Renin Expression in Renal Proximal Tubule

Orson W. Moe, * Kazutomo Ujiie, Robert A. Star, R. Tyler Miller, Jeffrey Widell, Robert J. Alpern, and William L. Henrich
Department of Internal Medicine, University of Texas Southwestern, and *Veterans Affairs Medical Centers, Dallas, Texas 75230

Abstract

Angiotensinogen, angiotensin-converting enzyme, and renin
constitute the components of the renin-angiotensin system.
The mammalian renal proximal tubule contains angiotensino-
gen, angiotensin-converting enzyme, and angiotensin receptors.
Previous immunochistochemical studies describing the presence
of renin in the proximal tubule could not distinguish synthe-
sized renin from renin trapped from the glomerular filtrate. In
the present study, we examined the presence of renin activity
and mRNA in rabbit proximal tubule cells in primary culture
and renin mRNA in microdissected proximal tubules. Renin
activity was present in lysates of proximal tubule cells in pri-
mary culture. Cellular renin content in cultured proximal tubule
cells was increased by incubation with 105 M isoproterenol
and 105 M forskolin by 150 and 110%, respectively. In addi-
tion, renin transcripts were detected in poly(A)* RNA from
cultured proximal tubule cells by RNA blots under high strin-
gency conditions. In microdissected tubules from normal rats,
renin mRNA was not detectable with reverse transcription and
polymerase chain reaction. However, in tubules from rats ad-
ministered the angiotensinogen—converting-enzyme inhibitor,
enalapril, renin was easily detected in the S2 segment of the
proximal tubule. We postulate the existence of a local renin-
angiotensin system that enables the proximal tubule to gener-
ate angiotensin I1, thereby providing an autocrine system that
could locally modulate NaHCO; and NaCl absorption. (J.
Clin. Invest. 1993. 91:774-779.) Key words: proximal tubule ¢
renin « mRNA ¢ beta-adrenergic agonist » angiotensin-convert-
ing enzyme inhibition

Introduction

Angiotensin II (AII)! is an important regulator of proximal
tubule NaCl and NaHCO,; absorption (1, 2). Although this
effect is partially hemodynamic in nature, AII also has direct
effects on the proximal tubule epithelium (3-6) that are me-
diated by AII receptors on both the apical and basolateral
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membranes (7-9). Recent studies have suggested that AIl may
be produced by the proximal tubule ( 10); if this were the case,
the potential would exist for an autocrine regulatory system in
the proximal tubule.

In this regard, several components of the renin-angiotensin
system are known to be present in proximal tubule cells. An-
giotensinogen protein and mRNA are present in the proximal
tubule (11-13), and angiotensin-converting-enzyme activity
is abundant in the apical brush border (14-18). The missing
component of a complete renin-angiotensin system is renin. In
theory, renin synthesized by juxtaglomerular cells (JG cells)
could be delivered to the proximal tubule via peritubular capil-
laries or glomerular filtration. In addition, if proximal tubule
cells were to synthesize renin, this epithelium would possess all
three components of the renin-angiotensin system.

Although renin has been found in subapical vesicles of
proximal tubule cells by immunohistochemistry (18, 19), in
situ hybridization studies have not been able to demonstrate
renin transcripts in these cells (19-21). Since proximal tubule
cells are endocytotically active, one interpretation of the above
findings is that renin delivered to the proximal tubule via glo-
merular filtration is endocytosed. To circumvent this problem,
we examined proximal tubule cells in primary culture for renin
activity and mRNA and microdissected proximal tubules for
renin mRNA. The present studies demonstrate the presence of
renin mRNA and regulated synthesis of renin in proximal tu-
bule cells in culture and regulated expression of renin mRNA
in the microdissected rat S2 proximal tubule. These studies
provide evidence for a complete renin-angiotensin system in
the proximal tubule.

Methods

Cell culture. Renal proximal tubule cells were grown in primary culture
as previously described (22). Briefly, 4-6-wk-old male New Zealand
rabbits were killed by decapitation and cortical sections were digested
with 0.1% collagenase, centrifuged through an isosmotic 50% Percoll
gradient, and proximal tubules were recovered from the F4 fraction as
described by Vinay et al. (23). Tubules were inoculated and cultured in
1:1 DME/Ham’s F12, supplemented with 5 ug/ml insulin, 50 nM
hydrocortisone, 35 ug/ml transferrin, 29 nM sodium selenite, 20 uM
ethanolamine, 1.5 mM glutamine, 100 U/ml penicillin, and 100 pg/
ml streptomycin. For the first 3 d of culture, 3% FBS was added to the
medium. Medium was changed on alternate days after the first 3 d until
the cells reached confluence in 2 wk, and insulin and hydrocortisone
were removed for 2 d before study.

