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Abstract

Sustained stimulation of the intrarenal/intratubular renin—-angiotensin system in a setting of
elevated arterial pressure elicits renal vasoconstriction, increased sodium reabsorption,
proliferation, fibrosis, and eventual renal injury. Activation of luminal AT receptors in proximal
and distal nephron segments by local Ang Il formation stimulates various transport systems.
Augmented angiotensinogen (AGT) production by proximal tubule cells increases AGT secretion
contributing to increased proximal Ang Il levels and leading to spillover of AGT into the distal
nephron segments, as reflected by increased urinary AGT excretion. The increased distal delivery
of AGT provides substrate for renin, which is expressed in principal cells of the collecting tubule
and collecting ducts, and is also stimulated by AT receptor activation. Renin and prorenin are
secreted into the tubular lumen and act on the AGT delivered from the proximal tubule to form
more Ang I. The catalytic actions of renin and or prorenin may be enhanced by binding to
prorenin receptors on the intercalated cells or soluble prorenin receptor secreted into the tubular
fluid. There is also increased luminal angiotensin converting enzyme in collecting ducts
facilitating Ang Il formation leading to stimulation of sodium reabsorption via sodium channel
and sodium/chloride co-transporter. Thus, increased collecting duct renin contributes to Ang Il-
dependent hypertension by augmenting distal nephron intra-tubular Ang Il formation leading to
sustained stimulation of sodium reabsorption and progression of hypertension.
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Introduction

Although every organ system in the body has elements of the renin-angiotensin system
(RAS), local synthesis is of major significance in the regulation of the angiotensin I (Ang I)
and Il (Ang Il) levels in the kidneys. The kidneys have the capacity to accumulate
circulating Ang Il via Ang 1l type 1a (ATq,) receptor-mediated internalization as well as by
de novo formation of Ang peptides with eventual compartmentalization in the tubular,
cellular, and interstitial compartments [46, 70, 71, 73]. The localization and cellular
processing of RAS components have provided new aspects of the functional concept of a
“self-contained” renal RAS in the tubular compartments not only in the proximal tubules
[85] but also in the distal nephron segments [20, 73, 75, 89]. The demonstration that
increased expression and secretion of renin and prorenin by distal nephron segments
contributes to augmentation of intrarenal and intratubular Ang 1l content in Ang I1-
dependent hypertension has provided a novel mechanism for renin from collecting duct
origin to exert a critical role in the development and progression of hypertension [42, 73, 91,
94]. While the regulation of juxtaglomerular (JG) renin has been extensively studied, our
understanding of the mechanisms regulating collecting duct renin remains incomplete. This
review focuses on recent findings regarding the mechanisms that regulate renin in distal
nephron segments and their relevance to the development and progression of hypertension.

Renin distribution

Although, in the strictest sense, renin is not a hormone, it can be considered as such because
of its role in regulating Ang | generation and because it is subject to tight control. Hence, the
plasma renin concentration or activity is often used as a measure of the overall activity of
the RAS. In most species, renin synthesized by the JG cells is the primary source of both
circulating and intrarenal renin levels [7, 29]. However, some strains of mice also produce
substantial amounts of renin in the submandibular and submaxillary glands as expression of
the duplicated renin gene, Ren-2 [9, 21]. Ren-2 is also present in the kidneys although in
smaller quantities than Ren-1. In addition, adrenal glands express substantial renin protein
and mRNA levels [18, 69], but it is not clear if the renin in adrenal glands and other tissues
contributes to the circulating renin levels. What has been generally demonstrated is that in
species other than mice, bilateral nephrectomy lowers the circulating renin levels to the
undetectable range within 48 h [80]. Likewise, the plasma concentrations of Ang | and Ang
Il fall to non-detectable levels by 48 h after bilateral nephrectomy [80].

