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Intrarenal Renin Angiotensin System Revisited
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The existence of a local renin angiotensin system (RAS) of
the kidney has been established. Angiotensinogen (AGT), re-
nin, angiotensin-converting enzyme (ACE), angiotensin recep-
tors, and high concentrations of luminal angiotensin II have
been found in the proximal tubule. Although functional data
have documented the relevance of a local RAS, the dualism
between biosynthesis and endocytotic uptake of its compo-
nents and their cellular processing has been incompletely un-
derstood. To resolve this, we have selectively analyzed their
distribution, endocytosis, transcytosis, and biosynthesis in the
proximal tubule. The presence of immunoreactive AGT, re-
stricted to the early proximal tubule, was due to its retrieval
from the ultrafiltrate and storage in endosomal and lysosomal
compartments. Cellular uptake was demonstrated by autora-
diography of radiolabeled AGT and depended on intact endo-
cytosis. AGT was identified as a ligand of the multiple ligand-
binding repeats of megalin. AGT biosynthesis was restricted to
the proximal straight tubule, revealing substantial AGT mRNA
expression. Transgenic AGT overexpression under the control
of an endogenous promoter was also restricted to the late
proximal tubule. Proximal handling of renin largely followed
the patterns of AGT, whereas its local biosynthesis was not
significant. Transcytotic transport of AGT in a proximal cell
line revealed a 5% recovery rate after 1 h. ACE was expressed
along late proximal brush-border membrane, whereas ACE2
was present along the entire segment. Surface expression of
ACE and ACE2 differed as a function of endocytosis. Our data
on the localization and cellular processing of RAS components
provide new aspects of the functional concept of a “self-con-
tained” renal RAS.

The renin angiotensin system (RAS)? serves to maintain
extracellular volume homeostasis, a task that is primarily
achieved by the kidney. Based on the notion that significant
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amounts of angiotensin (Ang) II can be formed locally, ele-
ments of an intrarenal, “self-contained” RAS have been inves-
tigated. These have been assigned chiefly to the proximal
tubule where angiotensinogen (AGT), renin, angiotensin-
converting enzyme (ACE), basolateral and brush-border
membrane angiotensin receptors, and high concentrations of
Ang II have been localized (for a review, see Refs. 1-4). Inap-
propriate activation of these components may lead to the de-
velopment and maintenance of hypertension (5) and in the
long run may cause renal injury (2). The role of Ang Il as a
sodium- and water-retaining hormone in proximal tubule has
been shown by a variety of techniques including single
nephron microperfusion and whole animal studies in normal
and transgenic organisms. Its effects on proximal volume, salt,
and bicarbonate reabsorption as well as on short term activa-
tion of sodium-coupled transporters have thus been convinc-
ingly demonstrated (6 —8), and a focus of its action has been
assigned to the early proximal tubule (9). Substantial intratu-
bular Ang II generation has further stimulated the study of its
origin in the proximal tubule (10, 11). Here, AGT, the only
known substrate for renin, has been localized at the mRNA
level, and immunoreactive AGT has been found near or in the
brush-border, albeit without clear segmental assignment (12—
18). It has been suggested that in contrast to renin (36 —40
kDa), AGT is not filtered through the glomerulus because of
its large size (61— 65 kDa) (15, 16, 19) but is rather secreted
into the tubular lumen where substantial concentrations have
been measured (300 pmol/ml; 20). In line with this, significant
AGT urinary excretion rates have been found at steady state
and were enhanced under stimulation by Ang II (21).

Renin has also been localized to the proximal tubule where
it was suggested to be endocytosed from the filtrate and
stored in subapical vesicles (22, 23), and low but measurable
renin concentrations have been determined in the tubule fluid
(24). Nonetheless, substantial intratubular levels of Ang I (10-
fold greater than in plasma) appear to be formed locally (for
review, see Refs. 1, 2). Renin mRNA in the proximal tubule
can only be detected by application of highly sensitive PCR
techniques (25) so that its local de novo synthesis is likely of
limited importance.

ACE, which is abundantly expressed in proximal brush-
border membrane, may provide the proximity of enzyme-
substrate interaction necessary for generating intratubular
Ang II, although alternate, ACE-independent pathways ap-
pear to exist (1). Whatever the source of conversion, proximal
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tubule Ang II levels were approximately 100-fold higher than
those in plasma, confirming that the proximal tubule pro-
duces and secretes Ang II at levels greater than can be ac-
counted for by glomerular filtration (1, 11, 20). The role of
ACE2, an ACE homologue that is highly expressed in the
proximal tubule, has received recent interest because ACE2
may counterbalance classical RAS effects in part by metabo-
lizing Ang II to the heptapeptide, Ang-(1-7), which activates
the receptor Mas, thus antagonizing the effects of local Ang II
(26, 27).

Despite abundant evidence for the expression and function
of RAS components in the proximal nephron, we are still left
with an incomplete picture of their precise localization with
regard to the dualism between local biosynthesis and endocy-
totic uptake/intracellular processing. In the present study
we therefore focused on renin-substrate handling and revis-
ited the presence of other RAS components in proximal tu-
bule. To understand the role of endocytosis herein, we have
studied the principal scavenger receptor megalin, which is
central to the uptake of a wide spectrum of ligands from prox-
imal tubular fluid by means of its large extracellular ligand-
binding domains (28, 29). We could demonstrate (i) that sub-
stantial amounts of AGT, as shown earlier for renin, reach the
primary ultrafiltrate and that AGT is endocytosed via mega-
lin; (ii) that renin distribution follows the pattern of AGT; (iii)
that uptake of these components is restricted to the early
proximal tubule, whereas the late proximal tubule only shows
AGT mRNA transcription but no cellular storage; (iv) that
ACE expression is also concentrated in late proximal tubule,
whereas ACE2 is encountered along the entire proximal
nephron; and (v) that ACE and ACE2 display regulatory dif-
ferences with respect to their apical representation. These
data allowed us to reconsider the contributions of individual
RAS components along the proximal nephron.