Renin release and content. Renin activity was assayed in triplicate
as the rate of generation of angiotensin I (AI) from angiotensinogen by
the antibody-trapping method of Poulsen and Jorgensen as previously
described (24, 25). Renin secretion was defined as renin activity in the
supernatant of either cultured proximal tubule cells or isolated glomer-
uli. In these studies, prewarmed RPMI was added to either confluent
proximal tubule monolayers or 15-20 microdissected glomeruli for 6 h
and retrieved for renin activity assay. For studies with agonists in proxi-
mal tubule cells, 10~% M isoproterenol or 10~3 M forskolin was added
to the incubation medium. Cellular renin content was defined as renin



activity in the cell lysate after removal of the medium. In these studies,
proximal tubule cells were pretreated with either control medium or
medium containing 10> M isoproterenol or 10~ M forskolin for 6 h,
washed with buffered saline, and then lysed by addition of distilled
water. Renin content in microdissected glomeruli was measured simi-
larly as renin activity after hypotonic lysis of glomeruli. For inhibitor
studies, isoproterenol-treated proximal tubule cells were assayed for
renin in the absence and presence of 10~° M of the nonpeptide renin
inhibitor A-74273 (generously provided by Dr. Hollis Kleinert, Abbott
Laboratories, Abbott Park, IL). Both renin secretion and cell content
are expressed as ng Al generated/h per mg of cellular protein as deter-
mined by the method of Lowry et al. (26). Differences in means were
assessed by the Scheffe two-way analysis of variance (27) or Student’s ¢
test as appropriate.

RNA blots. Total cellular RNA was isolated as previously described
~ (28). Cells were homogenized in guanidium thiocyanate, centrifuged
through a CsCl cushion, and further purified with phenol-chloroform
extraction and ethanol precipitation. The resultant RNA was poly(A)
selected by oligo-dT chromatography, size-fractionated by formalde-
hyde agarose gel electrophoresis, and transferred to nylon membranes.
For DNA probe synthesis, rat renin cDNA (a gift from Dr. Kevin R.
Lynch, University of Virginia School of Medicine, Charlottsville, VA)
(29) was subcloned into bacteriophage M 13 and single-stranded sense
DNA templates were prepared for synthesis of uniformly *2P-labeled
(~ 10° cpm/ug probe) antisense single-stranded renin cDNA probes
as previously described (28). Membranes were hybridized under high
stringency conditions (50% formamide; 5X SSC; 5X Denhardt’s; 1%
SDS; 42°C; 3-4 X 107 cpm probe) and washed (2x SSC, 0.1% SDS,
22°C X 15 min, and then 0.1X SSC, 1% SDS, 60°C X 60 min). For
RNA probe synthesis, renin cDNA cloned in pGEM-4 plasmid was
linearized and uniformly 32P-labeled single-stranded antisense cRNA
(~ 10° cpm/ ug probe) was transcribed with T7 RNA polymerase and
purified with G-50 Sephadex RNA columns. Riboprobes were hybrid-
ized to RNA blots as described above except hybridization temperature
was 50°C and nylon membranes were washed at higher stringency (2X
SSC, 0.1% SDS, 22°C X 15 min; 0.1X SSC, 1% SDS, 65°C X 60 min;
0.1X SSC, 1% SDS, 75°C X 60 min). Labeled transcripts were identi-
fied by autoradiography.

In vivo rat studies and isolated nonperfused tubules and blood ves-
sels. Pathogen-free 90-120-g Sprague-Dawley rats (Harlan Sprague
Dawiley, Inc., Houston, TX) were used for studies with isolated glomer-
uli and microdissected tubule and vascular segments. Animals were fed
regular rat chow and allowed to drink water ad lib. Some of the rats
were treated with the angiotensin-converting-enzyme inhibitor enala-
pril (200 mg/liter of drinking water) for 5-6 d. Control and enalapril-
treated rats drank the same amount of water and gained similar
amounts of weight throughout the study. Animals were then anesthe-
tized, plasma was collected, and specific vascular and nephron seg-
ments were dissected as previously described (30). Briefly, rat kidneys
were perfused with 1 mg/ml collagenase and 0.05% BSA and cortical
slices were digested with collagenase for 40 min at 37°C in a Hepes-buf-
fered solution with the following composition: (mM) 125 NaCl, 5 KCl,
3 NaAcetate, 2 CaCl,, 1.2 MgSO,, 1 NaH,PO,, 5.5 glucose, 6 L-ala-
nine, 1 L-glutamine, and 5 Hepes; pH 7.4). Specific segments were
dissected at 15°C and tubule lengths were measured with a calibrated
eyepiece micrometer.