The secreted active form of renin contains 339-343 amino acid residues after proteolytic
removal of the 43-aminoacid residue at the N-terminus (prorenin). Although circulating
active renin is derived mainly from the kidneys, the kidneys and other tissues also secrete
prorenin into the circulation and its concentration may exceed that of renin [98]. Besides
serving as the precursor for active renin, circulating prorenin is taken up by some tissues
where it may contribute to the local synthesis of angiotensin peptides [86]. For example, the
heart does not produce renin under normal conditions and its transcript is undetectable or
extremely low [19, 39]. Nevertheless, transgenic rats expressing the Ren-2d renin gene
characterized by high circulating prorenin levels in the absence of the cardiac transgene have
prorenin internalized into cardiomyocytes [82]. This effect is followed by the generation of
angiotensins and development of cardiac injury suggesting that uptake of circulating
prorenin but not active renin may play an important role in cardiac hypertrophy.

While it is often assumed that most of the renin is secreted directly into the lumen of the
afferent arterioles by the JG cells, this concept neglects the fact that this route requires that
renin, a glycoprotein with a molecular weight of 37,000-40,000 Da, would have to penetrate
the endothelial layer of the afferent arterioles in order to be secreted directly into the blood
stream. Thus, it seems more likely that renin synthesized by JG cells is secreted primarily
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into the interstitial spaces and then enters the circulation via diffusion across the peritubular
capillaries [63, 64]. Indeed, renin activity in blood from efferent arterioles is lower than
renal venous blood and only slightly greater than in aortic blood [63]. Furthermore, renal
interstitial fluid renin concentrations as reflected from measurements in renal lymph are
much higher than either renal venous or arterial blood concentrations [108, 109].
Nevertheless, there is measureable renin in proximal tubular fluid indicating that significant
filtration of renin does occur [53] or that renin is synthesized and secreted by proximal
tubule cells [30]. Another possible explanation is that renin released by the JG cells diffuses
along the terminal sections of the afferent arterioles towards the glomerular tuft where the
arterioles have endothelial fenestrations which would presumably allow passage of renin
directly into the blood stream and enter the glomerular circulation [53, 95]. Endothelial
fenestrations are present on the afferent arteriole facing the JG granular cells thus providing
a structural basis by which renin can be secreted directly into the afferent arteriolar lumen
[95]. To the extent that this occurs, the blood perfusing the glomeruli would have enhanced
concentrations of renin which could then filter across the glomerular capillaries to provide
renin to the proximal tubular fluid [53].

The findings of very high renin concentrations in the renal lymph support the conclusion
that most of the renin is secreted into the interstitial compartments, but it is also apparent
that it quickly gains access to the intravascular compartment, presumably by diffusing from
the interstitial fluid across the peritubular capillaries, and exits the kidney via the renal vein
[108, 109]. Because of the close association between JG renin secretion and the plasma
renin levels, plasma renin activity (PRA) is often used as an index of the level of renin
secretory activity by the JG cells.

