmington, MA. For each rat a
baseline systolic blood pressure was recorded before surgery. Baseline
blood pressures and all subsequent pressures were taken by the tail cuff
method (18), during which rats were lightly anesthetized with ether.
Pressure tracings were recorded on a physiograph (Narco Biosystems,
Houston, TX). Rats were then divided into four experimental groups.

Group 1: two-kidney, one-clip (2K-IC) hypertension. After rats were
anesthetized with sodium pentobarbital (40 mg/kg body wt, i.p.), an
abdominal incision was made and a 0.2-mm silver clip placed on the
left renal artery. The right kidney and renal artery remained un-
touched. After surgery, blood pressures were taken twice weekly (tail
cuff method) for 4 wk. Animals were given free access to tap water and
rat chow.

Group 2: one-kidney, one-clip (1K-IC) hypertension. In this group a
0.2-mm silver clip was placed on the left renal artery and the right
kidney was removed. Blood pressures were recorded twice weekly, and
the rats received tap water and normal rat chow.

Group 3: desoxycorticosterone acetate (DOCA)-salt hypertension.
Animals in this group underwent excision of the right kidney; then
silicone rubber molds containing DOCA(Sigma Chemical Co., St.
Louis, MO; 200 mg/kg body wt) were implanted subcutaneously (19).
This group was given 1% NaCl (instead of tap water) and normal rat
chow. Blood pressures were recorded twice weekly.

Group 4: nonhypertensive (control) group. Sham operations were

performed in which the left renal artery was manipulated (but not

clipped) and the right kidney was left intact. Animals were given tap
water and normal rat chow, and blood pressures were recorded twice
weekly.

4 wk after surgery all animals were sacrificed by decapitation. - 2
ml arterial blood from each rat was collected in chilled tubes contain-
ing 0.2 ml EDTAfor determination of plasma renin activity (PRA); all
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samples were collected in one morning to avoid diurnal variation in
renin levels (20). Serum was frozen at -20'C, and at a later time PRA
was determined by a modification of the microradioimmunoassay
method of Husain and Jones (21). Sections of lung, aorta, mesentery,
kidney, adrenal gland, testis, brain, and pituitary gland were rapidly
removed, embedded in Tissue-Tek (Miles Laboratories Inc., Naper-
ville, IL) or brain paste (except lung), and quickly frozen in liquid
nitrogen. Tissue sections (8 Am) were cut on a cryostat, mounted on
gelatin-coated slides, and stored at -20'C.

For in vitro autoradiographic studies, (prolyl-3, 4-[3H])-S-acetyl-
captopril (New England Nuclear, Boston, MA; 50 Ci/mmol) was con-
verted to [3Hlcaptopril with 0.1 MNaOH for 20 min at 230C as
previously described (15). Slide-mounted tissue was first incubated in a
buffer of 50 mMTris-HCl, pH 7.9 (40C), and 100 mMNaCl at 4VC
for 5 min, then transferred to a solution of [3H]captopril (8 nM) in the
same buffer for 40 min at 4VC. Slides were given two 1-min washes in
buffer, briefly dipped in distilled water, and dried in a stream of cool
air. To assess nonspecific binding, slide-mounted tissue was treated as
described above except that the incubation solution contained 1 UM
unlabeled captopril or enalaprilat.

Autoradiograms were produced by placing either Ultrofilm or
emulsion-coated coverslips over the slide-mounted tissue for 12 d at
4VC. Density of [3H]captopril labeling on Ultrofilm was quantitated by
microdensitometry and converted to femtomoles of [3H]captopril
bound per milligram protein using [3H] standards obtained from
Amersham (Arlington Heights, IL) (16). Tissue was stained with tolui-
dine blue after autoradiography. [3H]Captopril binding in homoge-
nates of the lungs was assayed as described previously ( 14).

The drug and peptide specificity of [3HI captopril binding in ho-
mogenates and brain slides used for autoradiography are the same in
brain, choroid plexus, lung, pituitary, adrenal, testis, and epididymis
(11-15). In preliminary experiments we observed a similar specificity
in mesenteric arteries, kidney, and aorta (data not shown).

