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Abstract
Distal nephron renin may provide a possible pathway for angiotensin (Ang) I generation from
proximally delivered angiotensinogen. To examine the effects of Ang II on distal nephron renin, we
compared renin protein and mRNA expression in control and Ang II—infused rats. Kidneys from
sham (n=9) and Ang II—infused (80 ng/kg per minute, 13 days, n=10) Sprague-Dawley rats were
processed by immunohistochemistry, Western blot, reverse transcriptase—polymerase chain
reaction (RT-PCR), and quantitative real-time RT-PCR. Ang II infusion increased systolic blood
pressure (181±4 versus 115±5 mm Hg) and suppressed plasma and kidney cortex renin activity.
Renin immunoreactivity was suppressed in juxtaglomerular apparatus (JGA) cells in Ang II—infused
rats compared with sham (0.1±0.1 versus 1.0±0.1 relative ratio) but increased in distal nephron
segments (6.4±1.4 versus 1.0±0.1 cortex; 2.5±0.3 versus 1.0±0.2 medulla). Tubular renin
immunostaining was apically distributed in principal cells colocalizing with aquaporin-2 in
connecting tubules and cortical and medullary collecting ducts. Renin protein levels were decreased
in the kidney cortex of Ang II—infused rats compared with that of sham (0.4±0.2 versus 1.0±0.4)
rats but higher in the kidney medulla (1.2±0.4 versus 1.0±0.1). In kidney medulla, RT-PCR and
quantitative real-time PCR showed similar levels of renin transcript in both groups. In summary, the
detection of renin mRNA in the renal medulla, which is devoid of JGA, indicates local synthesis
rather than an uptake of JGA renin. In contrast to the inhibitory effect of Ang II on JGA renin, Ang
II infusion stimulates renin protein expression in collecting ducts and maintains renin transcriptional
levels in the medulla, which may contribute to the increased intrarenal Ang II levels in Ang II—
dependent hypertension.
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Renin is synthesized primarily by the juxtaglomerular apparatus (JGA).1 However, renin
mRNA and protein have been detected in proximal, connecting tubule and collecting duct cells
of human and mouse kidneys as well as in extrarenal tissues.2–7 Although regulation of renin
synthesis and secretion from JGA cells has been extensively studied,1,8–13 very little is known
about the regulation of tubular renin.7,14–16
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Renin formation in tubular segments may have greater importance than previously thought in
view of evidence of high concentrations of angiotensinogen (AGT), as well as angiotensin
(Ang) I and Ang II in proximal tubule fluid,17,18 and in view of the enhancement of renal
AGT mRNA and protein levels in Ang II—dependent hypertension.19,20 Recent studies in
Ang II—infused hypertensive rats have shown that there is an increased urinary excretion of
AGT,21 which is closely correlated with intrarenal Ang II content.21 Enhancement of urinary
AGT excretion suggests increased distal nephron AGT delivery and subsequent Ang I and Ang
II formation as long as there is availability of an adequate source of renin and angiotensin-
converting enzyme (ACE). Therefore, activation of distal nephron renin could be a contributing
factor to the development and maintenance of hypertension by causing continued intrarenal
and intratubular formation of Ang II, despite suppressed JGA renin.22–24 In this study, we
compared renal medullary renin mRNA and protein levels in Sprague-Dawley Ang II—infused
and normotensive sham-operated rats. We conclude that (1) distal nephron cells, specifically
principal cells of connecting tubules and collecting ducts, have the capability to synthesize
renin and (2) renin protein in connecting tubules and cortical-and medullary-collecting ducts
are increased in response to chronic Ang II infusion, thus suggesting differential regulation
from JGA renin.

Methods
Animal and Tissue Preparation

All experimental protocols were approved by the Tulane Institutional Animal Care and Use
Committee. Male Sprague-Dawley rats (Charles River Laboratories, Wilmington, Mass) were
cage-housed and maintained in a temperature-controlled room with 12-hour light/dark cycle,
with free access to tap water and standard rat chow (Ralston Purina) for 2 weeks. For minipump
implantation (Alzet model 2002, Alza Corp), rats were selected at random and divided into 2
groups: control (sham-operated, n=9) and Ang II—infused rats (n=10) that had an osmotic
minipump containing Ang II (Human Ang II, Sigma, St Louis, Mo) implanted subcutaneously
at the dorsum of the neck. Ang II was infused at a rate of 80 ng/min for 13 days. Systolic blood
pressure was monitored by tail-cuff plethysmography (Visitech, BP-2000) 1 day before and 3,
7, and 11 days following sham operation or minipump implantation as previously described.
19,21 A separate group of sham (n=6) and Ang II—infused (n=6) rats was used to determine
renal renin activity.