The presence of renin in tubular fluid may be a consequence of renin production by cells
other than those of the JG cells. Using antibodies against renin from a JG cell tumor,
Menard et al. [58] reported staining in interlobular arteries and afferent arterioles of a patient
with a partially infarcted kidney. Kidneys from rats treated chronically with angiotensin-
converting enzyme (ACE) inhibitors also exhibit renin immunoreactivity of the afferent
arteriole extending well beyond the JG loci up towards the interlobular artery, suggesting
that ACE inhibition induces a recruitment of cells that in the basal state were not expressing
the renin gene [24]. Positive renin immunoreactivity has also been observed in cells of
glomeruli and of proximal and distal nephron segments [10, 30, 62, 100-102]. Originally,
these findings were interpreted as primarily reflecting uptake of the filtered renin [101].
However, renin mRNA has been demonstrated in mesangial cells, proximal tubular cells,
connecting tubule cells, and cortical and medullary collecting duct cells [12, 23, 30, 50-52,
62, 92, 94]. Although not abundant, renin mRNA and protein levels have been demonstrated
in proximal tubule cells [12, 30, 62, 100]. Renin may also be filtered, thus providing an
additional source of proximal tubule renin [53]. Regardless of source, proximal tubule renin
contributes importantly to the local generation of Ang | from AGT produced and secreted by
proximal tubule cells [85]. Ang | may be formed either intracellularly or in the tubular
lumen. Once formed, the Ang | can be readily converted to Ang Il by the abundant ACE on
the brush border of the proximal tubule [71-73]. Recent studies also reported renin protein
expression using immunohistochemistry and Western blot techniques in M-1 cells, a cortical
collecting duct cell line from mouse origin [42, 51]. Lalouel et al. [51] emphasized the
potential significance of renin in collecting duct cells in generating Ang | in distal nephron
segments. As shown in Fig. 1a, renin in distal nephron segments is specifically localized to
principal cells of connecting tubules and collecting duct [42, 51, 91]. These findings, along
with the demonstrations that intrarenal AGT expression and secretion and collecting duct
renin expression are markedly augmented in Ang Il-dependent hypertension (Fig. 1b) [27,
45, 46, 60], support the hypothesis that abundant substrate and renin are available for
intratubular Ang Il production in distal nephron segments of the kidney [73].
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As previously indicated, a substantial fraction of the Ang Il present in renal tissues is
generated locally from AGT delivered to the kidney as well as from AGT locally produced
by proximal tubule cells [44, 57]. Thus, it has been proposed that renin in distal nephron
segments provides a pathway for Ang I generation from proximally delivered AGT [75, 89,
94]. Renin expressed in principal cells of connecting tubules and cortical and medullary
collecting ducts is intriguing because it appears to be regulated differently than renin in JG
cells [91, 94, 101] (Fig. 1b). Renin protein and message in the principal cells are upregulated
by chronic infusions of Ang 11 [91, 92]. In contrast to the inhibitory effect that Ang Il exerts
on JG renin, chronic Ang Il infusions stimulate renin in renal medullary tissue [91, 92]. The
finding that increases in collecting duct renin transcript and protein levels in chronic Ang 1I-
infused rats are prevented by AT receptor blockers (ARB) suggests an AT, receptor-
mediated mechanism [92]; however, these data did not distinguish between the stimulatory
effects of Ang Il versus those due to the associated increases in arterial blood pressure.

The two-kidney, one-clip (2K1C) Goldblatt hypertensive rat model was used to dissect the
effects of high Ang Il levels, which are present in both kidneys of 2K1C rats, from the
effects of exposure to elevated arterial pressure, which is restricted to the non-clipped
kidney (NCK). During 2K1C Goldblatt hypertension, a cascade of events initiated by the
increased renin secretion from the clipped kidney (CK) is followed by early increases in
circulating Ang I1, which ultimately inhibit JG renin synthesis and release in the NCK. High
circulating Ang Il levels return back toward normal after 2—-3 weeks of renal unilateral
clipping [28]. In this model, there were increases in renin message and protein in principal
cells from both clipped and NCK, thus indicating that Ang Il stimulates collecting duct renin
independently of blood pressure [90]. In particular, the augmented gene expression of renin
in the collecting ducts of both kidneys in 2K1C Goldblatt hypertensive rats supports the
conclusion that the enhancement of local synthesis and stimulation of renin in the distal
nephron segments occurs independently of blood pressure. Associated with the increased
renin, there were also increases in Ang Il and ACE but suppression of Ang 1-7 levels and
ACE?2 activity in medullary tissue from both clipped and NCK [87].

Rohrwasser et al. [94] reported in vitro renin secretion by isolated connecting tubules.
Recently, we described the augmentation of renin secretion by the collecting duct cells in
chronic Ang ll-infused hypertensive rats [54] since they exhibited increased urinary renin
content even though PRA was suppressed. Urinary renin levels are also elevated in diabetic
patients [104], which occur in parallel with the known intrarenal RAS activation in diabetes.
Although the presence of renin mMRNA in the renal medullary tissues of Ang Il-dependent
hypertensive rats indicates local synthesis, it is possible that renin protein uptake by the
collecting duct cells also contributes to the increased local renin. This is a possibility to be
considered in light of the recently discovered prorenin/renin receptor (PRR) detected in
mesangial cells, cortical renal arteries, and distal tubules of the kidney [14, 79]. However,
evidence indicating that the PRR is not a receptor dedicated for renin clearance [8, 40] and
that PRR is expressed by the intercalated cells and not the principal cells [1, 25] rule out the
possibility that the presence of renin in principal cells is due to PRR uptake.