EXPERIMENTAL PROCEDURES

Animals and Cells—Experiments were performed on male
Hannover Sprague-Dawley (SD) rats, transgenic rats overex-
pressing human AGT (TGR[hAGT]/line 1623) (30), and
megalin conditional knock-out mice (megalin lox/lox; apoE
Cre) (31) termed Cre(+) and control mice (megalin lox/lox)
termed Cre(—). The rats weighed 250-300 g, and the mice
weighed 20 -30 g. Remnant megalin expression in Cre(+) was
verified by sampling of urinary vitamin D-binding protein
levels (31). The mice (n = 24) were divided into one group for
perfusion-fixation and immunohistochemical evaluation and
another for biochemical analysis. The animals were allowed
free access to standard chow and tap water. The experiments
were conducted in accordance to the German Law for the
protection of animals. Opossum kidney (OK) cells were pro-
vided by J. Biber (Zurich, Switzerland). The cells were cul-
tured at 37 °C in 95% air, 5% CO, in high glucose (450 mg/dl)
DMEM supplemented with 10% fetal bovine serum, penicillin
(100 units/ml), and streptomycin (100 wg/ml). For transport
studies, OK cells were seeded on membranes (0.4-um pore
size; PET, Falcon). Before seeding the cells, each filter was
pretreated with Matrigel (BD Biosciences). The formation
of polarized monolayers was assessed by measuring tran-
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sepithelial resistance. Monolayers were considered optimal
for transport analyses when the trans-epithelial resistance
exceeded 180 Q-cm?.

Autoradiographic Tracing of AGT—Purified AGT from rat
plasma (32) was iodinated with Na'>°[; the '**I-labeled AGT
was then separated from the free iodine by high performance
liquid chromatography (33). SD rats (n = 4) were ether-anes-
thetized and received a '**I-AGT bolus of 3 uCi/10 g of body
weight, dissolved in 0.9% NaCl, or vehicle via the jugular vein.
20 and 60 min after bolus injection, the rats were perfusion-
fixed, and the kidneys were removed, frozen, and sectioned in
a cryostat. The sections were mounted on glass slides, kept at
—20 °C for 3 weeks to decrease radioactivity, dipped in photo-
emulsion (Ilford), developed after 1 week of exposure, coun-
terstained with hematoxylin and eosin, and coverslipped.

Fixation and Tissue Processing for Immunohistochemistry—
The mice and rats were anesthetized by intraperitoneal injec-
tion of sodium pentobarbital (0.06 mg/g of body weight). The
kidneys were then perfused retrogradely via the abdominal
aorta with 3% paraformaldehyde as described (34). For cryo-
stat sectioning, the tissues were protected from freezing arti-
facts by subsequent overnight immersion in PBS adjusted to
800 mosmol/kg H,O sucrose, shock frozen, and stored at
—80 °C. For the paraffin technique, the tissues were post-
fixed in 3% paraformaldehyde, dehydrated, and standard
paraffin-embedded.

Tissue Processing for Immunoblotting—For isolation of cor-
tical brush-border membrane (BBM), the kidneys were surgi-
cally removed and shock frozen, and the cortices were ho-
mogenized in isolation buffer containing 300 mm p-mannitol,
5 mm EGTA, 16 mm HEPES, 10 mm Tris base, and protease
inhibitor mixture (Complete; Roche Applied Science) as de-
scribed (35, 36). Purity of the preparation was checked by
controlling for the activity of BBM marker enzymes y-glu-
tamyltransferase and alkaline phosphatase in BBM fractions
versus total homogenate using the appropriate kits (Roche
Applied Science). Total protein concentration was measured
using BCA protein assay reagent kit (Pierce) and controlled by
Coomassie staining.

Gel Electrophoresis and SDS-PAGE— After Laemmli’s sam-
ple buffer was added, the proteins were solubilized at 96 °C
for 3 min. SDS gel electrophoresis was performed on 8 —10%
polyacrylamide gels. After electrophoretic transfer of the pro-
teins to nitrocellulose membranes, equity in protein loading
and blotting was verified by membrane staining using 0.1%
Ponceau red. The membranes were probed overnight at 4 °C
with primary antibodies and then exposed to HRP-conjugated
secondary antibodies (DAKO). Immunoreactive bands were
detected using an enhanced chemiluminescence kit (Amer-
sham Biosciences) before exposure to x-ray films (Hyperfilm;
Amersham Biosciences). For densitometric evaluation of the
resulting bands, the films were scanned and analyzed using
BIO-PROFIL Bio-1D image software (Vilber Lourmat). All of
the parameters were normalized to B-actin abundance.

Antibodies—The following previously characterized or
commercially acquired antibodies were used: rabbit anti-
rAGT recognizing both hAGT and rAGT (32), goat anti-renin
(R & D Systems), guinea pig anti-megalin (37), rabbit anti-
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ACE (Santa Cruz Biotechnology), rabbit anti-ACE2 (R & D
Systems), monoclonal mouse anti-c-Myc (Sigma-Aldrich),
rabbit anti-c-Myc (Santa Cruz Biotechnology), monoclonal
mouse anti-B-actin (Sigma-Aldrich), rat anti-LAMP-2 (Santa
Cruz Biotechnology), mouse anti-Rab11 (BD Transduction),
mouse anti-clathrin (Progen), and mouse anti-EEA1 (BD
Transduction).

Immunohistochemistry—Immunohistochemical staining
was performed on cryostat or paraffin sections of kidneys or
on paraformaldehyde-fixed OK cell monolayers. Sections or
cells were blocked with 5% skim milk/PBS, incubated with the
appropriate antibody and suitable HRP-, cy-2-, or cy-3-cou-
pled secondary antibodies (DAKO, Dianova). For double la-
beling, the different primary antibodies were administered
consecutively. Tissues from at least six rats or mice were eval-
uated after perfusion fixation. To demonstrate colocalization
of different markers by double staining, at least eight cryosec-
tions from each tissue were evaluated. Specificity was con-
trolled by parallel incubation of consecutive sections, each
incubated only with one single probe. The sections were ana-
lyzed using a Leica DMRB microscope or a multilaser confo-
cal scanning microscope (TCS SP-2; Leica Microsystems).