Sample Collection and Evaluation
Blood and kidney samples were harvested on day 13. Trunk blood was collected in 2 chilled
tubes containing 5.0 mmol/L EDTA, which were centrifuged at 4000 rpm for 30 minutes at 4°
C. Plasma fractions were removed and assayed as previously described.23 Plasma renin activity
(PRA) was expressed as ng/mL per hour of generated Ang I.

After decapsulation, the left kidney was sagitally sectioned and fixed in zinc-saturated formalin
for immunohistochemical studies as previously described.25 The results are expressed in
arbitrary units of the relative intensity normalized to the renin immunostaining average of the
sham group.

To avoid the contribution of JGA renin to distal nephron renin expression, protein and total
RNA were extracted from renal medulla dissected from cortex of the right kidney. In addition,
renin activity was determined separately in renal cortex and papillary tips as previously
described.9

Renin Western blot analysis using 10 μg of protein against rat renin (1:4000 and β-actin) was
performed with a standard protocol as described previously.19–21,23
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For reverse transcriptase—polymerase chain reaction (RT-PCR) purposes, first strand cDNA
synthesis was performed using 5 μg of total RNA and SuperScript II RNase H-reverse
transcriptase system (Invitrogen Life Technologies Co, Carlsbad, Calif). Synthetic specific
primers located in exons 1 and 5 of renin 1c gene (sense 5′-ATGCCTCTCTGGGCACTCTT-3′
and antisense 5′-GTCAAACTTGGCCAGCATGA-3′) were used with standard experimental
conditions as previously described.26,27

A detailed description of these procedures is available in the online supplement at
http://www.hypertensionaha.org.

For quantitative real-time PCR (qRT-PCR), a specific probe (5′-
TTCAAAGTCATCTTTGACACGGGTTCAG-3′) labeled with 5′-6FAM and 3′-black hole
quencher-1 and a set of primers (sense 5′-AGTACTATGGTGAGATCGGCATT-3′; antisense
5′-AGATTCACAACCTCTATGACTCCTC-3′) were designed from the published cDNA
sequences of the rat renin 1c gene28 for a given amplified PCR product of 123 bp. Values were
extrapolated from separate standard curves. Rat renin 1c gene expression was compared with
3-fold dilutions of control rat kidney total RNA (Ambion Inc., Austin, Tex) and intensity was
normalized to ROX fluorescent dye used as internal reference. Total RNA (10 ng/well) from
each sample in triplicate was applied to Mx3000P System using the Brilliant Single-Step QRT-
PCR Master Mix kit (Stratagene) following the RT-PCR conditions according to
manufacturer’s instructions and amplifications during 60 cycles of 95°C for 15 seconds and
an annealing/extension 60°C for 60 seconds. Values were normalized by the average of the
values of renin expressed in kidney cortex samples from sham-operated rats, and fold induction
was determined.

Statistical Analysis
Results are expressed as mean±SEM. The data were analyzed using unpaired t test between
groups. Statistical significance is defined at a value of P≤0.05.

Results
Body Weight, Blood Pressure, Plasma, and Renal Renin Activity

Body weights were similar at the initiation of the study (Ang II, 221±4 g; sham 220±2 g), but
on day 11 of infusion, body weights were significantly lower in the Ang II—treated animals
than the sham-operated rats (297±7 versus 325±9 g; P<0.05). Systolic blood pressure values
for the 2 groups were similar before implantation of the osmotic minipumps (Ang II, 116±2
mm|Hg; sham, 115±4 mm|Hg). On day 7 of infusion, systolic blood pressure was significantly
elevated in Ang II—infused rats (154±4 mm|Hg versus 113±5 mm|Hg) and was increased
further by day 11 (181±3 mm|Hg versus 115±5 mm|Hg; Figure 1A; P<0.001). PRA (Figure
1B) and renin content in the kidney cortex rats were suppressed in Ang II—infused rats (1.5
±0.5 ng Ang I/mL per hour and 41.2±19.2 μg Ang I/g of tissue per hour) compared with the
sham-operated rats (8.3±0.9 ng Ang I/mL per hour and 177.8±20 μg Ang I/g of tissue per hour;
P<0.001). The measured values of renin activity in the papillary tips were much lower and
ranged between 0.3 and 3.2 μg Ang I/g of tissue per hour.