Detection of renin mRNA in renal tubules and blood vessels. For
mRNA detection, we used the reverse transcriptase-polymerase chain
reaction (RT-PCR ) technique of Moriyama et al. (31). Specific tubule
segments (5 mm) or blood vessels (2 mm) were microdissected, rinsed,
attached to glass beads, and transferred to a reaction tube. The seg-
ments were rinsed four times with ice-cold dissection solution contain-
ing RNAsin (1 U/ul; Promega Corp., Madison, WI), and then per-
meabilized with 2% Triton X-100 in the presence of RNasin. cDNA
synthesis was carried out in the presence of 200 U MMLYV reverse
transcriptase ( Bethesda Research Laboratories, Gaithersburg, MD), 5
uM oligo-dT 4, 1 mM dNTPs, and 3 mM Mg?*. In some tubes, reverse
transcriptase was omitted to control for contamination or amplifica-

tion from renin DNA. The temperature profile was annealing at room
temperature for 5 min, extension at 42°C for 60 min, and termination
at 99°C for 5 min. PCR was performed on segment-specific cDNA
using specific oligonucleotide primers (sense primer, S'-TGCCACCTT-
GTTGTGTGAGG-3'; reverse primer, 5'-"ACCCGATGCGATTGTT-
ATGCCG-3'). PCR reactions contained 4 uM primers, 4 mM Mg?*,
200 uM dNTPs, reaction buffer, and cDNA in a 98-ul reaction volume.
To minimize non-specific amplification, we used a hot start procedure
whereby PCR samples were placed in a thermocycler (Perkin-Elmer
Cetus Instruments, Norwalk, CT) prewarmed to 94°C. After 2 min, 2.5
U of Taq DNA polymerase (Promega Corp.) was added to the reaction
tubes. The PCR amplification consisted of 35 cycles of 94°C for 30 s
(denaturation), 58°C for 1 min (annealing), and 72°C for 1.25 min
(extension), followed by an additional 5 min final extension at 72°C.
The PCR reaction products were size fractionated by agarose gel electro-
phoresis, transferred to nylon filters, and probed with a 32P-endlabeled
internal oligonucleotide (5'-GGACCTACACTCTCAGCAACATG-
GA-3'). The prehybridization, hybridization, and washing conditions
were similar to those of Garcia-Perez et al. (32), except the final wash
was with 0.5X SSC and 0.1% SDS. We optimized the primer location,
primer concentration, Mg2*, and annealing temperature to produce
the greatest amount of a single PCR product. PCR primers were shown
to be in separate exons by the absence of PCR product of the predicted
size either in lanes lacking reverse transcriptase (see Figs. 4 and 5) or in
tubes containing 1 ug per tube of rat genomic DNA (data not shown).
The primer sets produced a single band of the predicted size (374 bp)
on ethidium bromide-stained agarose gels.

Results

Renin activity in cultured proximal tubule cells: isoproterenol
and forskolin increase renin content but not renin release. We
first examined whether cellular renin is secreted from proximal
tubule cells in primary culture. Renin activity was detected in
the supernatant of proximal tubule cells (Fig. 1). However,
renin activity is low in proximal tubule cells compared with
supernatant from primary culture of JG cells, which typically
expresses renin activity of 200-300 ng AI/h per mg. Since both
isoproterenol and forskolin increase renin secretion in JG cells
in culture, we examined whether a similar stimulation oc-
curred in proximal tubule cells in culture. As shown in Fig. 1,
neither agent had a significant effect on renin secreted from
proximal tubule cells in culture. Fig. 2 shows the results of
renin content in proximal tubule cells. Renin activity was de-
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Figure 1. Renin secretion was measured as renin activity in the cell
culture medium. Confluent proximal tubule cells were treated with
either control medium (con), medium containing 10> M isoproter-
enol (isop), or 1073 forskolin ( fors). Results are shown as mean+SE.
n, number of experiments. Statistical significance was assessed by
Scheffe’s two-way analysis of variance.
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Figure 2. Renin content was measured as renin activity in proximal
tubule cell lysate. Cells were incubated with either control medium
(con), medium containing 10~ M isoproterenol (isop), or 10~ for-
skolin (fors) before cell lysis. Results are shown as mean+SE. n,
number of experiments. Statistical significance was assessed by
Scheffe’s two-way analysis of variance.

tected in cell lysates and incubation with 10> M isoproterenol
or 10~* M forskolin increased renin content by 150 and 110%,
respectively.

