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Renin and Renin mRNA in Proximal Tubules of the Rat Kidney

M. Chen, M. P. Harris, D. Rose, A. Smart, X.-R. He, M. Kretzler, J. P. Briggs, and J. Schnermann
Departments of Physiology and Internal Medicine, The University of Michigan, Ann Arbor, Michigan 48109

Abstract

The present study was undertaken to assess the presence of
renin enzymatic activity and renin mRNA in proximal tu-
bules of rat kidneys, and to determine the effect of con-
verting enzyme inhibition (CEI) on proximal tubule renin
gene expression. Proximal convoluted tubules (PCT), proxi-
mal straight tubules (PST), outer medullary collecting ducts
(OMCD), and glomeruli (Gloms) were isolated by micro-
dissection. Renin activity was measured in sonicated seg-
ments by radioimmunoassay. Renin mRNA levels were as-
sessed using a quantitative PCR. Renin activity in PCT aver-
aged 51+15 uGU/mm compared to 405+120 upGU/
glomerulus. No measurable renin activity was found in PST
and OMCD. Renin activity in both glomeruli and tubules
had the same pH optimum, between 7.0 and 7.5. Renin
mRNA was consistently detectable in cDNA prepared from
PCT and PST, although its abundance per mm tubule was
about 1/500th that found in one glomerulus. Renin mRNA
was not detectable in OMCD. Tubular renin PCR product
identity was confirmed by restriction digestion. CEI admin-
istration increased glomerular renin activity and renin
mRNA, but not proximal tubular renin. The absence of a
stimulatory effect of CEI on proximal tubule renin gene
expression suggests the operation of different intracellular
signals in control of renin synthesis in the proximal tubule
than in the vascular compartment. (J. Clin. Invest. 1994.
94:237-243.) Key words: Polymerase chain reaction « renin
synthesis + angiotensin converting enzyme » outer medullary
collecting duct + glomerulus

Introduction

There is evidence that the proximal tubule is a target site for
the action of angiotensin II. The peptide has been shown to
regulate the transport of NaHCO; by affecting the activity of
both the luminal Na/H exchanger and the basolateral Na/
3HCO; cotransporter (1, 2). These effects are mediated by
angiotensin II receptors present in both membranes of the proxi-
mal tubule cell (3).

Angiotensin II acting on the proximal tubule may be gener-
ated in the systemic circulation and delivered to its site of action
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through either peritubular blood or filtered fluid. Alternatively, it
is possible that an autonomous tissue renin—angiotensin system
generates angiotensin II at the level of the proximal tubule (4),
and thereby permits autocrine interactions with its target cells.
A recent study showed that the concentration of angiotensin II
in proximal tubular fluid is about 500-1,000-fold higher than
in plasma (5). This high concentration of angiotensin II in the
proximal tubule suggests angiotensin generation in the immedi-
ate vicinity of the proximal tubule. It could be either generated
by glomerular epithelial cells, or by proximal tubule cells them-
selves.

Immunocytochemical studies have shown the presence of
angiotensinogen in the proximal tubule (6), and angiotensino-
gen mRNA at this site has been detected by in situ hybridization
methods, indicating that the renin substrate is, in fact, synthe-
sized by proximal tubule cells (7, 8). There also appears to be
an abundance of angiotensin converting enzyme in both the
apical and basolateral membranes of the proximal tubule (9—
12). Evidence in support of a renin synthetic capacity in proxi-
mal tubules, however, is less convincing. While positive renin
immunoreactivity was seen in apical cytoplasmic vesicles of
proximal tubule cells (13-15), the presence of renin mRNA
could not be demonstrated with in situ hybridization methods
(14, 16, 17, 18). In addition, in a recent study using reverse
transcription-PCR (RT-PCR),’ no renin cDNA reaction prod-
uct was detected in microdissected proximal segments of un-
treated rat kidneys (19).

In the present experiments we applied a quantitative RT-
PCR method developed in our laboratory to reassess the ques-
tion of presence and relative abundance of renin mRNA in
renal proximal tubules, and to compare mRNA levels with renin
enzyme activity in this segment of the nephron. Furthermore,
we determined the effect of converting enzyme inhibition (CEI)
on proximal tubule mRNA in order to evaluate whether glomer-
ular and tubular renin mRNA are regulated by similar mecha-

nisms. Our data show the presence of renin transcripts in both

proximal convoluted and proximal straight tubules, but not outer
medullary collecting ducts, while measurable epithelial renin
activity was only seen in proximal convoluted tubules. Further-
more, in contrast to the enhancing effect of converting enzyme
inhibition on glomerular renin gene expression, proximal tubule
renin mRNA levels were not altered with this treatment.