Immunolocalization of Renin in Cortical and Medullary Distal Nephron Segments
Figure 2A (red, arrows) shows a dual-color immunostaining for renin in JGA cells, connecting
tubules and collecting duct cells (Figure 2A and 2B, AEC substrate, red, arrow heads), which
can be identified as principal cells based on the colocalization with aquaporin 2 (AQP-2; Figure
2A and 2B, DAB substrate, brown, asterisks). Renin and AQP-2 negative cells correspond to
intercalated cells.
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Figure 3 shows renin immunostaining in cortical (asterisks, Figure 3A and 3C) and medullary
collecting duct cells (asterisks, Figure 3B and 3D) from kidney sections immunostained in the
same run using an automatic immunostainer system and a polyclonal rat anti-renin antibody
raised in rabbit at 1:8000 dilution. Ang II—infused rats exhibited higher renin
immunoreactivity in cortical and medullary collecting duct cells (asterisks, Figure 3A and 3B).
In contrast, sham-operated rats showed high renin immunoreactivity in JGA cells (arrows,
Figure 3C) with low intensity signals in distal nephron cells (cortex, asterisks, Figure 3C) and
even less in medullary collecting duct cells (asterisks, Figure 3D). Densitometry of the intensity
of renin immunoreactivity using Image ProPlus software showed a marked suppression in JGA
cells of Ang II—infused rats compared with sham (0.14±0.05 versus 1.0±0.11 DU, P<0.001).
However, spatial density of distal nephron segment renin immunoreactivity was higher in Ang
II—infused than in sham rats (6.40±1.4 versus 1.0±0.1 cortex; 2.5±0.3 versus 1.0±0.2 DU
medulla; P<0.001); (Figure 3E).

Immunoadsorption of the renin antibody by its peptide (1×10-4 mol/L, 5× in excess) for 72
hours eliminated distal tubular renin and highly attenuated juxtaglomerular renin
immunoreactivity.

Protein Expression of Renin in Kidney Cortex and Medulla
Renin Western blot analysis is shown in Figure 4. A prominent band with an estimated
molecular weight of 57 kDa was observed in all protein samples extracted from kidney cortex
and medulla. In the kidney cortex, Ang II infusion significantly decreased renin levels (Figure
4A, 0.43±0.2 versus 1.0±0.4 densitometric ratio compared with the average of sham-operated
rats; P<0.05). In contrast, in the kidney medulla an enhancement of renin protein expression
was observed in the Ang II—infused rats in comparison to the sham-operated rats (Figure 4B,
1.22±0.4 versus 1.0±0.1, densitometric ratio to the average of sham rats; P≤0.05).

RT-PCR for Renin in Rat Kidney Medulla
Figure 5 shows that renin mRNA was present in the kidney cortex (560 bp, positive control)
as well as in the renal medulla; however, no significant differences were observed between
Ang II—infused and sham-operated rats (0.99±0.50 versus 0.67±0.11; Figure 5B). Omission
of RT did not lead to product amplification, ruling out genomic DNA contamination. DNA
sequencing of the renin PCR products from kidney cortex and medulla reported 99% identity
to preprorenin/prorenin. Relative to sham cortex, quantitation of mRNA showed no significant
difference in kidney medulla renin transcript levels between Ang II—infused and sham-
operated rats (0.31±0.05 versus 0.28±0.04; Figure 5C); however, in kidney cortex renin,
expression was suppressed in Ang II—infused rats as compared with sham-operated rats (0.26
±0.01 versus 1.00±0.31). These results indicate that rat kidney medulla expresses the renin
1c gene and that chronic Ang II infusion does not exert an inhibitory effect on medullary renin
mRNA as it does on JGA renin message.

Discussion
Tubular renin immunoreactivity has been previously reported on the apical side of proximal
tubule cells1,3,5,6 and in connecting and cortical collecting tubule cells from rat, mouse, and
human.4,7 Our results demonstrating positive renin immunoreactivity in cortical connecting
tubules and collecting ducts are consistent with these previous reports. In the present study,
however, we also showed that positive renin immunoreactivity is present not only in the cortex
but also in the medullary collecting duct cells and, furthermore, that distal nephron renin is
augmented by chronic Ang II infusions.