The discovery of the PRR brings a new perspective regarding the possible role of PRR in a
setting of activated intrarenal RAS. The PRR was described as an associated protein with the
V-ATPase (vacuolar H+-ATPase), giving the name to the gene, Atp6ap2 (ATPase 6
accessory protein 2/prorenin receptor). The PRR binds renin and prorenin with an affinity in
the nanomolar range and their binding triggers a range of cellular events via mitogen-
activated kinases (MAPKS) and extracellular-signal-regulated kinases (ERK 1/2).
Importantly, although the functional roles of the PRR remains to be clarified, its actions
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have been linked to diabetic nephropathy [97]. Despite the low levels of renin in patients
with diabetic nephropathy, high levels of prorenin are detected in these patients associated
with occurrence of microvascular complications, microalbuminuria, and retinopathy [17,
41]. It has been suggested that blockade of prorenin binding to the PRR receptor using a
PRR handle-region peptide is able to prevent and even reverse diabetic nephropathy [34];
however, these findings remain controversial because other studies have failed to show an
effect of the handle-region peptide [67]. Nonetheless, evidence showing the presence of
PRR in podocytes, mesangial cells, and particularly in the intercalated type-A cells of distal
nephron segments [25, 35, 76, 78] is of great relevance since the synthesis of prorenin is also
augmented in the collecting ducts during diabetic nephropathy, which may lead to activation
of signaling pathways that can promote tubular damage [42]. This evidence suggests that
interactions between the PRR and renin or prorenin in plasma, interstitial space, or in tubular
fluids contribute to the generation of additional Ang I1 levels. In fact, prorenin levels in the
plasma are not correlated with plasma renin activity in some diseases [16], which suggest
complex interactions depending on the status of prorenin or PRR. We have demonstrated
that the PRR is augmented in the collecting ducts of rats infused with Ang Il during 14 days
[25]; however, the pattern between mRNA and post-transcriptional events seems to be
different, making the PRR/prorenin interaction complex especially in diabetic nephropathy
and hypertension. Interestingly, binding of renin and prorenin to PRR induces a fourfold
increase in the catalytic efficiency of angiotensinogen conversion to Ang | [76, 79]. Thus,
renin/prorenin interaction with its receptor may provide a novel mechanism for tissue Ang |
generation on the cell surface [25, 76-78]. As shown in Fig. 2, apical PRR is co-expressed
in cells expressing the anion exchanger type 1 (AE-1; basolateral membrane).

The PRR increases Ang Il tissue generation by binding renin or prorenin and increasing its
catalytic efficiency, thus leading to enhanced Ang Il formation and contributing to increased
blood pressure [25, 49, 79]. We have found increased PRR protein and transcript levels in
hypertensive chronic Ang Il-infused rats [25] and CyplalRen2 transgenic rats [88], and
significant enhancement of specific PRR immunoreactivity in the collecting duct of both
kidneys of 2K1C Goldblatt rats [75]. Nevertheless, Muller et al. [67] reported that 2K1C
Goldblatt rats do not exhibit upregulation of the PRR transcript in either kidney.
Discrepancies found in the upregulation of the PRR expression in both kidneys of Goldblatt
hypertensive rats may be due to the differences in sensitivity of the methods used in those
reports. One possibility is that enhanced prorenin synthesized and secreted by principal cells
is anchored by the PRR present in the intercalated cells of the collecting duct, thus
increasing the Ang | formation in distal nephron segments. Recent studies demonstrated that
chronic Ang ll-infused hypertensive rats exhibit augmentation of the PRR mRNA levels
(Fig. 3a) [25]. Interestingly, the renal inner medullary tissues and the urine of Ang Il
hypertensive rats exhibit the SPRR form while those samples from sham-operated do not
(Fig. 3Db, c). Although the role of the PRR remains controversial and further studies are
needed to provide direct evidence in support of its function, our findings are consistent with
the notion that prorenin secreted by the principal cells of the collecting ducts binds to the
PRR located on the apical membrane of the intercalated cells or to the SPRR present in the
tubular fluid, thus enhancing local renin enzymatic activity leading to increased Ang | and
Ang Il formation in the lumen of distal nephron segments [25, 88]. These findings, along
with the demonstration that renin is found on the luminal side of connecting tubule and
collecting duct cells [91, 94], indicate that renin is secreted into the distal tubular lumen. Its
local interaction with PRR thus contributes to the increased renin activity in the tubular fluid
of collecting duct segments leading to formation of Ang I and elevated Ang Il (Fig. 4).
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Regulation of renin in the collecting duct during Ang ll-dependent hypertension

