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Abstract

We have bred a Pkd1 floxed allele with a nestin-Cre expressing line to generate cystic mice with
preserved GFR to address the pathogenesis of complex ADPKD phenotypes. Hypertension affects
about 60% of these patients before loss of renal function, leading to significant morbimortality.
Cystic mice were hypertensive at 5 and 13 weeks of age, a phenotype not seen in non-cystic
controls and Pkd1-haploinsufficient animals, which do not develop renal cysts. Fractional sodium
excretion was reduced in cystic mice at these ages. Angiotensinogen gene expression was higher
in cystic than non-cystic kidneys at 18 weeks, while ACE and the AT1 receptor were expressed in
renal cyst epithelia. Cystic animals displayed increased renal cAMP, cell proliferation and
apoptosis. At 24 weeks mean arterial pressure and fractional sodium excretion did not
significantly differ between the cystic and non-cystic groups, whereas cardiac mass increased in
cystic mice. Renal concentrating deficit is also an early finding in ADPKD. Maximum urine
osmolality and urine nitrite excretion were reduced in 10-13 and 24-week-old cystic mice, deficits
not found in haploinsufficient and non-cystic controls. A trend of higher plasma vasopressin was
observed in cystic mice. Thus, cyst growth most probably plays a central role in early-stage
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ADPKD-associated hypertension, with activation of the intrarenal renin-angiotensin system as a
key mechanism. Cyst expansion is also likely essential for the development of the concentrating
deficit in this disease. Our findings are consistent with areas of reduced perfusion in the kidneys of
patients with ADPKD.

INTRODUCTION

Autosomal dominant polycystic kidney disease (ADPKD) is the most common monogenic
life-threatening disease, with an estimated prevalence of 1:400-1000.1 By the age of 60
years, more than half of the patients reach end-stage renal disease.?2 While mutations in one
of two genes, PKD1 (polycystic kidney disease 1) or PKD2 (polycystic kidney disease 2),
cause this disorder, approximately 85% of the cases are linked to the PKD1 locus.3
Mutations in PKD1, in turn, are usually associated with a more severe phenotype than
PKD2.4% Although most patients seek medical attention due to kidney manifestations,
ADPKD is a systemic illness and includes extrarenal phenotypes most often represented by
liver cysts, intracranial aneurysms and heart valve abnormalities.®

The pathogenesis of critical and complex phenotypes is still unresolved in ADPKD.
Systemic arterial hypertension (SAH) is one of the most common findings in this disorder,
occurring in approximately 60% of cases prior to a significant loss of renal function’ and 10
years earlier than in the general population.8 SAH is a major risk factor for cardiovascular
disease and accounts for significant morbidity and mortality in this patient population.®-10
The mechanisms involved in ADPKD-associated hypertension, however, are not completely
understood, although renal abnormalities influence its genesis and maintenance.! It is
currently thought that activation of the renin-angiotensin system (RAS), in response to cyst
expansion and secondary vascular compression, plays a central role in the development of
hypertension in this disease.”11 This model, however, has not been proven yet. Additional
data suggest that lower levels of nitric oxide (NO) as a result of ADPKD-associated
endothelial dysfunctionl? contribute to increased angiotensin 11 generation through a local
increase in oxidative stress. In addition, reduced cardiac relaxation that is typically
associated with this disorder may lead to a reduction in renal blood flow and increase in
angiotensin 11 formation.11

The ADPKD renal phenotype is also classically associated with a concentrating deficit, one
of the earliest manifestations of the disease.1® This abnormality is usually mild and not
associated with polyuria or polydipsia, but can be detected in childhood.1* The pathogenesis
of this concentrating defect is not known but disruption of the corticomedullary architecture
due to cyst growth, a principal cell defect and/or development of tubulointerstitial alterations
have been proposed as possible causes. These mechanisms, however, are not consistent with
its early presentation.1® Previous data exclude a central nervous cause, since vasopressin
levels have been found to be high in ADPKD patients.1® Increased plasma vasopressin in
this illness'6-17 has been postulated to contribute to the degree of hypertension. Notably, the
observation that aquaporin-2 is upregulated in animal models of polycystic kidneys, as
opposed to what is seen in the central and most nephrogenic forms of diabetes insipidus,
suggests that the abnormality is positioned distally to the synthesis of this molecule.18.19
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In order to test whether cystic disease is the principal determinant of hypertension and the
concentrating defects, we have extensively evaluated and characterized these complex
phenotypes in two independent PKD1 orthologous mouse models. We found that Pkd1-
haploinsufficient animals were normotensive and had normal concentrating capacity
whereas cystic animals were hypertensive at the ages of 5 and 13 weeks, showed increased
kidney expression of RAS components and exhibited concentrating defects at 10-13 and 24
weeks of age. These findings suggest that cyst formation is critical for the pathogenesis of
both these classic manifestations of ADPKD and that RAS activation plays a significant role
in the pathogenesis of hypertension in this disorder.