Densitometric studies of unperfused mesenteric arteries could not
be performed because the vessels were collapsed and convoluted.
Therefore four additional experimental groups (2K- 1GC, K-1C,
DOCA-salt, and nonhypertensive controls) were set up as described
above but were sacrificed by vascular perfusion rather than decapita-
tion. PRAs were not determined in this set of animals owing to the
effects of anesthesia on PRA(22). Rats were anesthetized with sodium
pentobarbital (40 mg/kg body wt, i.p.), and mesenteric arteries were
perfused through the aorta with a solution of 1.0% NaCI and 5.5%
dextrose in 0.1 Mphosphate buffer. Longitudinal sections of mesen-
teric arteries were mounted on microtome chucks and quickly frozen
in liquid nitrogen; then 8-gm sections were cut and mounted on slides.
Slides were incubated in [3H]captopril as described above, covered
with emulsion-coated coverslips, and exposed for 2 wk at 40C.

Slides of mesenteric arteries were examined in a model 3 photomi-
croscope (Carl Zeiss, Inc., Thornwood, NY), and vessel segments were
photographed first with transmitted light, then under darkfield condi-
tions with identical exposure times. Darkfield negatives were enlarged
three times and prints were used to quantitate grain density over the
endothelium by microdensitometry (16, 17).

To perform statistical tests, means and standard errors for blood
pressure, PRA, and specific [3H]captopril binding in various tissues
were calculated for each rat, then for each group of rats. Comparisons
among groups were performed by analysis of variance, and differences
between paired groups were compared by the Walker-Duncan adap-
tive procedure (23). Correlation coefficients for all variables were cal-
culated by the Spearman rank order method and the level of signifi-
cance determined by a two-tailed test (23).

Results
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Baseline mean systolic blood pressures (SBP)±SEM for the
four groups were 100.3±1.4 mmHgfor the 2K-IC group (n
= 8), 105.4±2.8 mmHgfor the 1K-IC group (n = 5),
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105.7±1.7 mmHgfor the DOCA-salt group (n = 6), and
101.0±2.3 mmHgfor the nonhypertensive control group (n
= 5) (no statistically significant differences among the groups).
During the week of sacrifice, SBPs for the four groups were
151.7±3.7 mmHg(2K-iC), 156.8±5.3 mmHg(1K-IC),
157.3±1.8 mmHg(DOCA-salt), and 109.2±2.2 mmHg(con-

trol). Paired comparisons showed no statistically significant
differences among the three hypertensive groups, but mean
SBPs in each of the hypertensive groups were significantly
higher than those of the control group (P < 0.01 for all com-
parisons).

PRAs for the four groups were 6.20±2.17 ng/ml per h
(2K-1C, n = 8), 2.19±0.62 ng/ml per h (lK-lC, n = 5),
0.07±0.06 ng/ml per h (DOCA-salt, n = 6), and 3.20±0.53
ng/ml per h (control, n = 5). Differences among the groups
were statistically significant by analysis of variance (P < 0.05).
Mean PRA values of the 2K- 1C group were significantly
greater than those of the lK-lC group (P < 0.05), DOCA-salt
group (P < 0.01), and controls (P < 0.05). PRAsfor the lK-lC
and control groups were significantly greater than those of the
DOCA-salt group (P < 0.01 for both comparisons).

Mean densities for specific [3H]captopril binding to ACEin
various tissues are presented in Table I. In Table II, Spear-
man's rank order correlation coefficients are listed for PRA,
blood pressure, and tissues for which statistically significant
differences exist.

Table II. Spearman's Rank Order Correlation Coefficients for PRA,
and Specific [3H]Captopril Binding in Various Tissues

In the lungs [3H1captopril binding in homogenates was sig-
nificantly different among the groups, with highest levels in the
2K-IC group, intermediate levels in the lK-lC group and
control group, and lowest binding in the DOCA-salt group
(Table 1). Pulmonary [3H]captopril binding correlated posi-
tively with PRAand [3H]captopril binding in the aorta and
adrenal medulla, but negatively with binding levels in the testis
and choroid plexus (Table II).

In the aorta, labeling for ACEwas densest in the endothe-
lium and adventitia. Minimal labeling was observed in the
tunica media (Fig. 1). The density of endothelial but not ad-
ventitial labeling differed among the groups. Grain densities
over the aortic endothelium (Table I) were greater in 2K-iC
rats than in controls (P < 0.05), whereas in DOCA-salt rats
densities were lower than those in controls (NS). Endothelial
densities in 1K-IC rats were slightly higher than those of
DOCA-salt animals but lower than those of controls (NS).
Aortic endothelial ACElevels correlated positively with those
in the lung and adrenal medulla and with PRA, but correlated
negatively with ACE levels in the testis and choroid plexus
(Table II).