In Situ Hybridization—For nonradioactive in situ hybrid-
ization, digoxigenin-labeled sense and antisense riboprobes
were generated by in vitro transcription of a 1200-nucleotide
rat AGT cDNA fragment from the coding region. In situ hy-
bridization was performed on 5-um-thick paraffin sections
according to an established protocol (34, 38). To more sensi-
tively detect AGT mRNA, radiolabeled in situ hybridization
was performed using a 290-nucleotide rat AGT cDNA frag-
ment (Pvull/BamHI) that was subcloned in a pGEM4 vector,
linearized with EcoR, and transcribed in the presence of
a-°S-labeled UTP (DuPont) (30). Hybridization was per-
formed on 5-um-thick cryostat sections, and signal was gen-
erated by exposure to photoemulsion (Ilford) covering the
sections. The sections were counterstained with hematoxylin
and eosin. For control, sense probes were applied in parallel
with antisense probes throughout.

Single-nephron Preparation of Proximal Tubule Segments—
To quantify steady state AGT mRNA in rat proximal tubules,
an established protocol was used (39). Briefly, normal male
Hannover SD rats (Janvier, France; 175-215 g of body weight)
were deeply anesthetized by isoflurane inhalation; after flank
incision the left renal artery was exposed, and the left kidney
perfused immediately with 1 mg/ml collagenase type II (PAN
Biotech) and 1 mg/ml protease XIV (Roche Applied Science)
in 0.8 ml of isolation buffer (140 mmol/liter NaCl, 0.4 mmol/
liter KH,PO,, 1.6 mmol/liter K,HPO,, 1 mmol/liter MgSO,,
10 mmol/liter sodium acetate, 1 mmol/liter a-ketoglutarate,
1.3 mmol/liter calcium gluconate, 5 mmol/liter glycine, con-
taining 48 mg/liter trypsin inhibitor and 25 mg/liter DNase I,
pH 7.4, at 37 °C). The kidney was removed quickly, decapsu-
lated, cut into slices (0.2— 0.4 mm), and transferred in fresh
isolation buffer to a thermo shaker (Eppendorf; 850 rpm, 10
min, 37 °C). The resulting tubule suspensions were then
transferred to ice-cold isolation buffer containing 1 mg/ml
albumin. After sedimentation, the tubules were washed again.
Sorting of tubules was performed at 4 °C using a dissection
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microscope (Leica MZ16) within a time frame of 90 min. The
tubules were sorted according to their morphology (supple-
mental Fig. S1); PT S1 segments were identified by their at-
tachment to glomeruli and tight convolutions, PT S1/S2 seg-
ments were identified by their greater length and wider
convolutions, and PT S3 segments were identified by their
straight course, opaque appearance, slight, corkscrew-like
windings, and their transitions to the descending thin limbs.
Kidneys from eight rats were prepared. From each rat, three
batches were used, each containing 30 —50 tubules. In parallel,
liver samples from three SD rats were analyzed.

Quantitative RT-PCR—Total RNA was isolated from the
isolated tubule preparations using an RNeasy-total-RNA-kit
(Qiagen). Contaminating DNA was removed after treatment
with DNA-free DNase (Qiagen). cDNA was synthesized by
reverse transcription of 5 ug of RNA from each preparation
using a cDNA synthesis kit (Invitrogen). Gene expression of
AGT was analyzed by quantitative RT-PCR using the
TagMan® system based on real time detection of accumu-
lated fluorescence in a 7500 fast RT-PCR system (Applied
Biosystems). Fluorescence for each cycle was analyzed
quantitatively, and gene expression was normalized relative
to the expression of the housekeeping gene GAPDH
mRNA. Specific TagMan® gene expression assays for AGT
and GAPDH were generated by Applied Biosystems (cata-
logue numbers Rn 00593114-m1 and 43523338E). Expres-
sion of AGT was presented as the percentage of GAPDH.
Sample analysis was performed in triplicate in a blinded
fashion.

Generation of Fusion Proteins and Constructs of Megalin
Domains—Receptor-associated protein (RAP) and AGT were
used as GST fusion proteins. To generate rat AGT expression
constructs, nucleotide sequences corresponding to amino
acids 25—477 were cloned into pGEX-4T-1. The production
of GST, RAP-GST, and AGT-GST was performed according
to the manufacturer’s protocol (Amersham Bioscience). The
megalin domains, ligand-binding repeats (LBRs) 1-4 and the
C terminus including the transmembrane domain, were
cloned into pCEP-Pu containing N-terminal His; and Myc
tags. The constructs were transfected into HEK cells. The re-
sulting proteins were used for pulldown assays.

Pulldown Assay—Fusion proteins RAP-GST, AGT-GST,
and GST alone were immobilized on glutathione-Sepharose
beads and incubated either with BBM fractions from mouse
kidney cortices or with lysates from HEK cells containing
megalin receptor LBRs 1-4 or C terminus, dissolved in radio-
immune precipitation assay buffer containing 25 mm Tris-
HCI, pH 7.6, 150 mm NaCl, 1% Nonidet P-40, 1% sodium de-
oxycholate, 0.1% SDS, and 5 mm CaCl, supplemented with
protease inhibitor mixture (Roche Applied Science). After
extensive washing with radioimmune precipitation assay
buffer, the eluates were loaded on SDS-PAGE, and silver
staining or Western blot analysis using anti-megalin or anti-
Myc antibody was performed.

Transcytosis—OK cells were cultured at 37 °C on inserts of
a PET transfilter system (0.4-um pore size; Falcon) placed in
6-well plates. The cells were confluent and revealed polar or-
ganization and formation of tight junctions, thus allowing us
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AGT mRNA *

FIGURE 1. Renal AGT mRNA and AGT protein expression in normal SD
and AGT transgenic rats. A, AGT transcript in PST (52 and S3 segments) of
control SD rat kidney by **S-labeled radioactive in situ hybridization; S1 seg-
ments and glomeruli (G) show background signal. B and C, double staining
for AGT transcript (nonradioactive in situ hybridization; B) and AGT protein
immunoreactivity (/R; fluorescence immunohistochemistry; C) in AGT-trans-
genic rat showing mutually exclusive distribution of signals. Dashed lines
mark the border between medullary rays (signal in B) and cortical labyrinth
(signal in C). D, HRP bright field staining of AGT in control SD rat kidney; AGT
is localized in the subapical compartments of PCT as exemplified in its initial
portion at the urinary pole of a glomerulus. £, *°I-labeled AGT is detected

41938 JOURNAL OF BIOLOGICAL CHEMISTRY

to trace the passage of molecules across the cell layer. The
tightness of the cell layers was assessed by measuring tran-
sepithelial resistance and paracellular transport (see below).
Human AGT and Ang II were purchased (Sigma-Aldrich).