Methods

Animals and tissue preparation. Experiments were performed on maie
Sprague-Dawley rats weighing 200—250 g (Charles River Labs., Wil-
mington, MA). Animals were anesthetized by an intraperitoneal (i.p.)

1. Abbreviations used in this paper: CEI, converting enzyme inhibition;
GITC, guanidine isothiocyanate; GLOM, glomeruli; GU, Goldblatt
units; i.p., intraperitoneal; OMCD, outer medullary collecting duct; PCT,
proximal convoluted tubule; PST, proximal straight tubule; RT-PCR,
reverse transcription-PCR.
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injection of Inactin® (120 mg/kg; Byk Gulden, Constance, FRG). The
aorta of rats was cannulated below the level of the kidneys from an
abdominal midline incision. After ligating the aorta at a position between
the two kidneys, the left kidney was perfused with 60 ml of cold saline,
followed by 60 ml of cold DME (Sigma Chemical Co, St. Louis, MO)
containing 1 mg/ml collagenase (Boehringer-Mannheim, Indianapolis,
IN). The kidney was removed and cut into 1-2-mm-thick coronal slices.
The kidney slices were incubated at 37°C for 22 min in the DME/
collagenase solution with gentle shaking. The slices were then rinsed
once with ice cold phosphate buffered saline, and placed into DME
medium containing 1% fetal bovine serum (Hyclone, Logan, UT). Seg-
ments were dissected with dark field illumination at 4°C. Lengths of
the dissected segments were measured. In most cases, 10 glomeruli
(GLOM), 10 mm of proximal convoluted tubule (PCT), 10 mm of
proximal straight tubule (PST) and 10 mm of outer medullary collecting
duct (OMCD) were dissected and pooled to constitute one sample.
Dissected glomeruli can be assumed to contain most of the cells of the
juxtaglomerular apparatus and in many instances fragments of glomeru-
lar arterioles as well. The time period for dissection was limited to
within 1 h after the digestion with collagenase. Samples were placed in
100 pl guanidine isothiocyanate buffer (GITC buffer: 4 M guanidine
isothiocyanate, 25 mM sodium acetate, pH 6.0, 0.8% [-mercaptoetha-
nol), snap frozen in liquid nitrogen, and stored at —80°C.

In a separate experimental series, nine rats were used to test the
effect of converting enzyme inhibition on tubule renin. Animals received
either vehicle or two doses of a converting enzyme inhibitor, quinapril
(2.5 mg/kg i.p.; Warner-Lambert/Parke Davis, Ann Arbor, MI) per
day for 3 d. On the fourth day, rats were killed and tissues were prepared
as above.

Determination of mRNA. To isolate RNA, tubular, and glomerular
specimens were thawed in an ice slurry bath and sonicated for 10 s. 20
ug Escherichia coli ribosomal RNA (Boehringer-Mannheim Biochemi-
cals, Indianapolis, IN) were added as carrier, and the specimen was
layered onto a gradient of cesium chloride (100 ul 97% and 20 ul
40% cesium chloride) in a 250 ul polycarbonate ultracentrifuge tube.
Specimens were centrifuged in a TLA 100 fixed angle rotor in a Beck-
man TL 100 ultracentrifuge (Beckman Instruments Inc, Fullerton, CA)
for 2 h at 16°C and 300,000 g. The RNA pellet was redissolved in 0.3
M sodium acetate and ethanol precipitated.

Reverse transcription was primed with 0.5 ug oligo dT,_,s (Phar-
macia, Piscataway, NJ), 20 U of RNAsin (Promega Biotech, Madison,
WI) and 10 mM dithiothreitol at 65°C for 5 min. The samples were
then incubated at 42°C for 1 h with 100 U of murine Molony leukemia
virus (MMLV) reverse transcriptase (Superscript; GIBCO BRL, Gaith-
ersburg, MD) in 20 ul of manufacturer’s buffer containing 500 uM
each of dATP, dGTP, dTTP, and dCTP (dNTP; Pharmacia, Piscataway,
NJ), and 1% bovine serum albumin (Boehringer-Mannheim Biochemi--
cals). The cDNA samples were precipitated with 1 ul of 5% linear
acrylamide, 4 M ammonium acetate, and 100% ethanol (20). The pellets
were redissolved in Tris-EDTA buffer (10 mM Tris-HCL, pH 7.4; 1
mM EDTA, pH 8) at a dilution adjusted so that each 2 ul of cDNA
corresponded to 1 mm of tubule or 1 glomerulus.