In the perfused mesenteric arteries, as in the aorta, dense
labeling of ACEwas observed over the endothelial layer, with
patchier and less dense labeling in the perivascular and inter-
stitial tissue (Fig. 2). Endothelial labeling in the mesenteric
vessels differed significantly among the groups, with greatest

Blood Pressure,

Adrenal Anterior Choroid Blood
PRA Lung Aorta medulla Kidney pituitary Testis plexus pressuret

PRA 0.45 0.44 0.62 -0.58 -0.49 -0.47 -0.68 -0.18
(P < 0.05) (P < 0.05) (P < 0.01) (P < 0.01) (P < 0.05) (P < 0.05) (P < 0.01) (NS)

Lung 0.43 0.76 -0.30 -0.30 -0.43 -0.47 0.06
(P < 0.05) (P < 0.01) (NS) (NS) (P < 0.05) (P < 0.05) (NS)

Aorta 0.47 -0.56 -0.12 -0.32 -0.66 -0.20
(P < 0.05) (P < 0.01) (NS) (NS) (P <0.01) (NS)

Adrenal
medulla -0.49 -0.78 -0.80 -0.94 -0.16

(P < 0.05) (P < 0.01) (P < 0.01) (P < 0.01) (NS)
Kidney - 0.28 0.27 0.15 0.18

(NS) (NS) (NS) (NS)
Anterior

pituitary - - - 0.83 0.30 0.33
(P < 0.01) (NS) (NS)

Testis - - 0.42 0.33
(P < 0.05) (NS)

Choroid
plexus - 0.15

(NS)

Blood
pressure

Number of pairs, 22-24. * Left (clipped) kidney in 2K- IC and 1K- IC groups and left kidney in all other groups. * During the week of sacrifice.
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densities occurring in the 2K-IC group, intermediate values in
the 1K- IC groups and control group, and lowest levels in the
DOCA-salt rats (Fig. 2, Table I).

Labeling in the adrenal gland was localized to the medulla
and to a thin, less dense capsular or pericortical rim; minimal
labeling was observed in the cortex (Fig. 3). Labeling densities
in the medulla were significantly different among the groups
(Table I). Highest levels of [3H]captopril binding were found in
the 2K- IC animals, intermediate levels in the 1K- IC and con-
trol animals, and lowest levels in the DOCA-salt rats (Fig. 3,
Table I). Significant positive correlations were found between
adrenal medullary densities and PRA, lung densities, and aor-
tic densities. Significant negative correlations were observed
between labeling densities in the adrenal medulla and those
in the anterior pituitary, kidney, testis, and choroid plexus
(Table II).

In the kidney, high-density labeling for ACE in all groups
was localized over tubules in the inner cortex and juxtamedul-
lary regions, with minimal or low-density labeling occurring in
the medulla and outer cortex (Fig. 4). Small areas of infarction
were occasionally seen in the clipped kidneys of the 2K-IC and

Figure 1. Light micrographs and
corresponding darkfield micro-
graphs of [3H]captopril binding in
aortas. (A and B) 2K- IC rat. (C and
D) 1K-IC rat. (E and F) DOCA-salt
rat. (G and H) Control (normoten-
sive) rat. (L) vessel lumen; (arrows)
adventitial layer. The density of en-
dothelial labeling (adjacent to vessel

LA_ lumen) is highest in B, intermediate
in Dand H, the lowest in F. Label-
ing is minimal in the medial layer,
and the density of adventitial label-
ing does not vary substantially
among the groups. 15X.

1K- lC groups; these showed no labeling for ACEand were not
included in densitometry studies. Labeling densities were low-
est in the clipped kidneys of the 2K- IC group, intermediate in
the kidneys of 1K- lC and control groups, and highest in the
kidneys of the DOCA-salt group; these differences were statis-
tically significant (Table I). ACEbinding densities in the left
kidneys of all groups correlated negatively with PRAand den-
sities in the aorta and adrenal medulla (Table II).