Prieto-Carrasquero et al. Page 4

Hypertension. Author manuscript; available in PMC 2009 January 19.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Rohrwasser et al7 demonstrated positive renin immunoreactivity in principal cells based on
the negative staining for H+-ATPase and peanut lectin (markers for intercalated cells). In this
study, using AQP-2 as a positive marker for principal cells, we found that renin colocalizes in
principal cells of cortical connecting tubules and cortical and medullary collecting ducts.
Although uptake of renin from circulation has been reported for cardiac cells,29 this has not
been reported in renal tubular cells. It is unlikely that the increase in tubular renin
immunoreactivity and medullary renin protein levels could be due to a contribution from
circulating or JGA renin because PRA and cortical renin activity were markedly suppressed
by the chronic Ang II infusions. Furthermore, the discrete renin localization specifically to
principal cells argues against nonspecific uptake being responsible for the presence of renin in
cortical and medullary collecting duct cells. However, this was not reflected by renin activity
in the papillary tissue, which was markedly lower than in the cortex. These findings suggest
that the distal nephron renin regulation by Ang II differs from that in JGA cells. Although it
is known that Ang II directly suppresses JGA renin formation and release, our data indicate a
differential regulation on distal nephron renin formation. The enhanced renin protein levels
suggest augmented distal nephron Ang II formation under these conditions. The findings of
high Ang II type-1 receptor density in distal tubules,30 coupled with the recent evidence that
Ang II directly stimulates epithelial sodium channel activity in cortical collecting duct cells,
31 provide further support to the potential role of renin formation in principal cells. Under high
Ang II states, the augmented distal nephron renin may contribute to an increase in intratubular
Ang II formation leading to augmented Ang II actions on distal nephron sodium reabsorption,
thus contributing to the sustained elevated blood pressure in Ang II—dependent hypertension.

Despite the growing interest in the existence of a local RAS in the kidney along the nephron,
there are few studies characterizing the response of tubular renin to agonists or antagonists and
even less with regard to distal nephron renin levels.14,32,33 Rohrwasser et al7 showed in mice
that the combination of high sodium diet and amiloride treatment leads to an increase of renin
immunoreactivity in connecting tubule cells in association with decreases in JGA renin.7
Moreover, it has been demonstrated that, in marked contrast to the changes in plasma renin
content, connecting tubule cell renin immunoreactivity in mice did not exhibit significant
variation in response to changes in diet from high to low dietary sodium.15 Because it is well
known that Ang II exerts a direct feedback inhibitory effect on JGA renin,34 we sought to
determine whether distal tubular renin expression is also inhibited in Ang II—infused rats. As
expected, following chronic Ang II infusions, renin immunoreactivity was suppressed in the
JGA cells. In contrast, we observed increased renin immunoreactivity in cortical and medullary
collecting duct cells and protein levels in renal medulla as demonstrated by
immunohistochemistry and Western blot analyses, respectively. Collectively, these findings
provide further evidence that the regulation of tubular renin differs from that of JGA renin.
From these results, it is not possible to determine whether the enhancement of renin protein in
connecting tubules and collecting duct cells is due to a direct effect of the increased intrarenal
Ang II levels, a secondary factor stimulated by Ang II, or a consequence of the high blood
pressure produced by Ang II. Because Ang II directly inhibits renin synthesis in JGA cells, it
would be paradoxical if it stimulates renin in tubular cells. It is also unlikely that the elevated
arterial pressure would be reflected to a significant extent at the level of the collecting ducts,
but this cannot be ruled out from the present results. Further studies on distal nephron renin in
other Ang II—dependent hypertensive models, including the clipped and nonclipped kidneys
in Goldblatt hypertensive rats, will be required to address this issue.

Although the apparent molecular weight of renin by gel filtration or sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) has been reported to be in the 38 to 42 kDa
range,35–37 it has also been reported that renin in kidney tissue has variable degrees of
glycosylation, which may account for the reported variations in molecular weight.36,37
Inagami et al identified in rat and hog kidneys a renin form responsible for all renin activity
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with a molecular weight between 55 to 60 kDa when they avoided the acidification step during
the purification procedure.38,39 These investigators reasoned that the native form of renin in
the kidney was a 60 kDa molecule, which was converted during extraction to 40 kDa renin by
a sulfhydryl-dependent protease.38 In the present study, using a specific polyclonal rat anti-
renin antibody, we detected a prominent band with an estimated molecular weight of 57 kDa.

The presence of renin mRNA in renal distal nephron segments has been reported.7,40 In
subtotally nephrectomized rats, distal nephron renin immunoreactivity and renin transcript
disappear after chronic administration of perindropil, an ACE inhibitor.40 In contrast, during
blockade of RAS by converting enzyme inhibition, renin-expressing smooth muscle cells can
be detected beyond the afferent arteriole including the interlobular arteriole, suggesting a
recruitment of these cells to the renin-expressing population.41–43 Although we did not
demonstrate in the present study that Ang II directly exerts a positive transcriptional effect on
distal tubular renin, the presence of the renin transcript detected in kidney medulla with no
quantitative changes occurring after chronic treatment with Ang II suggests that renin mRNA
in the kidney medulla is not inhibited by Ang II and is not due to contamination from plasma
or JGA renin.