PCR reactions were performed using a Tempcycler (Coy Laboratory
Products Inc., Grass Lake, MI) in a total volume of 50 1 in the presence
of 5 pmoles of each oligonucleotide primer, 200 uM dNTP, 10 mM
dithiothreitol, 50 mM KCl, 1.5 mM MgCl,, 10 mM Tris-HCI, pH 8.3,
0.001% Gelatin, 1.25 U of AmpliTaq DNA polymerase (Perkin Elmer
Cetus Corporation, Norwalk, CT), and 1.5 uCi **P-dCTP (Amersham
Corp., Arlington Heights, IL). Mineral oil was layered on top of each
sample to prevent evaporation of the liquid. The samples were first
denatured at 94°C for 3.5 min. PCR was run for 30 cycles with a
denaturing phase of 1.5 min at 94°C, annealing phase of 1.5 min at
54°C, and extension phase of 1.5 min at 72°C. The last cycle was
followed by an additional incubation period of 8 min at 72°C. To assess
the possibility of contamination, two control reactions were included in
each set of PCR amplification: a blank sample of dissection medium
carried throughout the RNA and cDNA preparation steps and a H,O
control for the PCR step. After amplification, PCR products were sub-
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Figure 1. PCR product for native renin and mutant renin template. A
segment of 130 bp between EcoRI and MsclI sites in rat renin cDNA
was deleted to make the mutant template (470 bp). PCR performed on
the native template and the mutant template yielded products with ex-
pected sizes.

jected to size separation by polyacrylamide gel electrophoresis. Product
bands were excised from gels and >?P radioactivity was determined by
liquid scintillation counting.

To quantify renin mRNA levels, a mutant renin DNA template was
prepared from rat renin cDNA (pREN44.ceb; gift from Dr. K. R. Lynch;
University of Virginia, Charlottesville, Virginia) by deleting a 130-bp
segment between an EcoRI site at 639-bp position and an Mscl site at
769-bp position (all base pair numbers refer to numbering in reference
21). To exclude other EcoRI sites present in the cDNA and vector
(pGEM4; Promega Biotec, Madison, WI) a portion of the renin cDNA
(992 bp) was first subcloned by PCR using the following primers: sense
5’-ACATCTAGACGTGGTCCTCACCAACTAC-3’' (bp 435-453),
and antisense 5'-ATAAAGCTTCTTAGCGGGCCAAGGCGAA-3'
(bp 1,409-1,426). The product was gel purified and ligated into Blues-
cript-M13. The recombinant DNA was digested with EcoRI and Mscl
and a blunt-end ligation performed. The DNA was purified by cesium
chloride banding and quantified spectrophotometrically. The following
oligonucleotide primers, flanking the deletion site in the mutant renin
template and positioned in separate exons (21), were used in the experi-
mental PCR: sense 5’-TGGGTGCCCTCCACCAAGT-3’ (bp 540-
558), and antisense 5’-TCCCAGGGCTTGCATGATCA-3' (bp 1,120
1,139). As shown in Fig. 1, PCR performed with native and mutant
templates yielded products with the predicted 130-bp difference in size.
The PCR amplification efficiency was tested by amplifying a four step
dilution series of the mutant template in duplicates. The yield of PCR
product was proportional to the starting copy number of the template,
and a plot of log cDNA versus log product had an average slope equal
to 0.85+0.06 (n = 9). When a dilution series of the mutant template
was amplified, product was consistently detected down to about 500
copies/reaction.

PCR products obtained from cDNA prepared from rat glomeruli or
tubules were quantified by comparing PCR products of sample cDNA
with dilution series of the cloned mutant template ranging from 1.02
X 10% to 6.40 X 10° copies per reaction, amplified in parallel in the
same PCR run (method 1). Alternatively, four equal aliquots of sample
c¢DNA were co-amplified with the dilution series of the mutant template
(method 2). Counts per minute were corrected for product size. Linear
regression lines were calculated, and the number of molecules of cDNA
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Figure 2. A representative quantitative PCR for glomerular renin. (Top)
Autoradiograph of the renin competitive PCR. Each PCR reaction con-
tained a constant aliquot of initial cDNA prepared from dissected glo-
meruli (Exptal), and a variable amount of a mutant template of fivefold
dilution. (Bottom) Quantification of the competitive PCR. Log molecu-
lar copy number of the initial mutant templates was plotted against log
radioactive counts of PCR product.

in each unknown sample was determined from the intersection, as shown
in Fig. 2.