ACElabeling in the pituitary gland was patchy in the ante-
rior lobe and more dense and homogeneous in the posterior
lobe. No labeling was observed in the intermediate lobe (Fig.
5). In the anterior lobe [3H~captopril binding was significantly
different among the groups, with binding levels lowest in the
2K-IC group, intermediate in the lK-lC and control groups,
and highest in the DOCA-salt rats (Table I). Densities in the
anterior pituitary were positively correlated with those in the
testis and negatively correlated with those in the adrenal me-
dulla and PRA (Table II). Densities in the posterior pituitary
were slightly elevated in all three hypertensive groups com-
pared with control groups but there were no significant differ-
ences among the groups (Table I). There were also no statisti-
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Figure 2. Light micrographs and corresponding darkfield micro-
graphs of [3H]captopril binding in small arteries of the mesentery. (A
and B) 2K-IC rat. (C and D) 1K-IC rat. (E and F) DOCA-salt rat.
(G and H) Control (normotensive) rat. (L) Vessel lumen. The den-
sity of endothelial labeling (adjacent to the vessel lumen) is highest in
B, intermediate in Dand H, the lowest in F. Patchy, less dense label-
ing is seen in the perivascular and interstitial tissue. 40X.

cally significant correlations between ACElabeling in the pos-
terior pituitary and labeling in other tissues, PRA, or blood
pressure.

[3H]Captopril binding to ACEwas quantitated in various
regions of the brain, including the choroid plexus, supraoptic
nucleus, paraventricular nucleus, and corpus striatum (rostral
and caudal regions [24]). In the choroid plexus, [3H]captopril
labeling was denser than in other regions and differed signifi-
cantly among the groups, with lowest densities in the 2K-1C
group, intermediate densities in the I K- I Cand control groups,
and highest densities in the DOCA-salt group (Fig. 6, Table I).
ACE levels in the choroid plexus correlated positively with
those in the testis and negatively with those in the adrenal
medulla, aorta, lung, and with PRA (Table II). Other regions
of the brain showed no statistically significant differences
among the groups and no significant correlations with binding
levels in other tissues.

ACE labeling in the testis was diffuse and somewhat
patchy, while that in the head of the epididymis was more
dense. Grain densities were lowest in the 2K- IC group, inter-
mediate in the lK-lC and control groups, and highest in the

DOCA-salt group, but these differences were not statistically
significant (Table I). Testicular ACE labeling densities corre-
lated positively with those in the anterior pituitary and choroid
plexus, and negatively with those in the adrenal medulla,
aorta, and with PRA (Table II). No statistically significant
differences were observed among the groups for ACElabeling
in the epididymis, and there were no significant correlations
between densities in the epididymis and those in other tissues.

Discussion

In the present study tissue and vascular ACE levels show dis-
tinct patterns of variation in different models of hypertension.
In the lungs, aorta, small mesenteric arteries, and adrenal me-
dulla, ACElevels vary in accordance with levels of PRA. ACE
levels in these tissues are highest in the high-renin model
(2K-1C hypertension), intermediate in the normal renin
model (1K-lC hypertension) and normotensive controls, and
lowest in the low-renin model (DOCA-salt hypertension). In
contrast, ACEin the anterior pituitary, kidney, testis, and cho-
roid plexus of the brain varies inversely with plasma renin
values. In these regions ACEdensities are lowest in the high-
renin model and highest in the low-renin model. Finally, ACE
levels in sites such as the posterior pituitary, epididymis, and
most regions of the brain do not differ significantly among the
different models of hypertension. These findings are of partic-
ular interest in assessing the relationship between circulating
renin levels (or the plasma RAS) and more localized renin-an-
giotensin systems in the vessels, brain, and other tissues.

In the three models of hypertension examined here, high
blood pressure involves distinct pathogenetic mechanisms as-
sociated with different levels of PRA (25, 26). PRAs in this
study correspond with those previously reported (25), with
activities being highest in the 2K-lC group, intermediate in the
lK-lC and control groups, and very low in the DOCA-salt
group. However, the degree of hypertension is similar in the
three experimental groups, facilitating comparison of PRA
with tissue and vascular ACElevels.

In the lung ACElevels vary among the hypertensive groups
and correlate positively with PRA. Our results agree with a
recent report of increased pulmonary ACE activity in 2K-IC
rats at 2-16 wk after renal artery clipping (other models of
hypertension were not studied) (27). The lungs, highly vascular
organs, are probably the principal sites of conversion of plasma
ANGI to ANG11 (2), and our data suggest that pulmonary
ACElevels are regulated in coordination with the plasma RAS.

