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Abstract The formation of the vasoactive peptide angiotensin II
(AII) is dependent on the sequential action of two enzymes, renin
and angiotensin converting enzyme (ACE), on the substrate
angiotensinogen. Although the renin-producing cells of the
kidney do not express angiotensinogen, they contain large
amounts of AII in the same storage granules that contain renin.
When renin expression is suppressed in these cells, AII also
disappears. In the current study, we have tested whether the
renin-associated disappearance of AII in renal juxtaglomerular
(JG) cells is due to a renin-dependent down-regulation of granule
biosynthesis and whether receptor-mediated internalization of
AII could account for its concentration in these cells. Our results
support a model whereby AII peptides are generated within JG
cells, presumably by a mechanism which involves the action of
endogenous renin on internalized, exogenous angiotensinogen.
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1. Introduction

The renin-angiotensin system (RAS) plays a critical role in
the regulation of blood pressure and £uid balance in mam-
mals. Active renin is secreted from storage granules of the
renal juxtaglomerular (JG) cells of the kidney. Within the
circulation, renin catalyzes the cleavage of the decapeptide
angiotensin I (AI) from the amino-terminus of the hepatic
glycoprotein angiotensinogen. AI is subsequently converted
to the potent vasopressor angiotensin II (AII) by angiotensin
converting enzyme (ACE) present on the membranes of endo-
thelial cells throughout the vasculature.

Somewhat surprisingly, the renin-containing storage gran-
ules in the JG cells of some animals also contain signi¢cant
amounts of immunoreactive AII [1^3], in spite of the fact that
JG cells are not known to express the substrate for the RAS,
angiotensinogen [2,4]. Two possibilities have been proposed to
explain the presence of AII in JG cell granules. First, JG cells
might capture angiotensinogen and re-route the protein to the
secretory pathway where it is converted to AII by resident
renin and ACE. Support for this model comes from experi-
ments in which rats were treated with an ACE inhibitor, lead-

ing to the appearance of AI (the peptide precursor of AII) in
JG cell granules [5]. A second possibility is that AII is con-
centrated in the lysosome-like granules of JG cells by a recep-
tor-mediated internalization mechanism. JG cells do indeed
contain AII receptors of the AT1 subtype [6^8] and the AII
AT1 receptor mediates at least a portion of its biological ac-
tivity through receptor internalization [9]. Somewhat inconsis-
tent with the AII internalization model are experiments using
a rat model of renovascular hypertension caused by partial
ligation of the renal artery leading to one of the two kidneys.
In this so-called Goldblatt or 2 kidney, 1 clip (2K, 1C) model
of hypertension, the clipped kidney becomes ischemic and
dramatically increases its expression of renin [10], while the
non-clipped kidney represses renin expression [11,12] presum-
ably due to either the resulting increase in blood pressure and/
or increases in circulating AII [13,14]. AII staining appears to
follow that of renin in the non-clipped kidney, gradually dis-
appearing after artery ligation [11]. However, one possible
explanation for this ¢nding is that the JG cells of the non-
clipped kidney have simply lost their storage granules con-
comitant with the repression in renin expression. Indeed,
mice in which the expression of the Ren-1 renin gene is elim-
inated by homologous recombination show an absence of JG
cell secretory granules [15].

In the current study, we have investigated the e¡ect of renin
repression and AII receptor blockade on the presence of AII
in JG cells of the rat. Our results demonstrate that renin is not
requisite for maintenance of secretory granules in rat JG cells
and that AII receptor blockade does not eliminate AII in JG
cell secretory granules, lending support to the model of intra-
cellular generation of AII by a JG cell-mediated internaliza-
tion of angiotensinogen.

2. Materials and methods

2.1. Animals
All of the experiments were carried out with male Sprague-Dawley

rats (250^300 g). Animals were given regular rat chow and free access
to water. At the end of the treatment period, the animals were killed
by decapitation and blood was collected on EDTA for renin assay
(see below). All of the experimental protocols were reviewed and
approved by an institutional animal ethics committee.

For generation of the 2K, 1C hypertension model (Goldblatt mod-
el), rats were divided into two groups of 16 animals (test and sham-
operated groups). In the test group, the rats were anesthetized (50 mg/
kg sodium pentobarbital i.p.) and the left renal artery was partially
occluded using a silver clip with an internal diameter of 0.2 mm as
previously described [16]. The animals were returned to their cages for
5 weeks and systolic blood pressures were determined by the tail cu¡
method once per week. For the current protocol, animals were chosen
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that were hypertensive (systolic BP s 180 mm Hg) for at least 3 weeks
and had signi¢cantly elevated (s 10U normal) plasma renin activity.

To study the e¡ect of angiotensin AT1 receptor antagonism, 12
male Sprague-Dawley rats were divided into four groups of three
animals (control untreated and treated with three doses of losartan).
The treated groups received losartan (losartan potassium, Dup753; a
generous gift from E.I. DuPont Nemours and Co., Wilmington, DE)
at doses of either 10, 30 or 60 mg/kg/day, administered by gavage for
3 days. In our experience the lowest dose (10 mg/kg/day) is su¤cient
to normalize blood pressure in the 2K, 1C hypertensive rat (data not
shown).