To control variations in RNA isolation and efficiency of reverse
transcription, PCR amplification for S-actin was also performed. The
primers for B-actin were chosen empirically from human published
sequences (22). The sequences of M-actin primers were as fol-
lows: sense 5'-AACCGCGAGAAGATGACCCAGATCATGTTT-3’
(bp 384-413), antisense 5'-AGCAGCCGTGGCCATCTCTTGCTC-
GAAGTC-3’ (bp 705-734).

The identity of the renin PCR product from glomeruli and tubules
was determined with restriction enzyme digestion. The PCR product
was digested with EcoRI and Mscl at 37°C for 1 h in the buffer provided
by the manufacturer. .

To evaluate the effect of collagenase treatment and dissection time
on renin mRNA we determined renin and £ actin mRNA in specimens
of kidney cortex frozen immediately after harvesting and in cortical
tissue subjected to the standard treatment (n = three pairs). PCR product
for renin was found to be 10% lower with cDNA derived from the
immediately frozen kidney, a difference that was not significant. § actin
product levels did not differ.

Determination of renin activity in glomeruli and tubules. Segments
of proximal convoluted tubules, proximal straight tubules, outer medul-
lary collecting ducts, and glomeruli were dissected as described above
except that 1% bovine serum albumin instead of fetal bovine serum was
added to the DME. The samples were collected in 5 ul of dissection
medium with an Eppendorf pipette tip and transferred into another dish
containing about 20 ml of fresh dissection medium to wash, and the
dissected samples were then transferred into 100 ul of 0.1 M sodium
phosphate buffer. To determine the pH optimum of renin in glomerular
and tubule samples, the renin assays were run in sodium phosphate

Table 1. Renin Activity and Renin cDNA in Glomeruli
and Tubules

Sample Renin activity Renin cDNA
pGU/mm tubule or/glom copy #/mm tubule or/glom
Glomerulus 405 * 120 (n ='15) 313,000 * 179,000 (n = 11)
PCT 51 £ 15 (n = 16) 580 + 210 (n = 15)
PST 24 =117 (n = 18) 490 + 100 (n = 14)
OMCD 39 227 (n=15) 11 (=298

buffer at pH ranging from pH 5.4 to 8.0. Renin was measured with an
antibody trapping technique using purified homologous substrate (23).
Renin activity is expressed in Goldblatt units (GU), determined by
comparison with renin standards from the Institute of Medical Research
(Medical Research Council, Holly Hill, London).

Statistical analysis. The data are expressed as mean+SE. All com-
parisons were made by an unpaired ¢ test. P < 0.05 was considered
significant.

Results

Renin activity. Results from measurements of tissue renin activ-
ity are summarized in Table I. Tissue renin activity was highest
in glomeruli, averaging 405+120 xGU/glomerulus. It is likely
that glomerular renin activity reflects the presence of granular
cells in the dissected specimens. Substantial renin activity,
51+15 uGU/mm, was also found in PCT. In contrast, renin
activity in both PST and OMCD was not significantly different
from zero. While the renin content in the dissection dish in-
creased measurably during the one hour of dissection, no renin
was found in the washing medium even from specimens ob-
tained at one hour. The absence of renin in PST and OMCD
argues against unrecognized contamination of tissue renin with
renin secreted into the medium. To obtain information about
the identity of the angiotensin I generating activity in tubules
and glomeruli, we determined the pH optimum of glomerular
and tubular renin-like activity. As shown in Fig. 3, renin activity
from both glomeruli and proximal convoluted tubules had an
identical pH optimum of between 7.0-7.5, suggesting that the
enzyme catalyzing angiotensin I formation in the two locations
is the same.