24 h prior to the experiment, the cells were incubated with
FCS-free medium. To study transcytosis, the cells were incu-
bated either with Ang Il or AGT alone (each 10 ug/ml) or
combined with 200 ug/ml RAP-GST or 10 uMm colchicine
(Sigma-Aldrich), respectively. The cells were also incubated
simultaneously with Ang IT and 10 um valsartan. Samples with
medium alone served as controls. Each experiment was per-
formed in triplicate and repeated at least five times. After 1 h,
fluids from the lower chamber were collected and analyzed
for AGT by ammonium sulfate precipitation followed by
Western blot; graded quantities of AGT (0.1, 0.25, 0.5, and 1
png/ml) serving as a standard were processed alike. Ang II was
analyzed by enzyme immunoassay (Phoenix Pharmaceuticals
Inc.; no cross-reactivity with Ang-(1-7)).

Paracellular Tracer Flux—FITC-dextran (5 kDa) was used
at a final concentration of 10 ug/ml in FCS-free cell culture
medium and added to the apical compartment of filters. After
1 h, aliquots from the upper and lower compartments were
collected, and the concentration of FITC-dextran was deter-
mined by photofluorometry (excitation, 492 nm; emission,
520 nm; Shimadzu RF5000). The results were compared with
those obtained in filters without cells.

Presentation of Data and Statistical Analysis—Quantitative
data are presented as the means = S.E. For statistical compar-
ison, the Mann-Whitney U test was employed. p values of less
than 0.05 were considered statistically significant.

RESULTS

Localization of AGT mRNA, AGT Protein, and Uptake of
Radiolabeled AGT in Rat Kidney—In situ hybridization in
normal SD rats using **S-radiolabeled AGT cRNA revealed
proximal tubular signal with restriction to the proximal
straight tubules (PST; S2 and S3 segments; Fig. 14). To cor-
roborate these results, nonradioactive in situ hybridization
was performed in transgenic TGR(hAGT1623) rats carrying
the entire genomic human AGT gene including its 5'-flanking
sequences (30); although physiologically irrelevant because of
the inability of endogenous rat renin to cleave the human
AGT, the construct targets its overexpression to the regular
sites of synthesis including liver and brain with the result of
~10-fold higher plasma human AGT concentrations com-
pared with endogenous AGT (30). In the kidney of
TGR(hAGT1623) rats, strong AGT mRNA signals were as
well restricted to the PST, whereas the proximal convoluted
tubules (PCT) were devoid of AGT mRNA (Fig. 1B); by con-
trast, AGT protein was localized to subapical compartments
of the PCT (Fig. 1C). In normal rat, AGT protein localization
was identical, beginning with the onset of the proximal con-
voluted tubule at the urinary pole and ending within the
S2/S3 transition at the entry to the medullary rays (Fig. 1D).

by autoradiography in initial PCT; signal is indicated by arrowheads. Signal
distribution was similar in D and E. Scale bar in A, D, and E, 20 um; scale bar
inBand C, 100 um.
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Cellular assignments of AGT mRNA and protein were thus
mutually exclusive, which infers that AGT protein expression
results from its cellular uptake in PCT, whereas in PST, AGT
biosynthesis was not associated with cellular storage, which
corresponds to AGT handling in the liver parenchymal cell.

To confirm that renal AGT protein results from endocy-
totic uptake in rat, tracing experiments were performed using
intravenous injection of '*°I-labeled AGT. There was signifi-
cant autoradiographic signal in the early PCT in rats perfu-
sion-fixed after 20 or 60 min upon injection, whereas the
downstream PCT and PST portions were devoid of signal
(Fig. 1E). These observations further support that in rat PCT,
cellular AGT protein accumulation derives from endocytotic
uptake from the filtrate.

Quantification of AGT mRNA Expression in Isolated, Sin-
gle-nephron Preparations from Rat Kidney—To quantitatively
determine AGT mRNA abundances in the proximal tubule
segments, they were manually isolated after enzymatic diges-
tion, and batches from eight rats were analyzed. Individual
mRNA abundances were quantitated and plotted as the per-

Angiotensinogen expression
30 7
25 4
20 1
15 A
10 A

5 -

0 ———

S1 S1-2 S3

FIGURE 2. Quantitative RT-PCR analysis of AGT mRNA expression from
isolated single-nephron preparations. The percentages of AGT mRNA
relative to the respective GAPDH mRNA abundances are shown for proxi-
mal S1,51/52, and S3 segments. *, p < 0.001.

% of GAPDH

A
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centages of the respective GAPDH levels. S1 segments re-
vealed very low AGT mRNA expression (0.02 = 0.003%);
compared with S1, the expression was low as well in S1/S2
(0.64 = 0.361%; not significant), whereas S3 segments showed
substantial AGT mRNA expression (22.77 *+ 2.478%; p <
0.0001; Fig. 2). For comparison, liver AGT mRNA expression
was in the 10% range of its GAPDH expression (10.06 =
2.037%).

Proximal Tubular AGT Accumulation in Conditional
Megalin-deficient Mice—The observed AGT uptake suggests
mediation by the proximal tubular scavenger receptor, mega-
lin. We therefore studied conditional megalin knock-out mice
(Cre+) with mosaic deficiency of megalin in the proximal
tubule (supplemental Fig. S2A). In these mice, immunoreac-
tive AGT was localized in the subapical endosomal/lysosomal
compartment of megalin-positive cells, whereas megalin-defi-
cient cells were AGT-negative (Fig. 3A). Similarly, Western
blot analysis showed significantly decreased AGT abundance
in BBM fractions from Cre(+) compared with Cre(—) mice
(—42.7 £ 2.1%; p < 0.01; Fig. 3B). By contrast, plasma AGT
levels were not different between strains (Cre(—) 100.0 *
24.9% compared with Cre(+) 121.0 = 29.8%; Fig. 3C). Sub-
stantial urinary AGT excretion was found in Cre(+) but was
nearly undetectable in Cre(—) mice as revealed by Western
blot (Fig. 3D). These data suggest that intracellular AGT ac-
cumulation in PCT is megalin- and endocytosis-dependent,
corroborating the evidence that AGT is reabsorbed from the
ultrafiltrate.