To confirm that the renin activity detected is due to renin
rather than other renin-like peptidases, we studied the effects of
the nonpeptide renin inhibitor A-74273 on cellular renin activ-
ity. Proximal tubule cells were incubated with 10> M isopro-
terenol in the presence or absence of 107> M A-74273 and
renin content was measured. Renin content was reduced by
60% in the presence of the inhibitor (without inhibitor,
3.60+0.47 ng/mg per h; with inhibitor, 1.47+0.47 ng/mg per
h; n =4, P <0.05, t test). These results suggest that 8-adrener-
gic or adenylyl cyclase stimulation increases renin synthesis but
not secretion by proximal tubule cells in culture.

Expression of renin mRNA in cultured proximal tubule
cells. To further confirm that renin activity detected in the
cultured proximal tubule cells is actually due to renin, we exam-
ined for expression of renin mRNA in these cells with RNA
blots. Fig. 3 depicts a typical experiment. Under stringent con-
ditions, we detected a 1.6-kb renin transcript in poly(A)* RNA
from cultured rabbit proximal tubule cells with single-stranded
DNA (Fig. 3, lane 3) and RNA (Fig. 3, lane 4) probes. The
labeling is unlikely to be due to non-specific hybridization to
18s rRNA since there was no labeling in poly(A)~ RNA (Fig.
3, lane 2). In agreement with the low levels of renin activity,
the renin transcript is of low abundance in the proximal tubule.
Although we detected renin transcript with single-stranded
probes, we were not able to detect renin mRNA using random
hexamer-primed double-stranded probes labeled to specific ac-
tivities of 1 X 10 cpm/ ug (data not shown ). Comparison with
total cellular RNA from JG cells (Fig. 3, lane /) allows an
approximate quantitation of the abundance of renin transcript
in proximal tubule cells. Assuming poly(A)* RNA constitutes
~ 3% of mammalian cellular RNA, the renin mRNA abun-
dance of proximal tubule cells is ~ 2-3% of that in JG cells.

With this low level of renin activity and transcript, one can
question the possibility of contaminating JG cells in the pri-
mary culture giving rise to false-positive results. We therefore
examined whether JG cells could thrive under proximal tubule
culture conditions. JG cells were harvested from rat cortex us-
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RMA BLOT: RENIN Figure 3. RNA blots were per-

formed as described in text.
Lane I shows labeling of renin
transcript in 10 ug of total cel-
lular RNA from freshly iso-
lated rat JG cells. Lane 2 is a
negative control containing 10
ug of poly(A)~ RNA from
proximal tubule cells. Lane 3
shows labeling of a ~ 1.6-kb
message by a single-stranded
renin cDNA probe on 10 ug
of poly(A)* RNA from cul-
tured proximal tubule cells.
Lanes /-3 were exposed for 52
h. Lane 4 shows labeling of a
similar size transcript in 10 ug
of poly(A)* RNA from cultured proximal cells with a renin ribo-
probe. Lane 4 was exposed for 46 h. A total of three independent ex-
periments showed labeling of renin transcript in poly(A)* RNA from
cultured proximal tubule cells. In one experiment, no specific labeling
was demonstrated.

Je Rabbit
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tot A at at

188~
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ing methods previously described (24) and maintained in ei-
ther serum-free proximal tubule culture medium or serum-
containing (2% FBS) JG cell medium (24) in parallel for 2 wk.
JG cells kept in serum-free proximal tubule culture medium
contained no detectable renin activity at both 7 and 14 d in
culture, whereas JG cells maintained in JG cell medium (2%
FBS) exhibited both secreted and cellular renin activity at both
7 and 14 d in culture (mean+SE in ng/mg per h: secreted
renin, 280.3+51.5 at 7 d, 259.2+52.5 at 14 d; cellular renin,
292+53.1 at 14 d).