Renin mRNA. Renin mRNA as assessed by a quantitative
PCR method was detectable at approximately equal levels in
cDNA prepared from PCT and PST. In contrast, no renin PCR
product was amplified in cDNA derived from OMCD. The
abundance of renin mRNA in the proximal tubule segments
was at least two orders of magnitude lower than that of glomeru-

Figure 3. Determination of opti-
mal pH for glomerular and tu-
bule renin activity. The data in-
dicate ratios of renin activity de-
termined at various pH to that
obtained at pH 7. Each number
represents an average of renin
activity from three samples. Re-
nin activity from both glomeruli
and tubules had a pH optimum
H of 7.0 to 7.5.

Relative renin activity

0.0 T T T T T T J
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Figure 4. (A) Representative autoradiograph of quantitative PCR for
glomerular and tubule renin. A dilution series of the mutant template
was amplified in parallel with initial cDNA prepared from either dis-
sected glomeruli or proximal tubule (Exptal) in the same PCR run.
Renin PCR product from glomeruli yielded higher amounts, PCR prod-
uct from proximal tubules yielded lower, and equal amounts between
PCT and PST. Renin PCR product from OMCD was undetectable. (B)
Representative autoradiographs of competitive PCRs for glomerular and
tubule renin. Each PCR reaction contained a constant aliquot of experi-
mental cDNA and a dilution series of the mutant template. Glomerular
renin yielded PCR product bands with high density, while PCR products
from proximal tubules showed much lower amounts but they were easily
detectable.

lar renin mRNA. Fig. 4 shows examples for the two methods
of quantitation used in this study. In method 1, glomerular or
tubular cDNA was amplified in parallel with the mutant tem-
plate in the same PCR run (Fig. 4A). In method 2, the cDNA
prepared from glomeruli or tubules was coamplified with the
dilution series of the mutant template (Fig. 4B). The log molec-
ular copy number of the mutant template was plotted against
log radioactive counts of the PCR product, and the amount of
cDNA was calculated from the intersection of the individual
regression lines. Relative cDNA copy numbers in glomeruli and
tubules are included in Table 1. It can be seen that 1 mm of
proximal convoluted or proximal straight tubules had a renin
c¢DNA level of 580+210 and 490100 copies, respectively,
whereas glomerular renin cDNA amounted to 313+17.9 X 10°
copies. Thus, the amount of renin mRNA in cDNA prepared
from 1 mm proximal tubule was ~ 500-fold lower than the
amount detected in a single glomerulus.

To determine whether the sequences of tubular and glomeru-
lar renin cDNA are identical, PCR products from PCT and PST
were digested with restriction enzymes. As shown in Fig. 5,
products of cDNA from both proximal segments following di-

240 Chen et al.

N.D. Msc | N.D. EcoR |
 E—

PCT PCT PST PST PCT PST

<€— 600 bp
<<—500 bp
~<— 369 bp
-<€— 231 bp
e <€—100 bp
) 600 bp )
BB 540 1140
Msc| 2310 Y 369 bp el
540 771 1140
EcoR! | 100bp Y 500 bp {
540 640 1140

Figure 5. Restriction digestion of tubule renin PCR product. (Top)
Autoradiograph of nondigested (N.D.) and digested tubule renin PCR
product. (Bottom) Restriction map. Numbers below each lines indicate
base pair positions.

gestion with Mscl and EcoRI were identical to those predicted
from the structure of rat kidney renin cDNA (21).

Effect of converting enzyme inhibition on renin mRNA lev-
els. The effect of CEI was examined in nine separate experi-
ments. In order to assure that renin gene expression was stimu-
lated with CEI treatment in our experiments, two separate PCR
runs were performed to determine renin mRNA isolated from
the right kidney cortex of rats. The left kidneys of these rats
were used for microdissection. Renin mRNA levels in kidney
cortex increased 2.86+1.22-fold compared to control (n = 3)
(see Fig. 6). Glomerular renin activity was stimulated substan-
tially by CEI treatment, whereas it decreased significantly in
PCT. Consistent with increasing renin mRNA levels in cortical
tissue, glomerular renin mRNA levels increased in CEl-treated
animals; however, renin mRNA levels in PCT and PST did not
change significantly after treatment with CEI Fig. 7 displays
results of renin activity and renin mRNA levels in glomeruli
and tubules in control and CEl-treated rats.

Discussion

The present results show that renin mRNA can be detected
in both proximal convoluted and proximal straight tubules of
untreated control rats. The levels of renin mRNA in these seg-
ments were about the same, and clearly distinguishable from
the negative reactions with cDNA derived from outer medullary
collecting ducts. Thus, aside from intrarenal vessels, the renin
gene is expressed along the proximal tubule, but not in the
collecting duct. Since renin substrate and converting enzyme
activity is present in proximal tubule cells (6—12), generation
of angiotensin II at the level of the proximal tubule would
appear possible.