Megalin Binds AGT—Megalin is a type I transmembrane
protein containing an extracellular region, a single transmem-
brane domain, and a C-terminal cytoplasmic tail (29). The
extracellular domain, responsible for ligand binding, contains
four clusters of cysteine-rich LDL receptor LBRs, growth fac-
tor repeats, an EGF repeat, and spacer regions. RAP is a ligand

B Cre(-) Cre(+) C Cre(-) Cre(+) D Cre(-) Cre(+)
\\\ - = | T R T -
50kDa| T ‘J 50kDa- -y
<120 160 2 800 *
£ £120 5 600 —+-
c 80 . c
8 40 8 80 £ 400
S S 40 = 200
R R £
Cre(-) Cre(+) Cre(-) Cre(+) Cre(-) Cre(+)

FIGURE 3. Renal AGT protein expression of megalin conditional knock-out mice. A, double immunofluorescence staining of megalin (red) and AGT
(green) in Cre(+) kidney revealing mosaic distribution of megalin signal in a single PCT profile. Megalin-positive cells show subapical AGT distribution below
the BBM, whereas megalin-deficient cells are devoid of AGT staining. Western blot for AGT from BBM fractions (B), plasma (C), and urine (D) of Cre(—) and
Cre(+) mice. Note that in Cre(+), AGT is reduced in BBM (B), whereas urinary AGT excretion is strongly increased (D). Arrows mark the respective, specific

bands for AGT. The values are the means = S.E. (n = 5). %, p < 0.05; bar, 10 um.

GRS

DECEMBER 31, 2010+VOLUME 285+NUMBER 53

JOURNAL OF BIOLOGICAL CHEMISTRY 41939


http://www.jbc.org/cgi/content/full/M110.150284/DC1

RAS Components in Renal Tubule

A
silver
staining 7
600kDa- H ‘

GST RAP AGT
western
blot
600kDa- .

GST RAP AGT
B anti-myc RAP AGT
150kDa- Lo, |150KDa- 150kDa- P

— o L -— -
- a g 100kDa-~- 100kDa- -
50kDa-
50kDa-(s 4 oy g 0P
-—
&

A L I P
NN AN A

N D oD
A L R
NN RN O

A L R P
NN AN

FIGURE 4. Megalin binds AGT. A, silver staining and Western blot of megalin pulldown assay using GST, GST-RAP, and GST-AGT, showing that megalin
binds to RAP and AGT. B, pulldown assay using Myc-tagged LBR 1-4 and the Myc-tagged C terminus (C-term) of megalin. Protein fragments of Myc-tagged
LBR and C terminus (left, B). As opposed to the C terminus, all four LBR bind to GST-RAP (middle, B) and GST-AGT (right, B).

for all members of the LDL family including megalin and may
be used as an inhibitor (40). To assess whether there is spe-
cific interaction between megalin and AGT, pulldown assays
were performed using GST and the fusion proteins GST-RAP
and GST-AGT. Only GST-RAP and GST-AGT precipitated
megalin from BBM fractions of rat kidney cortex as shown by
SDS-PAGE and silver staining or Western blot analysis (Fig.
4A). For GST, no specific interaction was observed. To map
the AGT-binding sites on the diverse megalin domains, ly-
sates from HEK cells transfected with LBR 1-4 and the C ter-
minus were incubated with the fusion proteins. RAP and
AGT precipitated all four LBRs, whereas the C-terminal do-
main did not bind to the fusion proteins (Fig. 4B).

Intracellular Routes and Transcytosis of AGT—To identify
the intracellular route of AGT, its localization in cellular com-
partments was detected using anti-clathrin for clathrin-
coated pits/vesicles, anti-EEA1 for early endosomes, anti-
Rab11 for recycling endosomes, and anti-LAMP-2 for
lysosomes. AGT was regularly found in partial colocalization
with clathrin and early endosomal markers (Fig. 5, A and B).
Partial overlap was also encountered with Rab11, and a signif-
icant merge signal with LAMP-2 suggested storage of AGT in
lysosomes (Fig. 5, C and D).

To analyze whether AGT is subject to apical-to-basolateral
transcytosis, OK cells cultured on permeable filters in dual
chambered devices were used. OK cells expressed megalin in
high concentrations as shown by immunohistochemistry and
Western blot analysis (supplemental Fig. S2, B and C). Under
the applied culture conditions, OK cell monolayers are polar-
ized. To investigate the presence of tight junctions, trans-epi-
thelial resistance was measured; trans-epithelial resistance
increased continuously until usage of the cells at 180 Q-cm?®
(supplemental Fig. S2D). Paracellular flux was estimated by
adding low molecular mass (4-kDa) FITC-dextran to the up-
per chamber; transepithelial passage of FITC-dextran is an
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established means to estimate paracellular permeability, pro-
ducing results comparable with those obtained with [*H]man-
nitol (41). Photofluorometric measurements performed after
1 h revealed little apical-basal diffusion of FITC-dextran; only
0.167 = 0.02% of total FITC-dextran added to the apical
chamber was recovered from the lower chamber (p < 0.001),
suggesting only minor paracellular flux in the OK cell
monolayers.

Transcytosis of AGT and for comparison also Ang II was
measured either alone or upon addition of RAP or colchicine.
The upper chamber was incubated with 10 ug/ml AGT. After
1h, 548 = 30 ng/ml AGT was measured in the lower cham-
ber, corresponding to a 5% recovery rate. Apical addition of
RAP reduced the amount of transcytosed AGT significantly
(—68.4 + 13.6%; p < 0.05), and colchicine had an even stron-
ger effect (—83.3 £ 4.3%; p < 0.05) (Fig. 6A). These results
are in agreement with transcytotic transport of AGT.

To comparatively estimate transcytosis of Ang II, the upper
chamber was incubated with 10 pg/ml Ang II. After 1 h, a
minute recovery of 5.4 * 0.8 ng/ml Ang II (0.05%) as mea-
sured by competitive ELISA was established in the lower
chamber. The addition of RAP, valsartan, and colchicine re-
duced this amount significantly (—59.9 * 2.8%, —45.1 *
5.8%, and —56.0 = 1.2%, respectively; p < 0.05); coadminis-
tration of RAP and valsartan had no additive effect (—48.6 *
5.0%; p < 0.05) (Fig. 6B).