Our observations of dense ACElabeling over the endothe-
lium of the aorta and small mesenteric arteries fits with immu-
nohistochemical localization of ACE(28, 29), and endothelial
ACEhas been shown to play an essential role in the vascular
conversion of ANGI to ANG11 (30). Wealso detect ACEin
the aortic adventitia and perivascular tissue of mesenteric ar-
teries, but here it does not appear to be regulated in the same
fashion as endothelial ACE. The absence of substantial
[3H]captopril binding in the tunica media of the aorta differs
from an earlier report which suggested that ACE activity
occurs in the aortic media of rats (31).

Endothelial ACElevels in the aorta and mesenteric arteries
vary among the three hypertensive groups in parallel with PRA

Angiotensin-converting Enzyme in Hypertension 845
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Figure 3. [3H]Captopril binding in
adrenal glands. (A) 2K-IC rat. (B)
1K-IC rat. (C) DOCA-salt rat. (D)
Control (normotensive) rat. The
density of labeling in the adrenal
medulla is highest in A, interme-
diate in B and D, the lowest in C.
Faint pericortical labeling (arrows)
can be seen but there is minimal la-
beling of the cortex itself. 16X.

and pulmonary ACE, with variations even more prominent in
mesenteric vessels than the aorta. An earlier report detected
higher ACEactivity in homogenates of rat aorta in 2K-IC rats
compared with 1K- 1 C rats and controls (the DOCA-salt
model was not studied) (32). In another study (27), ACEactiv-
ity was also significantly higher in the aorta and mesenteric
artery in 2K- IC rats, but only after 16 wk of hypertension, not
as early as 4 wk as we have observed.

As demonstrated in hindquarter arteries of the rat (33, 34),
ACEand the vascular RASprobably regulate vasoconstriction
by local production of ANGII. Moreover, vascular ACEmay
be rate limiting in the formation of ANGII in vessel walls (35).
ACEand the vascular RASprobably play a role in maintaining
some forms of hypertension (4, 5, 7), and the antihypertensive
effects of the ACE inhibitors captopril and enalapril may be
mediated by inhibiting the vascular RAS (3, 36-40). The
high-density labeling of ACEthat we find in vascular endothe-

lium supports a major physiological role for the vascular RAS.
However, the positive correlation between vascular ACEand
PRA indicates a close link between plasma and vascular
renin-angiotensin systems, and it seems unlikely that vascular
ACE is regulated independently of the plasma RAS in hyper-
tension. We find no evidence of increased vascular pools of
ACE in hypertensive rats with normal plasma renin levels
(1 K- IC group) as some investigators have suggested (31, 37).

The high densities of ACEin the adrenal medulla observed
here and in previous studies (11, 41) may reflect a role for
ANGII in adrenal catecholamine release (11, 42), although
medullary catecholamines are not thought to regulate blood
pressure on a long-term basis (43). Elevated plasma catechol-
amine levels have been reported in 2K- IC and DOCA-salt
hypertension, but these probably reflect increased sympathetic
activity and not necessarily ANGII-stimulated release of adre-
nal catecholamines (43). Nonetheless, the marked alterations
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Figure 4. [3H]Captopril binding
in kidneys. (A) Unclipped kid-
ney of 2K-IC rat. (B) Clipped
kidney of 2K-IC rat. (C)
Clipped kidney of 1K-IC rat.
(D) Kidney of DOCA-salt rat.
(E) Unclipped kidney of control
(normotensive) rat. The density
of labeling in the inner renal
cortex is lowest in A and B, in-
termediate in Cand E, and
highest in D. There is minimal
labeling in the medulla and
outer cortex. The outer edge of
the cortex is designated by
arrows. 4X.

in adrenal medullary ACEin the hypertensive models studied
here suggest a function for the adrenal enzyme in hypertensive
pathophysiology.

The ACElocalization we observed over inner cortical kid-
ney tubules corresponds to earlier reports of the enzyme asso-
ciated with proximal tubules (44, 45), especially at brush
borders (45). Whether renal ACE generates ANGII, inacti-
vates kinins, or cleaves other substrates is unclear, although
ANGII does enhance sodium and fluid reabsorption via direct
effects on proximal tubules (46). The negative correlation we
observe between renal renin production and tubular ACE
levels is not readily explained. The low levels of ACEin the
clipped (renin-producing) kidneys of 2K-IC rats cannot be
attributed simply to ischemia from renal artery constriction, as
kidneys from 1K-IC rats with the same constriction show dif-
ferent ACEresponses. Elevated renal ACEin DOCA-salt rats
cannot derive solely from renal hypertrophy because the un-

clipped kidneys of 2K-IC rats are also hypertrophied but do
not show similar increases in renal ACE. The functional rela-
tionship of altered renal ACEto elevated blood pressure in this
study is not clear.