It is important to point out, however, that the levels of



Control CEl
Initial I ! ! !
cDNA (u) 25 1 2.5
Renin et i B  <—600bp

s-actin [ A <52

Figure 6. Autoradiographs of representative renin and 8-actin PCR from
CEI treated series. PCR was performed using cDNA prepared from
kidney cortex with 1 and 2.5 pl initial amounts for each sample for
renin (fop) and for B-actin (bottom). In this pair of PCR determinations,
the increase in renin mRNA levels was 3.4-fold.

proximal tubule renin mRNA are very low. The copy number
of total tubular renin cDNA yields a value of about 1.4 X 103,
whereas the sum of glomerular renin cDNA copies amounts to
about 9.4 X 10° (assuming 30,000 nephrons per kidney and a
total length of the proximal tubule of 9 mm). Thus, only about
1% of total renin mRNA in the renal cortex is found in proximal
tubules. A relatively low level of renin gene expression in proxi-
mal tubules is consistent with the negative outcome of earlier
attempts to demonstrate renin mRNA in these cells. If one as-
sumes that the sensitivity of RT-PCR is much greater than in
situ hybridization methods, the failure to observe renin mRNA
with in situ hybridization in the proximal tubule is quite under-
standable (14, 16—18). In one recent study RT-PCR has been
applied to the question of proximal tubule renin gene expression
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Figure 7. (A) Effect of CEI on renin activity in tubules and glomeruli.
(B) Effect of CEI on renin mRNA levels in tubules and glomeruli.
Figures below each column indicate number of segments. * P < 0.02.

(19). Renin PCR products were only seen in cultured proximal
tubule cells and in microdissected proximal tubules of CEI-
treated animals. In contrast to the present experiments, proximal
tubules of control rats did not show detectable levels of renin
mRNA in three out of four experiments. Differences in animal
pretreatment and in PCR methodology may be responsible for
these different results, but it is also evident that the differences
between these and the present observations may be more of
quantitative than qualitative nature. When PCR products were
reamplified in a second stage reaction, Moe and his colleagues
did, in fact, detect renin product suggesting a low level of
renin gene expression (19). In addition, proximal tubule cells
in culture have been shown to contain detectable amounts of
renin mRNA, but its level was estimated to amount to only
~ 2-3% of that in cultured juxtaglomerular cells (19). Thus,
all available results appear to be in agreement that renin mRNA
levels in the proximal tubule are very low and may only be
detectable under certain optimized conditions. Whether such
low levels of renin can generate enough angiotensin I to result
in the observed levels of angiotensin II in proximal tubular fluid
is uncertain.

In contrast to the low levels of renin mRNA in proximal
tubular epithelium, renin content along this nephron segment
was found to be surprisingly high. Renin activity measured as
angiotensin I generating capacity was only about eightfold
higher in one glomerulus than in 1 mm of proximal tubule
(compared to a ratio of 500:1 for renin mRNA). Since glomeru-
lar protein content or tissue mass of 1 mm of PCT is about 1.5-
fold higher than that of one glomerulus, glomerular renin activ-
ity per unit tissue mass is about 10-fold higher than tubular renin
activity. Considering a length of proximal convoluted tubules of
about 6 mm, the total amount of proximal tubular renin can be
estimated to be approximately half the total amount of glomeru-
lar renin. This relationship is most certainly an underestimation
of the difference between glomerular and tubular renin since
only a fraction of all granular cells in the juxtaglomerular ap-
paratus is likely to be included in our dissected glomerular
specimen. Nevertheless, our observations are in accord with the
earlier immunocytochemical demonstrations of substantial
amounts of renin in proximal tubular epithelium (24-26).