Regulated expression of renin mRNA by RT-PCR in rat
kidney microdissected structures. We have shown in cell cul-
ture that proximal tubule cells contain renin transcripts and
renin content is regulated by $-agonists. Although there is no
detectable renin in JG cells grown in proximal tubule medium,
it is difficult to absolutely exclude the possibility of very small
amounts of JG cells in the proximal tubule culture. To docu-
ment renin expression in a proximal tubule sample that is un-
equivocally free of contamination from other renin-expressing
tissues, we examined for the presence of renin mRNA in mi-
crodissected proximal tubules in rats using RT-PCR. Fig. 4
shows a typical Southern blot analysis of the RT-PCR amplifi-
cation products of renin mRNA in microdissected interlobular
artery with attached afferent arteries; S1, S2, and S3 proximal
tubules; and glomeruli from normal rats. Renin was easily de-
tectable in the intralobular artery and glomeruli but was absent
in S1, S2, and S3 proximal tubules in three independent experi-
ments. Renin was also absent in segments where reverse tran-
scriptase was omitted and in beads lacking tubules processed in
parallel, indicating the absence of cross-contamination of tu-
bule and vascular segments by renin DNA sequences.

Since renin mRNA content in the proximal tubule may be
bordering on the limit of detectability at baseline conditions,
we performed the same study in rats that had been given enala-
pril, a maneuver that has previously been shown to greatly
increase renin immunoreactive protein as well as mRNA in the
rat kidney (33, 34). After 5-6 d of enalapril treatment, plasma
renin activity was considerably higher than in control rats stud-
ied in parallel (mean+SE in ng Al/h: enalapril-treated,
1,158+57, n = 9; control, 46.3+6.4, n = 9; P < 0.001, ¢ test).
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Figure 4. Typical Southern blot of renin RT-PCR products from a
control rat. We used 2 mm of intralobular artery (ILA) and 5 mm
of S1, S2, and S3 proximal tubules. Controls included glass beads
without tubules (bead), omission of reverse transcriptase (—RT),
glomerulus (glom), and renin cDNA template (renin). Southern
blots were processed as indicated in Methods. All the positive PCR
products were single bands by ethidium bromide fluorescence (data
not shown) and were the expected length of 374 bp. Similar results
were found in three experiments. In one experiment, renin mRNA
was detected in S2.

Similar to plasma renin activity, renin activity in isolated glo-
meruli was also increased significantly after 5 to 6 d of enalapril
administration (Table I).

We next examined whether renin mRNA is detectable in
the proximal tubule under this stimulated state. Fig. 5 shows a
typical Southern blot analysis of RT-PCR performed in rats
consuming enalapril-containing drinking water. Renin was
present in the intralobular artery and glomeruli as in control
animals but, in contrast to unstimulated rats, renin mRNA was
clearly detected in S2 proximal tubule. In some experiments,
renin mRNA was also detected in S1 and S3 but the finding in
S2 was consistently seen in every experiment. Under the same
conditions, renin mRNA was not detected in medullary thick
ascending limb (5 mm) or S2 proximal tubule in the absence of
reverse transcriptase. Parallel experiments performed on con-
trol rats failed to detect renin mRNA in the proximal tubule.

Discussion

All stimulates proximal tubule NaCl and NaHCO, absorption
by activation of the apical Na/H antiporter (5, 35) and basolat-
eral Na/3HCO; cotransporter (6). The findings of renal arte-
riovenous increments of AIl concentrations and high renal lym-
phatic levels of AII (36-38) suggest that AIl can be generated
locally within the kidney. Although the JG apparatus could
generate renal All the finding of high Al levels along the en-
tire proximal convoluted tubule in an in vivo micropuncture
study suggests that one of the sites of renal All generation may
be the proximal tubule (10). The presence of renin in the prox-
imal tubule would constitute a complete local renin-angioten-
sin system that is potentially autocrine in action. The coexis-
tence of renin and converting enzyme has been described in JG

Table I. Renin Activity in Rat Glomeruli

Control Enalapril
Supernatant 138+60 "306+227*
Cellular lysate 5116 1437+165*
Mean+SE, n = 3. * P < 0.05 enalapril vs. control, ¢ test.
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Figure 5. Typical Southern blot of renin RT-PCR products from a rat
drinking enalapril for 5 d. Segment lengths and controls are as de-
scribed in Fig. 4. In addition, we used 5 mm medullary thick ascend-
ing limb (mTAL) as a negative control. All the positive PCR products
were single bands by ethidium bromide fluorescence (data not shown)
and were the expected length of 374 bp. Similar results were found
in four experiments.

cells (39), endothelial cells (40), and certain neural and adre-
nal cell lines (41, 42); angiotensinogen is also present in neuro-
blastoma cells (43).