Coexpression of Other RAS Components in Proximal Tubule—
Endocytotic uptake of renin has earlier been demonstrated in
the proximal convoluted tubule (22, 23). Endocytosed AGT
was consistently colocalized with renin in the subapical endo-
somal/lysosomal compartment of the proximal convolutions,
suggesting a possible interaction that may result in the intra-
cellular cleavage of AGT (Fig. 7A). In megalin-deficient por-
tions of the proximal tubule in Cre(+) mice, immunoreactive
renin was lacking, whereas in the presence of megalin, immu-
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FIGURE 5. Intracellular localization of AGT in the proximal tubule. A-D, double immunofluorescence staining of AGT (green) with anti-clathrin antibody
staining clathrin-coated pits or vesicles (red, A), anti-EEA1 antibody staining early endosomes (red, B), anti-Rab11 antibody staining recycling endosomes
(red, C), and anti-LAMP-2 antibody staining lysosomes (red, D). In the merge pictures, sites of double staining are indicated by arrowheads. The dotted lines
mark the position of the apical plasma membrane beneath the brush-border membrane and the basal lamina, respectively, as indicated. Bar, 5 um.
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FIGURE 6. Proximal tubular processing of AGT and Ang Il. Opossum kidney cells cultured in dual chamber devices were incubated apically with 10 u.g of
AGT or 10 ng of Ang Il for T h. Samples from the lower chambers were analyzed. A, in comparison with control, the amount of transcytosed AGT is signifi-
cantly reduced upon RAP or colchicine administration (Western blot evaluation). B, transcytosed Ang Il is significantly lower upon RAP, valsartan, or colchi-

cine administration (competitive ELISA). The values are the means = S.E. (n = 6). *, p < 0.05.

noreactive renin was consistently present (Fig. 7B). This result
suggests that uptake of renin from the proximal tubule is
megalin-dependent. Western blot analysis of BBM fractions
(Fig. 7C) and plasma (Fig. 7D) exhibited no quantitative dif-
ferences in renin abundance between strains (BBM, 100.0 *
5.0% in Cre(—) compared with 88.2 = 15.2% in Cre(+);
plasma, 100.0 = 24.9% in Cre(—) compared with 120.1 *
29.8% in Cre(+); not significant). Urinary excretion of renin
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was, however, substantially higher in Cre(+) than in Cre(—)
mice as revealed by Western blot; in Cre(—), urinary renin
levels were almost undetectable (Fig. 7E).

To assess whether the expression of ACE and ACE2 is af-
fected by megalin deficiency, immunohistochemistry and
Western blot analysis were performed in kidneys from Cre(—)
and Cre(+) mice. ACE was mainly expressed in the BBM of
the proximal tubule with increasing abundance from the S1 to
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FIGURE 7. Proximal tubular renin expression in megalin conditional knock-out mice. A, double immunofluorescence staining of AGT (green) and renin
(red) in Cre(—) kidney shows consistent colocalization of both proteins in intracellular vesicles (arrowheads). B, double staining of megalin (red) and renin
(green) in Cre(+) kidney shows that megalin-deficient cells are devoid of renin. C-£, renin abundances from BBM fractions (C), plasma (D), and urine (E) in
Cre(—) versus Cre(+) (Western blots). Arrows point to renin (lower, 43-kDa band); the upper band corresponds to the 53-55-kDa prorenin range. Only the
urinary renin levels differ significantly. The values are the means = S.E. (n = 5). *, p < 0.05; bar, 10 um.

the S3 segments as revealed by immunohistochemistry; in the
S3 segments it was clearly evident that megalin-deficient cells
showed markedly reduced BBM abundance of ACE (Fig. 8, A
and B). Western blot analysis of BBM fractions demonstrated
significant reduction in ACE expression in Cre(+) compared
with Cre(—) (—21.4 * 2.2%; p < 0.05; Fig. 8C), suggesting
that proximal tubular abundance of ACE partially depends on
megalin expression.

By contrast, ACE2 was found in BBM along the entire
proximal tubule with no segmental differences. Its expression
correlated inversely with megalin because enhanced ACE2
abundance was found in megalin-deficient compared with
megalin-positive cells (Fig. 8, D and E). The results were con-
firmed by Western blot from BBM fractions showing in-
creased expression in Cre(+) compared with Cre(—)

(+186.0 = 33.9%; p < 0.05; Fig. 8F).

DISCUSSION

Angiotensinogen—The main focus of our study was directed
to AGT, the substrate from which renin cleaves off the dek-
apeptide, Ang I. Although its systemic supply is chiefly pro-
vided by the liver (14, 42, 43), an intrinsic renal or specifically
proximal tubular generation and regulation of AGT has been
discussed (2, 16, 18, 25, 44). However, some conclusions
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drawn from these studies may be questioned because crucial
factors such as the endocytotic retrieval from the ultrafiltrate
or segmental differences of its biosynthesis along the proximal
tubule by AGT have not been considered adequately.

First, our findings have demonstrated rapid and effective
proximal tubular uptake of exogenously administered, radio-
labeled AGT, which demonstrates that in contrast to pub-
lished interpretations, AGT is likely to pass through the glo-
merular filter despite its large molecular size (45). The
autoradiographic signal over early proximal tubular epithelia
indicates that filtered AGT becomes endocytosed probably
via the endosomal-lysosomal pathway as shown for albumin
(45). This is supported by our observations on the mosaic pat-
tern of megalin deficiency (36), demonstrating that selectively
only the megalin-expressing cells displayed subapical AGT
accumulation. We also demonstrated the specificity for mega-
lin-mediated endocytotic uptake of AGT. Earlier studies had
suggested that only the second cluster of extracellular ligand-
binding repeats (LBR2) of megalin is relevant for receptor-
ligand interaction (29, 46); we found, however, that all four
LBR were capable of binding AGT. Identical binding proper-
ties of RAP, the endogenous inhibitor of megalin (28, 29),
supported specificity of our approach. Our data thus provide
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FIGURE 8. ACE and ACE2 expression in megalin conditional knock-out
mice. A, double immunofluorescence staining of ACE in Cre(—) kidney. The
lower dotted lines indicate the border between cortical labyrinth and medul-
lary rays/outer stripe; signal is high in the latter. B, in PST of Cre(+) kidney,
megalin-deficient cells exhibit reduced ACE signal in BBM compared with
megalin-expressing cells. C, BBM fractions show an overall mild reduction of
ACE in Cre(+) compared with Cre(—) by Western blot. D, double immuno-
fluorescence staining of ACE2 in Cre(—) kidney. The lower dotted lines indi-
cate transition from outer stripe to inner stripe of outer medulla. £, in Cre(+)
kidney, megalin-deficient cells exhibit increased ACE2 signal in BBM com-
pared with megalin-positive cells. F, BBM fractions show higher ACE2 abun-
dance in Cre(+) compared with Cre(—) by Western blot. The upper dotted
lines mark the renal capsule. The values are the means = S.E. (n = 5).*, p <
0.05. Scale bar in A and D, 20 um; scale barin Band E, 10 um.