2.2. Renin assay
Trunk blood (500 Wl) was collected on EDTA at decapitation and

was cleared by centrifugation. Plasma was stored at 320³C until
assayed. Plasma renin activity (PRA) was determined by the AI gen-
eration assay as previously described [16].

2.3. Immunohistochemistry
Kidneys were quickly removed and sliced into 3^4 mm sections.

Kidney slices were rinsed twice in Tris-bu¡ered saline (TBS; 50 mM
Tris pH 7.4, 0.9% NaCl) and ¢xed overnight at 4³C in Bouin's ¢x-
ative. Tissues were imbedded in para¤n and 5 Wm sections were
mounted onto gelatin coated slides for immunohistochemistry accord-
ing to standard protocols. Slides were pre-incubated for 30 min in
TBS containing 1% normal goat serum followed by incubation over-
night with the primary antibody diluted in TBS containing 5% pow-
dered milk (Carnation). Rabbit anti-recombinant human renin/prore-
nin antiserum was used at a dilution of 1/400. Rabbit anti-angiotensin
II (CD4) antiserum was used at a dilution of 1/250. Rabbit anti-rat
angiotensinogen antiserum was used at a dilution of 1/200. Immune
complexes were stained by the avidin-biotin peroxidase complex meth-
od using a commercial kit (Vectastain ABC kit, Vector laboratories,
Mississauga, Ont.) according to the manufacturer's instructions. Sec-
tions were either counter-stained with methyl green and Ehrlich's
hematoxylin (BDH Inc., Toronto, Ont.) or were photographed with-
out counter-staining using Nomarski optics (Fig. 3).

2.4. Electron microscopy
Kidneys were rapidly removed after decapitation and were cut into

1 mm2 blocks. These were rinsed in PBS and ¢xed for 3 h in caco-
dylate-bu¡er (0.1 M sodium cacodylate, pH 7.1) containing 2% glu-
taraldehyde. Samples were post-¢xed for 1 h in cacodylate bu¡er
containing 1% osmium tetroxide and were included in LX112 resin
(Ladd Research Industries, Burlington, VT) after dehydration. Sec-
tions (90 nm) were mounted on copper grids, counterstained with
uranyl acetate and lead citrate and were examined in a Joel JEM
1200 EX microscope.

3. Results

3.1. Juxtaglomerular cell AII in the 2K, 1C model
Con¢rming previous reports [11,12], both renin and AII are

readily detected in JG cells of the clipped kidney from rats
subjected to unilateral renal artery constriction (Fig. 1A,B)
while there is a near complete elimination of staining for
both in the non-clipped kidney from the same animal (Fig.
1C,D). Both the clipped and the non-clipped kidneys showed
abundant and equivalent staining for angiotensinogen in
proximal tubules, but no staining in JG cells (data not
shown). To compare the granulation of the JG cells in both
the clipped and non-clipped kidneys, a portion of the same
kidneys shown in Fig. 1 was ¢xed and embedded for electron
microscopy. Fig. 2 shows that JG cells from both kidneys
show abundant granulation. These results are typical of those
found in several rats examined and are representative of all of
the JG apparatuses examined. Higher magni¢cation of the
granules reveals a di¡erence in the morphology of their con-
tent (Fig. 2, insets). On the clipped side (panel A), the gran-
ules are frequently distorted and display the typical rhomboid
paracrystalline structures typical of renin-containing JG cells
[17] while on the non-clipped side (panel B) the granules are
more uniformly round and display a very regular granular
pattern, devoid of paracrystalline structures. These data dem-
onstrate that the loss of staining for renin and AII in the non-
clipped kidney is explained by a loss of granules in the JG
cells of that kidney.

3.2. AII receptor antagonism
To test whether the AII present in JG cells may be derived

from internalization via the AII AT1 receptors present on
these cells [6^8], we treated adult rats for 3 days with losartan,
a speci¢c antagonist of this receptor subtype [18], and tested
whether we could see a qualitative change in the AII staining
of JG cells in treated animals versus control. Results (Fig. 3)
show that JG cells stain for AII in all of the animals tested,
even at the highest dose of losartan used. Moreover, in ana-
lyzing over 60 individual sections from 12 di¡erent animals,
we did not ¢nd any consistent variation in the staining inten-
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Fig. 1. Distribution of renin and AII immunoreactivity in the kidneys of the 2K, 1C rat. Serial sections from either the clipped kidney (A,B)
or the non-clipped kidney (C,D) were stained with either anti-renin antiserum (A,C) or an antiserum to AII (B,D). Small arrows (left panel) in-
dicate corresponding JG cell clusters in serial sections stained by both renin and AII antibodies. Large arrows (right panel) indicate the position
of non-staining JG cells in the non-clipped renal cortex incubated with the two antisera.
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sity of JG cells between treated and untreated animals. Taken
together, these results suggest that AII internalization via the
AT1 receptor is not the major factor responsible for the ap-
pearance of AII in JG cell granules.