The exact function of anterior pituitary ACE is not estab-
lished. One of its roles may be to inactivate luteinizing hor-
mone-releasing hormone (47). ACEmay also generate ANGII
locally, and the ANG II-stimulated release of adrenocortico-
tropic hormone (48), prolactin (49), and beta-endorphin (50)
and ANGII immunoreactivity in gonadotrops and lactotrops
(51) implies a physiological role for ACE. The similar response
of anterior pituitary and renal ACE in the various forms of
hypertension suggests similar regulatory mechanisms in these
organs, perhaps reflecting reciprocal regulation of localized
ANGII production in response to circulating levels of renin
and ANGHI. In the posterior pituitary, an organ almost devoid
of ANGII receptors (52), we detect no significant changes in
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Figure 5. [3H]Captopril binding
in pituitary glands. (A) 2K-IC
rat. (B) 1K-IC rat. (C) DOCA-
salt rat. (D) Control (normoten-
sive) rat. Labeling in the anterior
pituitary (bottom of each figure)
is patchy, and labeling density is
lowest in A, intermediate in B
and D, and highest in C. Label-
ing is dense and homogeneous
in the posterior pituitary (top
of each figure), with no sub-
stantial differences among the
groups. 18X.

ACE levels. ACE in the posterior pituitary is probably not
directly associated with vasopressin release or processing (11),
and vasopressin itself is probably not a major factor in the
pathogenesis of the models of hypertension we evaluated (53).
In contrast to our findings, an earlier study showed that a
low-sodium diet (which increases plasma renin levels) in-
creased pituitary ACEactivity (54). However, it is not stated
whether the increase occurred in the anterior lobe, posterior
lobe, or both.

In the brain the choroid plexus is the only region we stud-
ied with ACE alterations in hypertension. In the choroid
plexus, ACEmay be involved in the local production of ANG
II, which in turn affects thirst and blood pressure through
actions on circumventricular organs (55). In the choroid
plexus ACE levels are negatively correlated with PRA, sug-
gesting reciprocal regulation of localized ANGII production.
ACElevels in other areas of the brain that lie inside the blood-
brain barrier apparently are not regulated by or coordinated
with the plasma RAS. At some of these sites ACEis thought to
function as part of another peptidergic system (15, 55), and in
other areas (e.g., supraoptic and paraventricular nuclei) ACE
may generate ANGII locally as part of an independent RASin
the central nervous system (56). Our findings in the brain
differ somewhat from earlier reports of increased ACEactivity

in the hypothalamus of 2K-IC rats as compared with lK-lC
rats and normotensive controls (27), and low midbrain, stria-
tal, and hypothalamic ACEin sodium-loaded rats (a low-renin
state) (54).

Testicular ACE levels are inversely correlated with PRA,
with highest densities in the low-renin group and lowest densi-
ties in the high-renin animals-a pattern like that of the ante-
rior pituitary, kidneys, and choroid plexus. Testicular ACE is
physicochemically and immunologically distinct from ACEin
the lungs or other tissues (57). Testicular ACE is localized to
spermatid heads and the lumina of seminiferous tubules in
stages I-VIII and XII-XIV (12). The function of testicular
ACE is not well delineated, but it seems unlikely that it is
regulated directly by the plasma RASowing to the blood-testis
barrier (57). ACElevels in the testis may be linked to those in
the anterior pituitary, because the pituitary gland is necessary
for the maintenance of testicular ACE, and hypophysectomy in
mature male rats depletes ACE from the testis (58, 59). We
find a strong positive correlation between ACE levels in the
anterior pituitary and those in the testis. In the epididymis,
however, ACElevels do not vary among the groups, consistent
with findings that nonsoluble ACE in the epididymis is not
regulated by the anterior pituitary and represents a distinct
protein from the testicular enzyme (58).
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Figure 6. [3H]Captopril binding in the cho-
roid plexus of brain sections (A) 2K-IC rat.
(B) IK-IC rat. (C) DOCA-salt rat. (D)
Control (normotensive) rat. Labeling den-
sity in the choroid plexus (arrows) is lowest
in A, intermediate in B and D, the highest
in C. (C) Caudate-putamen. loX.
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