good evidence that AGT is reabsorbed from the glomerular
ultrafiltrate by specific, receptor-mediated endocytosis with
megalin acting as the receptor. Further support for the uptake
from the filtrate by AGT comes from earlier data reporting
that under colchicine-induced inhibition of endocytosis, the
kidneys were rapidly depleted from AGT (14). By contrast,
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basolateral uptake of AGT from the circulation is not sup-
ported by available data.

Second, our data clearly show that immunoreactive AGT is
only found in PCT, which agrees with a previous report (47);
our findings in normal rat and mouse kidneys, in the megalin-
positive portions of the Cre(+) mice, and in the AGT-overex-
pressing hAGT1623 rats with 100-fold elevated systemic lev-
els of human AGT (43) support this evidence. In the latter,
both endogenous and transgenic AGT were recognized by the
same antibody. Third, AGT mRNA transcript was located
predominantly in the late proximal tubule irrespective of its
origin either from the endogenous or hAGT1623 transgenic
source. This result was obtained by ix situ hybridization as
well as quantification of AGT mRNA within isolated tubule
preparations by quantitative RT-PCR; quantification demon-
strated nearly absent signal in S1 and S1/S2 segments but sub-
stantial amounts in S3 segments. Our data are at variance
with previous data obtained from isolated PCT and PST seg-
ments of rat kidney (12) showing similar AGT mRNA expres-
sion levels in both parts by PCR evaluation. The reason for
this discrepancy is unclear but may be methodologically
based, because contemporary real time PCR approaches are
more reliable than conventional PCR techniques, which may
have obscured the differences between PCT and PST tran-
scripts for AGT in that former study. The rapid conservation
of the in vivo condition by perfusion-fixation reliably pre-
serves transcripts cell-specifically so that in situ hybridization
should provide reliable information, and because both ap-
proaches showed the same results, our data are plausible.

The detection of AGT transcript in PST is consistent with
substantial local AGT biosynthesis and also implies that renal
processing of translated AGT lacks its cellular storage like in
the liver, where AGT is released into the bloodstream as it is
produced (14). In contrast to liver, however, intrarenally gen-
erated AGT appears to be released into the urine (15). Here
AGT probably mixes with remnant AGT quantities from the
filtrate to be available (i) locally in the late proximal tubule
and consequently (ii) in the downstream nephron segments
and (iii) in the urine. Partial support for this concept comes
from previous interpretations based on proximal versus distal
(2,13, 15) or urinary AGT availability (44). Our observation
that relative to GAPDH abundance, AGT mRNA abundance
in S3 was even higher than in liver supports that significant
amounts of AGT may be released from the PST segments.

Changes in proximal tubular AGT content in response to
dietary or hormonal stimuli or partial nephrectomy, which
have been interpreted in the context of intrarenal AGT gener-
ation (16, 44, 47, 48), should thus be reconsidered with ap-
propriate care for segmental specificity. In line with this,
transgene-induced hypertensive effects of renal AGT
overexpression, as described in mice carrying androgen-
regulated AGT gene constructs (49), likely differ from those
that are produced under the control of the intrinsic promoter
(43); in the former model, AGT overexpression affects the
entire proximal tubule, whereas in the latter, as demonstrated
here, only the PST is addressed. Local RAS effects may there-
fore result in more pronounced pressor effects in the former
than in the latter model (9).
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Renin—Our data agree with earlier localization studies of
renin in proximal tubule and further suggest that, like AGT,
renin is a ligand for megalin as well; whether this applies also
for its precursor, prorenin, remains to be clarified (2, 50). Par-
tial megalin deficiency led to substantial urinary renin excre-
tion, which underlines the role of megalin in its tubular
retrieval. In the context of an intrinsic tubular RAS, proximal
tubular transcription of renin mRNA has been identified in
vivo at steady state or under experimental conditions, al-
though high sensitivity PCR techniques had to be adminis-
tered for its detection (25, 50), and our own attempts to local-
ize renin transcripts in proximal tubule by means of sensitive
in situ hybridization were negative (not shown). Accordingly,
the normal synthesis rate within the proximal tubule appears
to be quite low (15, 24, 50). On the other hand, active, mega-
lin-dependent renin retrieval from the filtrate likely does not
preclude its availability in the early proximal tubular fluid
with presumably progressive decreases along S2 and S3
segments.

ACE Homologues—W e have localized ACE preferentially in
the proximal straight tubule and ACE2 ubiquitously along the
proximal nephron, confirming published data (Ref. 51; for a
review, see Ref. 26). There were lower ACE but markedly en-
hanced ACE-2 signals in BBM of megalin-deficient compared
with megalin-positive cells; this possibly reflected the diver-
gent functions of the two homologues with ACE metabolizing
AngIto Ang Il and ACE2 generating the heptapeptide
angiotensin-(1-7) (26). Megalin and an intact endosomal ap-
paratus may be necessary for ACE surface expression,
whereas altered retrieval from the membrane may be specifi-
cally relevant for ACE2 as demonstrated previously for
NaPi-2 (36). Although divergent regulation for ACE and
ACE2 has been described (52), their membrane surface ex-
pression was considered to be similar, because their spontane-
ous internalization from the membrane was shown to be
rather modest compared with other integral membrane pro-
teins (27). The cause for the obvious difference in BBM repre-
sentation and likely the concomitant surface expression upon
the defects in endocytosis and membrane recycling caused by
megalin deficiency in Cre(+) mice is unclear but may be re-
lated to distinct interactions of ACE versus ACE2 with cytoso-
lic proteins, which may be differently affected by the drop in
megalin-induced signaling, endocytosis of other proteins, or
recycling steps (29, 36, 53). Our results also implicate that
megalin-mediated endocytosis and/or endosomal recycling
may modify shedding of soluble enzyme into the proximal
tubular lumen in an ACE homologue-specific manner (27).