The mechanisms responsible for the upregulation of renin in the collecting ducts during Ang
I1-dependent hypertension remain unclear. Increased renin synthesis is mediated by AT,
receptors independent of changes in blood pressure [90]. In vitro studies also suggest that
collecting duct renin synthesis and secretion can be directly increased by Ang Il [42];
however, the mechanisms involved are not well delineated. AT4 receptor activation
suppresses renin synthesis in JG cells via protein kinase C (PKC) and Ca** [43, 68];
however, in vivo and in vitro evidence suggests that the mechanisms of regulation of
collecting duct renin are different from those described for JG cells. ATq receptors are
expressed in principal cells and activate the epithelial sodium channel (ENaC), stimulating
sodium reabsorption [55, 83, 99]. In Ang Il-dependent hypertension, elevated plasma Ang Il
levels stimulate aldosterone secretion leading to activation of mineralocorticoid receptors
(MR) with corresponding increases in Na* reabsorption through ENaC in principal cells [3,
56, 111]. The effects of aldosterone are additive to those of luminal Ang Il which increases
the open probability and induces translocation of the a-ENaC subunit to the apical
membrane [55]. Thus, the effects of Ang Il complement those of aldosterone to regulate
overall ENaC activity.

Further studies were performed to determine if increased collecting duct renin in Ang I1-
infused rats is due to enhanced MR activity and/or ENaC stimulation. Studies showing that
chronic Ang Il infusion enhances distal nephron sodium reabsorption [3, 96, 111] suggest
that enhanced collecting duct renin expression may be responsible for generating the
increased Ang Il levels that lead to enhanced sodium reabsorption. In vivo results
demonstrate that amiloride, a specific ENaC inhibitor, reduced the rate of progression of
hypertension (Fig. 5) and enhanced the natriuresis in Ang Il-infused rats, suggesting a
significant contribution of ENaC to the increased sodium reabsorption in the collecting duct
during chronic Ang Il infusions [26]. Thiazide treatment during early stages of hypertension
also reduced the hypertension in Cyplal-Ren2 rats [2]. Despite these effects, renin mMRNA
levels and urinary renin content were similarly increased in rats subjected to chronic
treatment with Ang Il and Ang Il plus amiloride even though PRA was completely
suppressed. Moreover, in vitro activation of MR by aldosterone at concentrations that
increase a-ENaC mRNA expression did not alter renin mRNA or protein levels. Rohrwasser
et al. [94] demonstrated in mice that a high-sodium diet plus amiloride treatment increased
renin immunoreactivity in connecting tubule cells although there were decreases in JG renin;
however, connecting tubule cell renin immunoreactivity in mice did not exhibit significant
variation in response to changes in dietary sodium [52, 94]. These results indicate that the
magnitude of sodium reabsorption by the collecting duct is not a modulator of renin
synthesis or excretion.

To evaluate the possible mechanism involved in the AT, receptor-dependent renin
upregulation in collecting duct, we examined the presence of functional AT4 receptors in
inner medullary collecting duct (IMCD) cells [26]. Intracellular Ca** measurements in
response to Ang Il incubation demonstrated increases in intracellular Ca*™* levels, showing
that AT, receptors are functionally expressed in the plasma membrane of IMCD cells.
Immunofluorescence studies in vitro also demonstrated the presence of renin/prorenin in
principal cells of the collecting duct as previously shown [91]. Furthermore, AT, receptor
blockade in primary cultures of IMCD cells demonstrated a direct AT, receptor-dependent
mechanism. Since PKC and Ca** inhibit JG renin expression [43, 68], we also investigated
this possibility. In rat IMCD cells expressing functional AT, receptors (Fig. 6), we found
that PKC activation with phorbol 12-myristate 13-acetate (PMA) actually increased renin
MRNA and prorenin protein levels while calphostin C prevented the Ang Il-mediated
stimulation, thus suggesting that the downstream pathway in the stimulation of renin in the
collecting duct cells is mediated by PKC and opposite to that occurring in JG cells [26].
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Calphostin C inhibits the classical (a) and the novel (8, &, ) but not the atypical () PKC
isoforms [93] described in the rat IMCD cells [13]. Treatment with PMA specifically
activates classical and novel PKC isoforms [13]; thus, it is unlikely that the atypical ¢ PKC
isoform is involved [93]. Taken together, the evidence indicates that AT, receptors are the
main regulator of renin/ prorenin synthesis and secretion in the collecting duct and that this
occurs independently of MR activation or ENaC activity via a PKC-dependent pathway
[26].