It has been difficult to document renin synthesis in the
proximal tubule because immunohistochemical detection of
renin is compatible with either synthesized renin or filtered
renin absorbed from the tubule lumen. Since endocytosed
renin is unlikely to persist in the proximal tubule after 2 wk in
culture, any renin present in cultured proximal tubule cells is
probably synthesized endogenously. In addition, the finding of
regulation by isoproterenol and forskolin and mRNA expres-
sion in cultured proximal tubule cells further argues against
trapped renin from glomerular filtrate. Lastly, regulated ex-
pression of renin mRNA in the S2 segment proves that renin in
the proximal tubule is not derived solely from glomerular fil-
trate.

In situ hybridization studies have failed to detect renin
transcript in the proximal tubule (19-21). One possible expla-
nation for this is a very low level of renin message in this
nephron segment. We too were unable to detect renin mRNA
in microdissected tubules with RT-PCR under baseline condi-
tions in three out of four experiments. In one experiment, renin
mRNA was detected in S2 under baseline conditions. In some
of these studies, when we performed second stage PCR on the
first stage PCR amplification products, we detected appro-
priate size bands that hybridized to an internal renin oligonucle-
otide whereas the reactions lacking RT remained negative even
with second stage PCR (data not shown). The significance of
these positive findings is unclear, though it may reflect ex-
tremely low levels of renin transcript in the proximal tubule
under baseline conditions. However, when we stimulated renin
expression with converting enzyme inhibition, we easily de-
tected renin mRNA in S2. Likewise, in cultured proximal tu-
bule cells renin mRNA is also of low abundance. This very low
transcript level in cultured proximal tubule cells parallels the
low renin activity. However, unlike JG cells, which secrete
renin to the systemic circulation, the low level of renin produc-
tion in the proximal tubule may be sufficient for an autocrine
system. In addition, at the level of the whole renal cortex, the
number of proximal tubule cells far exceeds that of JG cells.
Therefore, the amount of renin produced by proximal tubule
cells may actually contribute significantly to total renin produc-
tion.

It is highly unlikely that the low level of renin activity and
transcript level in the cultured proximal tubule cells is due to
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JG cell contamination for several reasons. First, proximal tu-
bule cells are harvested in the F4 fraction (density, 1.21-1.23
g/ml) (23) in the proximal tubule preparation (see Methods)
whereas JG cells sediment at a density of 1.06 g/ml (25, 44),
which places them in the F1 fraction in the Percoll gradient.
Second, even if some JG cells cofractionate with proximal tu-
bules, JG cells are unlikely to survive under the present culture
conditions because serum is required to maintain adult rat JG
cells in primary culture (25, 44). When we cultured JG cells in
proximal tubule medium and JG cells medium in parallel, no
renin activity was detected in JG cells grown in proximal tu-
bule medium, whereas JG cells kept in JG cell medium contin-
ued to express renin. Lastly, the demonstration of renin
mRNA in microdissected proximal tubules rules out contami-
nation as a cause of the positive results.

Yanagawa and co-workers (45) recently reported a time-
dependent increase in renin activity in the supernatant of cul-
tured rabbit proximal tubule cells. In our studies, we tested the
effects of 8-agonist on renin activity in the supernatant of prox-
imal tubule cells. Our findings suggest that renin is secreted
from the proximal tubule in a constitutive rather than an ago-
nist-stimulated fashion. Although it is possible that mecha-
nisms of regulated secretion are lost in the process of primary
culture, an alternative explanation is that renin may act pri-
marily intracellularly, cleaving angiotensinogen in an intracel-
lular compartment. -

Cellular renin content was increased by both isoproterenol
and forskolin and proximal tubule renin mRNA expression is
enhanced by in vivo angiotensin—-converting-enzyme inhibi-
tion. The significance of this regulation is not presently clear.
In salt depletion, angiotensinogen, renin, All, and All recep-
tors are all increased in the kidney (7, 46, 47). The upregula-
tion of angiotensinogen mRNA has been localized to the proxi-
mal tubule (46) but it is not known whether proximal tubule
renin is increased with salt depletion. On the basis of our find-
ings of increased renin synthesis with isoproterenol, one can
speculate that proximal tubule renin may also be upregulated
in salt depletion via B-adrenergic stimulation. The stimulation
of the proximal tubule renin-angiotensin system by $-agonists
can also contribute to the stimulation of proximal tubule vol-
ume absorption by S-agonists (48, 49) and the activation of
Na/H antiporter seen in salt restriction (50).
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