Previous studies have demonstrated that there is substantial ACE activity in collecting duct
fluid and urine44 associated with an increment of intrarenal ACE binding and activity by
chronic Ang II infusions.45 In addition, intraluminal conversion of Ang I to Ang II in the
cortical collecting duct and stimulation of distal apical sodium reabsorption have also been
reported.46 Taken together, the Ang II stimulatory effects on distal nephron renin could help
to explain the marked impairment of sodium excretion and suppression of the pressure—
natriuresis relationship observed in this model.47 Because renal AGT mRNA and protein levels
are upregulated by increases in circulating Ang II levels,19,20 we postulate that renin in
connecting tubule and collecting duct cells may be secreted into the tubular fluid and acts on
proximally-delivered AGT to form Ang I in the luminal fluid. In turn, the presence of ACE in
the distal nephron would lead to maintained renal Ang II—generating capacity that occurs in
Ang II—dependent hypertension leading to high intrarenal Ang II and the maintenance of high
blood pressure.

Perspectives
On the basis of these results, we conclude that increased distal nephron renin expression may
contribute to the maintenance of intrarenal Ang II levels observed in Ang II—infused
hypertensive rats. Although PRA and JGA renin are markedly suppressed in Ang II—induced
hypertension, increased distal nephron renin associated with an increased proximal tubular
AGT production and spillover into the distal nephron segments may collectively contribute to
elevated and sustained intratubular Ang I and Ang II formation in this hypertensive model. In
perspective, the Ang II—mediated actions on the distal nephron could be acting synergistically
and in concert with the actions of aldosterone to stimulate distal nephron sodium reabsortion
and contribute to overall enhanced sodium reabsorption.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Comparison of systolic blood pressure (A) and plasma renin activity (B) in sham (n=9) and
Ang II—infused (n=10) rats. Values are mean±SE *P<0.001 vs sham rats.
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Figure 2.
Immunocolocalization of renin and AQP-2 in a paraffin-embedded rat kidney section. Renin
immunostaining is observed in juxtaglomerular cells (A, arrows, fast red chromogen) and distal
tubular cells (B, arrows, fast red chromogen). AQP-2 immunostaining is present in distal
tubular cells (B, asterisks, DAB chromogen) and connecting tubule cells (A, asterisks, DAB
chromogen). Observe immunocolocalization of both, renin and AQP2, in principal cells of a
connecting tubule (A). Renin antibody concentration 1:4000. AQP-2 antibody concentration
1:500.
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Figure 3.
Quantification of intensity of distal nephron renin immunoreactivity in rat kidney cortex and
medulla of Ang II—infused (A and B) and control rats (C and D). A shows increased renin
immunoreactivity in cortical collecting duct cells with juxtaglomerular renin suppression in
Ang II—infused in comparison to sham-operated rat kidney (C). Renin immunoreactivity in
medullary collecting duct cells is shown in B and D. Observe higher renin immunoreactivity
in Ang II—infused medullary collecting duct cells (B) than sham rat (D). E, a densitometric
analysis of the renin intensity immunoreactivity in cortex and medulla of Ang II—infused rats
(n=6; 4 kidney sections/animal; 10 analyzed microscopic fields/kidney section) relative to
sham (n=5; 4 kidney sections/animal; 10 analyzed microscopic fields/kidney section). Glom
indicates glomerulus. Values are mean±SE. *P<0.0001 vs sham rats.
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Figure 4.
Renin Western blot analyses in kidney cortex and medulla from Ang II—infused and sham-
operated rats. A, a representative autoradiography of renin kidney cortex from sham-operated
and Ang II—infused rats. Densitometric analysis of the immunoreactive band (57 kDa) showed
that Ang II infusion significantly decreased renin levels in the cortex (A), but in contrast it
increased renin levels in the medulla (B). Renin antibody concentration 1:4000. *P<0.05 vs
sham rats.
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Figure 5.
Renin mRNA in rat kidney cortex and medulla. Representative ethidium bromide-stained gel
(A) showing renin (560 bp) and corresponding β-actin (800 bp) mRNA levels in the medulla
from Ang II—infused and sham-operated rats. Renin mRNA in rat kidney medulla did not
show significant differences either by RT-PCR (B) or qRT-PCR (C); however, cortex renin
mRNA levels were markedly suppressed in Ang II—infused rats compared with sham-operated
rats (C). Normal rat kidney cortex was used as positive control (+RT). Absence of a PCR
product with omission of reverse transcriptase enzyme (-RT) ruled out amplification of
genomic DNA.
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