Role of collecting duct renin in determining regional differences in intrarenal angiotensin
peptide content during Ang ll-dependent hypertension

Intrarenal Ang Il is not distributed in a homogenous fashion but is compartmentalized in
both a regional and segmental manner [70]. However, there is still no consensus regarding
the differential levels of intrarenal Ang Il contents between the renal cortex and the renal
medulla [37, 72]. The renal cortex has abundant expression of AGT and ACE in PT cells
and renin in JG cells. Nonetheless, ACE activity is fivefold higher in the renal medulla than
in the renal cortex [37]. Angiotensin 1-7, a putative vasodilator and anti-proliferative
peptide formed by ACE2 acting on Ang 11, and ACEZ2, the homolog of ACE that cleaves
Ang | and Ang Il into Ang 1-9 and Ang 1-7, are abundant throughout the renal tubules of
the cortex and outer medulla [5, 103, 110]. In 2K1C Goldblatt hypertensive rats, we found
reduced ACE?2 transcript levels associated with decreased Ang 1-7 immunoreactivity in the
renal cortexes compared to kidneys of sham rats [87]. Moreover, in the chronic Ang I1-
infused rat model, we found that the kidney Ang Il contents are significantly higher in the
renal medulla than in the cortex [75]. During Ang Il-dependent hypertension, enhancement
of renin mMRNA and protein in the collecting duct cells, as reflected in increased renin
activity in the urine [54], may lead to increased intratubular Ang Il content, thus
contributing to an imbalance in the content of Ang Il and Ang 1-7 via differential regulation
of ACE and ACE2 leading to increased intrarenal formation of Ang Il [87]. Further evidence
demonstrating that Ang Il upregulates ACE and downregulates ACE2 in various tissues [22,
38, 47] highlights the importance of the recent discovery of the Ang Il-degrading enzyme,
ACE?2, in the metabolic pathway of Ang Il in hypertension. The abundant ACE in renal
medullary collecting duct cells further contributes to the increased Ang Il levels in the renal
medulla of Ang Il-dependent hypertensive rats and ultimately to the stimulated ENaC
activity in cortical collecting duct cells [6, 48, 83]. Under this scenario, stimulation of
sodium reabsorption in the collecting duct may explain the attenuation of the pressure-
natriuretic response to elevations in arterial blood pressure and the development and
maintenance of hypertension in these hypertensive models [28, 32, 61, 74, 111].

Contribution of collecting duct renin in Ang ll-dependent hypertension

Abnormalities in the renal regulation of sodium balance seem to be a common pathway in
the development of hypertension, particularly during inappropriate activation of the
intrarenal RAS, since it controls renal sodium and water balance. In the kidney, the function
of the collecting duct is crucial for fine tuning of sodium reabsorption in which Ang Il plays
a critical role. Ang Il increases NaCl reabsorption in the collecting duct via direct
stimulation of several transporters including ENaC [48, 55, 83], thus contributing to the
development of hypertension [73]. In addition, chloride must also be absorbed to maintain
the pressor effect of sodium. In the collecting duct, pendrin may provide a major route for
chloride absorption. Pendrin expression and activity in turn is stimulated by Ang Il and
aldosterone [81, 105, 106]. In Ang Il-dependent hypertension, the evidence indicates that
collecting duct renin contributes to the maintenance and increase in intrarenal Ang Il
generation [73, 87, 89]. In chronic Ang ll-infused rats and mice, despite marked suppression
of PRA and renin in JG cells, the intra-renal levels of Ang Il are much higher than expected
due to AT1a receptor-mediated internalization [112, 114] and local Ang Il de novo

Pflugers Arch. Author manuscript; available in PMC 2014 January 01.