Cellular Pathways of Proximal Tubular RAS Components—
The detail of AGT intracellular localization suggests that
some of the reabsorbed protein is encountered during endo-
cytosis and endosomal accumulation as revealed by double
staining for clathrin and EEA1 (Ref. 54; for a review, see Ref.
28). Dissociation of AGT from its receptor, megalin, and sub-
sequent lysosomal storage and degradation can be deduced
from its extensive colocalization with LAMP-2 (55). Intracel-
lular storage of AGT was regularly encountered as well in
large vesicles within PCT of normal and AGT transgenic rats
by immunoperoxidase staining (Fig. 1D); vesicles corre-

41944 JOURNAL OF BIOLOGICAL CHEMISTRY

sponded to the size and localization of AGT-accumulating
lysosomes identified earlier by electron microscopy (56). Re-
cycling of AGT to the luminal surface may occur in parallel to
the degradative pathway based on its frequent colocalization
with Rab11 (57). Early data from isolated rabbit PCT showing
release of significant amounts of AGT over 72 h (13) may in-
directly support this view, because the absence of AGT tran-
script, inferred by our analysis, would agree with recycling
and release of the substrate in that study. As a third pathway,
we have tested the hypothesis of whether AGT transepithelial
transport from the ultrafiltrate to the renal interstitium is a
potential mechanism to recycle the intact protein.

With the help of a dual-chambered transfilter system, po-
larized OK cell layers with established BBM formation, abun-
dant endogenous megalin expression, junctional apparatus,
and viable transepithelial electrical resistance were capable of
transcytosing intact AGT offered from the apical side with an
approximate 5% recovery rate at the basolateral side after 1 h.
This duration was chosen in analogy to a pulse-chase series of
experiments performed in the intestine (54), predicting that
much of the offered AGT should by then have reached the
basolateral compartment. Transcytosis was further shown to
depend on receptor-mediated endocytosis as revealed by its
partial inhibition by the megalin competitor RAP and on in-
tact microtubular function; paracellular leakage of AGT was
unlikely to occur because the passage of low molecular mass
dextran was nearly absent. Transcytosis of AGT may further-
more require its specific intracellular recognition because
other ligands for megalin, such as lysozyme or lactoferrin,
cannot be transcytosed across proximal epithelium (58). Con-
founding effects by endogenous AGT synthesis were unlikely
because AGT was undetectable in the control group, and be-
cause OK cells display only low grade AGT transcription rate
(1% of rat liver) (59), this dimension may be neglected. Mega-
lin-dependent proximal tubular transcytosis has earlier been
demonstrated for the vitamin A carrier retinol-binding pro-
tein (57, 60), serving as a putative means to prevent its urinary
loss, which in analogy may be considered for AGT as well.
Our parallel demonstration of the transcytosis of Ang I as an
established megalin ligand (61) primarily served as a control;
its transcytosis was megalin-dependent as well, because RAP
had a major inhibitory effect; this was also observed with an
angiotensin receptor antagonist. Both inhibitors were not ad-
ditive, which agrees with the distinct roles proposed for mega-
lin- and AT1-R-mediated pathways for Ang II (61). Compared
with AGT, the weak retrieval of Ang II may result from its
partial enzymatic degradation in the BBM.

A role for megalin in the transcytosis of RAS components
has thus been demonstrated. The markedly increased urinary
excretion of AGT in megalin deficiency supports our view
that tubular uptake and transcytosis of AGT may be relevant
mechanisms for its return to the circulation, although this is
obscured by the unknown proportion of AGT that is intracel-
lularly degraded via the lysosomal pathway like most other
megalin ligands (28, 58). Likewise, the question as to which
pathway dominates, transcytosis of AGT and release of Ang I
in the interstitium or cleavage of AGT within the tubule, can-
not be answered at present and requires further study.
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Outlook on the Functional Potentials of an Intrarenal, Prox-
imal Tubular RAS—Proximal tubular RAS components are of
dual origin, because renin, AGT, Ang I, and Ang II may reach
the tubule via the ultrafiltrate and in parallel can also be gen-
erated locally by heterogenous mechanisms. Depending on
the site of action within the cell, at the luminal or basolateral
membrane, or within the interstitial space, RAS effector pep-
tides may therefore be of mixed origin (2, 10, 20). Here, our
data permit an improved understanding because the proximal
segmental handling of local RAS components has been illus-
trated. The early PCT displays very effective, megalin-depen-
dent endocytotic uptake and intracellular storage of renin and
AGT from the ultrafiltrate, whereas their local biosynthesis
apparently can be neglected. In this scenario, transcytotic re-
trieval, luminal recycling, or intracellular activation of RAS
components prevail and may be functionally relevant for en-
dogenous, local Ang I generation. However, because in the
proximal convolutions local ACE abundance is minute, local
generation of Ang II possibly relies on the activity of other
proteases, which could explain the measured, ~100-fold ele-
vated intratubular Ang II levels (52, 62). Contrastingly, high
ACE2 expression levels agree with intensive Ang-(1-7) gener-
ation in PCT. On the other hand, the late proximal tubule
(PST) displayed substantial AGT transcript, absence of renin
or AGT protein accumulation, and strong abundance for ACE
and ACE2 in BBM. Hence, local generation of RAS effector
peptides may require a sustained base-line release of AGT,
which is subject to regulation (2), and possibly mixes with
AGT and renin released from the upstream proximal convo-
lutions, to produce luminal Ang [; the abundant expression of
ACE homologues may subsequently serve to generate Ang II,
Ang-(1-7), or Ang-(1-4) for effects located in PST or further
downstream segments. To what extent transcytosis of RAS
components occurs in PST cannot be judged here.

In summary, our data support the significance of an intra-
renal RAS with its components concentrated in the proximal
tubule. Previously unrecognized aspects regarding their local-
ization and cellular processing have been disclosed, providing
extended insight into the functional concept of a self-con-
tained RAS in the kidney.
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