4. Discussion

In the current study we have sought to examine the mech-
anism by which AII is stored in the secretory granules of the
JG cells in rats. Our studies con¢rm that AII content in JG
cell granules is strictly dependent on the presence of renin as
the cellular distribution of positively stained cells for both
renin and AII is identical (Fig. 1, compare panels A and B)
and both disappear simultaneously with the feedback down-
regulation of renin expression in the non-clipped kidney. High
levels of renin are secreted by the JG cells of the kidney,
resulting in the formation of paracrystalline structures con-
taining prorenin in the immature secretory granules [17].
Thus, with the loss of renin expression seen in the non-clipped
kidney, secretory granule generation might be impaired, there-
by simply removing the physical entity in which AII is found
in JG cells. However, our results (Fig. 2) clearly demonstrate
that a non-renin-expressing kidney still contains abundant
secretory granules, thereby ruling out the loss of JG cells

granules as the cause for the loss of AII staining in the
non-clipped kidney. It is apparent that the morphology of
these granules di¡ers from that in the renin-expressing JG
cells (Fig. 2, compare insets), con¢rming the suggestion that
renin is responsible for the appearance of the paracrystalline
structures typically seen in the granules of these cells. Rather,
in the absence of immuno-detectable renin, JG cell granules
are ¢lled with an amorphous material (Fig. 2B, inset). The
nature of this material is not clear at this time, although
staining of the non-renin-containing kidney does not reveal
granule storage of angiotensinogen (data not shown) as might
be expected if these cells capture angiotensinogen and are
unable to convert it to angiotensin I in the absence of renin.
However, previous studies have shown that JG cell granules
contain a number of lysosomal proteases including cathepsins
B, H, and L [19]. It is possible, therefore, that in the absence
of renin, angiotensinogen is degraded by alternative pathways
of non-speci¢c proteolysis. It is also somewhat remarkable
that the abundance of secretory granules in JG cells does
not appear to be decreased by the profound down-regulation
of renin in the non-clipped kidneys of these adult rats (Fig.
2B). Granule biogenesis has previously been shown to be de-
pendent on the expression of atrial natriuretic factor in the
atria of mice in which the gene for ANF was deleted by
homologous recombination [20]. Likewise, granules are absent
from the JG cells of mice in which the Ren-1 gene is deleted
[15]. The current experiments would suggest that either JG cell
granule biogenesis di¡ers between mice and rats or that the
lack of JG cell granules seen in the `knock-out' mice is due to
an e¡ect of the lack of renin during development, leading to
defects in JG cell di¡erentiation.

Blockade of the AT1 subtype of the AII receptors with a
speci¢c antagonist (losartan) did not lead to a qualitative
di¡erence in the staining of AII in the JG cell clusters. It is
also notable that the kidney of adult rats does not express the
only other known receptor for AII, the AT2 subtype [21,22],
making it highly unlikely that AII is internalized in JG cells
by any of the known receptors. One possible explanation for
our failure to see any di¡erences with losartan could be that
we did not completely block the AT1 receptors with the doses
used. However, even the lowest dose of losartan used in our
treatment regimen was su¤cient to lead to a greater than 10-
fold increase in plasma renin activity in the treated rats and
has previously been shown to be adequate to normalize blood
pressure in the 2K, 1C Goldblatt hypertensive model (data
not shown). Another possibility is that AII enters JG cells
by a mechanism other than AT1 receptor internalization. In-
deed, Taugner and colleagues have demonstrated that JG cells
are capable of internalizing several exogenous proteins, in-
cluding peroxidase and ferritin [23]. However, both the 2K,
1C model and losartan treatment result in dramatic increases
in circulating AII which should have had the e¡ect of increas-
ing AII content in JG cells if trapping were non-speci¢c.
Liquid trapping would also be unlikely to account for the
localization of AII only in JG cells containing renin (Fig.
1A,B).

In conclusion, our results are most consistent with an intra-
cellular model of generation of AII, as was originally pro-
posed by Naruse et al. [5]. In this instance, the pinocytotic
activity of the JG cells might be used to capture circulating
angiotensinogen which would be routed to the lysosomal-like
granules of the JG cells [24]. Upon encountering renin, angio-
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Fig. 2. Electron micrograph of JG cells from the clipped (A) and
non-clipped (B) kidneys of the 2K, 1C rat. g, secretory granule; m,
mitochondria; N, nucleus; L, lumen of the a¡erent arteriole; E, en-
dothelial cell. Bar = 2 Wm. Insets in upper left of each ¢gure show a
higher magni¢cation of typical secretory granules in the correspond-
ing JG cells.
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tensin peptides would be generated and would presumably be
released concomitantly with renin. Indeed, renal lymph and
renal tubular £uid have been reported to contain high levels of
angiotensin peptides [25], which could conceivably originate in
the JG cells. Such locally synthesized AII has been proposed
to regulate electrolyte homeostasis in the renal tubules [25]
and may play a role in the development of the kidney [26,27].
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