1X31-)lew1a1ems 1X31-){Jewiaremsg

1Xa1-)lewarems

Prieto et al.

Page 8

generation [73, 111]. In contrast to the suppression of JG renin and PRA, in Ang Il-
dependent hypertension there is stimulation of renin and prorenin synthesis and secretion in
the principal cells of the collecting ducts but not in other nephron segments [89-92]. In the
2K1C rat model, during the initial phase of hypertension, the Ang ll-dependent alterations in
renal hemodynamics and tubular reabsorption of the NCK are due to the elevations in
circulating Ang 1l [15, 84]. The NCK is highly responsive to pharmacological blockade of
the RAS [31, 33, 36, 84, 113]. Administration of ACE inhibitors or AT, receptor antagonists
increases renal blood flow and glomerular filtration rate, reduces fractional sodium
reabsorption, and decreases the sensitivity of the tubuloglomerular feedback mechanism [4,
31]. This responsiveness of the NCK to blockade of the RAS persists even during the
maintenance phase of hypertension when plasma renin and Ang Il concentrations return
towards normal [28, 66]. The observation that the NCK is highly Ang Il dependent even
when circulating Ang Il levels return towards normal suggests that there is dissociation
between the circulating Ang Il levels and the renal Ang 11 dependency. Importantly, the fact
that the Ang Il content of the NCK is elevated even at a time when JG renin content and its
transcript levels are markedly decreased [28, 59, 65] suggests a unique mechanism
responsible for the enhanced intrarenal Ang Il in NCK. Thus, it is unlikely that circulating
Ang |1 sustains the upregulation of distal nephron renin since plasma Ang Il concentrations
in 2K1C hypertensive rats return toward control levels [28]. However, because increases in
plasma Ang Il concentration occur during the early phases following renal unilateral
clipping [107], this could play a role in initiating the increases of intrarenal Ang Il by
augmentation of intrarenal AGT [44] and AT receptor-mediated uptake [114]. Accordingly,
the initial event caused by unilateral renal artery clipping may initiate the cascade
responsible for intrarenal Ang Il augmentation in the NCK [11, 28]. It is also unlikely that
circulating renin or prorenin is the stimulus for the upregulation of renin in the collecting
duct cells since chronic Ang Il-infused rats exhibit stimulation of renin in distal nephron
segments in a setting of marked suppression of PRA [91].

In both of these models of Ang Il-dependent hypertension, the local amplification
mechanism of intrarenal Ang 11 on distal nephron renin may allow a moderate increase in
Ang Il to further augment the medullary intratubular and interstitial Ang 11 levels in order to
achieve rapid homeostatic regulation of sodium balance as needed in a setting of volume
depletion. Although this effect appears to be a positive feedback under pathologic
conditions, the physiologic consequences of this mechanism would be to prevent or
minimize volume and sodium depletion by enhancing sodium reabsorption to reestablish
sodium balance and, ultimately, to allow renin to return to normal levels. Thus, in
physiological conditions, this may represent a feed-forward mechanism that anticipates and
prevents volume depletion [91]. However, during inappropriate activation of the RAS such
as following unilateral renal artery clipping, chronic exogenous infusions of Ang Il, or
kidney diseases, this stimulus would be sustained leading to further increases in local Ang Il
levels through the coordinated actions of AGT in the proximal tubule cells and renin in the
distal nephron segments.
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Cortex

Fig. 1.
Renin immunostaining in juxtaglomerular cells collecting duct cells. a Co-localization of

aquaporin-2 (brown) and renin (red) in a rat paraffin kidney section. Aquaporin-2, a marker
of principal cells, is co-expressed with renin. Insert shows specific immunostaining of renin
in juxtaglomerular cells (arrowhead) and a collecting duct in the proximity (asterisk),
displaying double staining. b Compared to sham-operated rats (/eft panels), renin
immunostaining is increased in the cortical (¢pper panels) and medullary (fow panels)
collecting ducts of chronic Ang Il-infused rats (middle panels). AT1R blockade (ARB)
blunted this effect (right panels). Notice the differential effect of Ang Il on juxtaglomerular
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renin (arrowheads) versus collecting duct renin (asterisks). Adapted from Prieto-Carrasquero
et al. (2004, 2005)
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Fig. 2.