The presence of renin mRNA in the proximal tubule would
appear to support the concept that the renin activity found in the
cells of the proximal epithelium is derived from renin synthesis.
While some of the proximal epithelial renin may, in fact, origi-
nate from translation of proximal tubule renin transcripts, it is
unclear whether this is the only pathway responsible for the
presence of the enzyme in this location. It is of concern that no
measurable renin activity was seen in proximal straight tubules
even though the level of renin mRNA was not significantly
lower than in the convoluted segments. It is possible that renin
generated in the S3 segments is not stored intracellularly to any
measurable extent or that the protein is exceptionally unstable.
On the other hand, some other mechanism, in addition to transla-
tion of renin mRNA, may participate in elevating renin substrate
cleavage in the convoluted portion of the tubule. One possibility
is that the generation of angiotensin I may be catalyzed by some
enzyme other than renin. In fact, both cathepsin D and kallikrein
have been shown to be able to generate angiotensin II from
angiotensinogen (28, 29). However, the pH optimum for angio-
tensin formation by both the lysosomal cathepsins and by kalli-
krein is in the acid range, around pH 4-5, which is far lower
than the neutral pH found to be optimal for the interaction of
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renin with species-specific angiotensinogen (30). In addition,
kallikrein is not found in the proximal tubule. Tonin has been
described as an enzyme that can cleave angiotensin II directly
from angiotensinogen (31, 32). Although this enzyme may play
a role in angiotensin II formation in the proximal tubule, it is
unlikely to be responsible for the angiotensin generating activity
in the proximal tubule in our experiments since angiotensin I
formation was measured.

Alternatively, as suggested by Taugner et al. (24-26), it is
possible that the immunocytochemical evidence for proximal
tubule renin may reflect uptake of filtered renin by endocytosis
rather than formation of new renin (27). Support for this notion
is the finding that labeling of proximal apical vesicles could
be found following intravenous injection of radioactive renin.
Furthermore, absorption of filtered renin by proximal tubule
cells has been shown by micropuncture (33). Since the fusion
of endosomes with lysosomes and the lysosomal protein degra-
dation are relatively slow processes (34), one may assume that
renin taken up into endocytic vesicles retains its enzymatic
activity for some time, so that renin-containing vesicles could
contribute to the angiotensin generating activity of proximal
tubules. This may at least in part explain why renin activity in
proximal straight tubules was not clearly detectable since pro-
tein uptake, the presence of the endosomal—-lysosomal machin-
ery, and the abundance of lysosomal enzymes are all less pro-
nounced in S3 than in S1 and S2 proximal segments (34).
Furthermore, the medium of primary cultures of proximal tubule
cells has been shown to accumulate renin in a time-dependent
and regulated fashion suggesting continued secretion of renin.
However, the renin activity in lysed cells was low or even
undetectable (19, 35). It is conceivable that this dissociation
between secretion and content is the result of reduced renin
endocytosis as a consequence of the presumably low renin con-
centration in the large volume of the culture medium.

Our results confirm earlier studies showing that the adminis-
tration of a converting enzyme inhibitor for two days caused a
significant increase in renin activity in dissected glomeruli (19).
Similarly, glomerular renin mRNA levels were found to be
increased during converting enzyme inhibition (18). In contrast
to the stimulatory effect of this treatment on glomerular renin
activity and renin mRNA, we were unable to find increments
in renin content or renin gene expression in any of the tubule
segments tested. In the earlier study of Moe et al., converting
enzyme inhibition appeared to elevate renin mRNA levels into
the detectable range in the S2 segment of the proximal tubule,
but usually not in S1 or S3 segments (19). Even though we
did not systematically determine the origin of our proximal
tissue samples, it seems highly unlikely that S2 segments were
consistently not harvested in our study. While it is possible
that the shorter duration of converting enzyme treatment in our
experiments compared to the study by Moe et al. is responsible
for the difference in results, the increase in cortical and glomeru-
lar renin mRNA supports the efficacy of the CEI treatment
protocol used in our studies (19). On the other hand, our results
may indicate that the regulation of renin gene expression in
glomeruli and in the proximal tubule may be governed by differ-
ent factors.

In summary, the results of the present study show that both
proximal convoluted and proximal straight tubules, but not outer
medullary collecting ducts, express the renin gene even though
the number of copies per mm of PCT is only about 1/500th of
the copy number found in one glomerulus. Significant renin
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enzymatic activity, amounting to about 1/8th of that in one
glomerulus, was found in 1 mm of PCT, while renin activity was
not detectable in proximal straight tubules or outer medullary
collecting ducts. Thus, while only about 1% of total renin
mRNA is found in proximal tubules, the percentage of total
renin enzyme activity associated with PCT is much higher. The
present results are in accord with the concept that a proximal
tubular renin—angiotensin system may be involved in control-
ling epithelial function in a paracrine fashion.
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