The prorenin receptor immunoexpression in the type-A intercalated cells of the collecting
duct. Microphotograph of a rat paraformaldehyde perfused kidney section (3 pm)
immunofluorescence staining of prorenin receptor located on the apical membrane (green,
Alexa Fluor 488; Invitrogen) of intercalated type-A cells co-localizing with basolateral
anion exchanges type-1 (AEL, red Alexa Fluor 594; Invitrogen) Bue (4”,6-diamidino-2-
phenylindole-DAPI), a nuclei marker. In this preparation, a goat anti-PRR (1:400 dilution;
Abcam) and a rabbit anti-AE1 (1:500 dilution; Alpha Diagnostic International) were used.
Image was visualized using an oil immersion x 100 objective of a Nikon Eclipse 50i
fluorescence microscope attached to a DS digital camera
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Fig. 3.

Kidney PRR expression levels in the renal cortex and medulla of angiotensin Il-infused rats.
a PRR mRNA levels are significantly increased in the renal cortex and medulla of Ang I1-
infused rats compared to sham-operated rats. b Upper panels, PRR protein immunoblots
from Ang Il-infused and sham-operated rats show the specific PRR band of 37 kDa in both
cortex and medulla. Middle panels show that the levels of full length of PRR (37-kDa band)
in the renal cortex of sham and Ang Il rats are similar, while they are significantly decreased
in the medulla of Ang ll-infused rats. The presence of the sPRR form (28-kDa band) became
apparent only in the renal medullary tissues of Ang Il hypertensive rats. In contrast, SPRR
was not detected in the medulla of sham rats nor in the cortex of either group. Lower panel
displays the PRR immunoblot using urines of Ang ll-infused and sham rats, which indicate
that the sSPRR form (28-kDa band) is only detected in the luminal fluid of Ang Il-infused
rats. ¢ In Sprague—Dawley rat urines collected with protease inhibitor cocktail, the amounts
of Ang | forming enzymatic units excreted per day x 10-6 in Ang ll-infused hypertensive
rats compared with sham-operated rats were increased in the absence of human recombinant
prorenin (hPR) and increased further in the presence of 22 pmol hPR. In samples spiked
with hPR, the background renin and non-specific enzyme activity were subtracted. These
results indicate that the presence of SPRR in the urine of Ang Il-infused rats contributes to
enhance renin enzymatic activity in the luminal fluid of distal nephron segments. MW
molecular weight standard (adapted from Gonzalez et al. 2011), MW molecular weight
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Fig. 4.

Proposed mechanism for the contribution of renin and prorenin in the collecting duct to
intratubular Ang Il formation. In Ang ll-dependent hypertension, Ang 11 type 1 receptor
(AT1R)-dependent stimulation of renin and prorenin synthesis and secretion by principal
cells in the collecting ducts interact with the prorenin receptor (PRR) on the plasma
membrane of intercalated cells or with the soluble form of the PRR (sPRR) to further
increase the Ang | formation upon the catalytic action on angiotensinogen (AGT) delivered
from proximal segments
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Systolic blood pressure in control rats (sham-operated), Ang ll-infused and Ang Il-infused
treated with amiloride. The rate of progression of systolic blood pressures measured by tail-
cuff methods was reduced in Ang Il hypertension rats treated with amiloride (5 mg/kg/ day;
Sigma) compared to Ang Il rats. Ang Il was subcutaneously administered via minipump at a
dose of 80 ngmin~1kg~1 for 14 days. Regression line curve (R2) is shown for each group (7=

10)
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Fig. 6.

PKC-dependent stimulation of renin in rat inner medullary collecting duct primary cultured
cells. Relative abundance of prorenin protein in response to Ang I, Ang Il + calphostin C,
and PMA (phorbol 12-myristate 13-acetate) treatments in freshly isolated inner medullary
collecting duct (IMCD) cells assessed by Western blot and immunofluorescence.* £<0.05
versus vehicle treated cells (adapted from Gonzalez et al. 2011)
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