Pkd1cond/cond:Nestinc® and Pkd1*~ mouse models

We have used two Pkd1-deficient mouse models in the current work. Using a Pkd1 floxed
allele and a nestin-Cre transgene, we have generated homozygous animals for this
conditional allele with a mosaic pattern of gene inactivation, via the excision of the exons 2—
4 (Pkd1cond/cond: Nestinc'; CY).20 This model, used in a previous study by Shillingford et
al?l, has developed a milder renal phenotype in our animal care facility than the one
reported by these investigators. We have also worked with heterozygous mice for a Pkd1-
null mutation (Pkd1*/~; HT).20.22 While the CY mice present cystic kidneys without a Pkd1-
haploinsufficient cell background, the HT animals display non-cystic kidneys in the setting
of Pkd1-haploinsufficiency by 15 weeks (wk) of age.20:22

Serial sections of CY and non-cystic (Pkd1cond/cond: NC) left kidneys confirmed the
presence of cysts and microcysts only in CY mice (data not shown). The average number of
cysts present in 15-wk CY left kidneys was 22+6; as expected, no cysts were observed in
15-wk NC left kidneys. Total kidney weight (TKW)/body weight (BW) ratios were
significantly higher in CY than NC mice at the ages of 5, 15 and 24 wk (Figure 1A, Table
1). Interestingly, heart weight (HW)/BW was also higher in CY animals at 24 wk (Figure
1B, Table 1).

These models represent, therefore, the two cellular/genetic environments found in the human
ADPKD kidneys: the HT mice show almost exclusively Pkd1*/~ renal cells but do not
display cysts, reproducing the background cell environment found in ADPKD1 patients; CY
mice, on the other hand, have cysts presumably formed by Pkd17~ cells, reproducing the
ADPKD1 cystic phenotype and its expected consequences, however in a predominant wild-
type cell (nonexpressing Cre) background. Ilustrations of CY and NC kidneys are presented
in Figure 1C. All experiments were performed in male mice to avoid potential gender-
related experimental heterogeneity.

We have also quantified cyclic AMP (CAMP) in kidney tissue at 13 wk of age, having found
higher levels in CY (14.78+6.33 pmol/mL) than NC mice (9.92+1.83 pmol/mL; p<0.05,
Figure 1D, Table 1). Occasional compression exerted by renal cysts on blood vessels could
be seen in CY kidneys, as shown in Figure 1E.
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A quantitative analysis of cystic involvement was carried out based on uniformly spaced CY
kidney sections. This evaluation revealed significantly higher indexes in CY mice at 24 wk
compared with 5 wk (17.31% [13.61-31.22) versus 8.63% (5.23-10.79); p<0.05], a trend of
lower indexes at 5 wk compared with 15 wk [8.63% (5.23-10.79) versus 12.86% (5.67-
17.83)], and a trend of higher values at 24 wk than 15 wk [17.31% [13.61-31.22) versus
12.86% (5.67-17.83)] (Figure 1F, Table 1).

Blood pressure analysis

Invasive mean arterial pressure (MAP) measured at 13 wk of age revealed higher levels in
CY mice compared to NC animals (149.79+4.66 versus 132.86+4.21 mmHg; p<0.001,
Figure 2A, Table 2). We did not observe, however, a difference in MAP between HT and
wild-type (Pkd1*"*; WT) mice (Figure 2B, Table 2). Following such findings, we extended
this analysis to younger and older cystic animals, showing significantly higher MAP in CY
compared to NC mice at the age of 5 wk (129.47+6.78 versus 118.81+9.07 mmHg; p<0.05,
Figure 2A, Table 2). Cystic animals, however, did not present significantly higher MAP at
24 wk, although a trend for more elevated MAP in CY than NC mice has been observed
(Figure 2A, Table 2).

Glomerular filtration, cystatin C and tubular function analyses

We found no serum creatinine (Sc,) difference between CY and NC mice at the ages of 5
and 24 wk, although slightly lower levels have been found in CY animals at 10-13 wk
(Figure 3A, Table 2). Serum urea nitrogen (SUN) also did not differ between these groups at
5 and 24 wk, but mildly higher values were detected in the cystic versus noncystic mice at
10-13 wk (26.70£1.43 versus 25.23+1.22 mg/dL; p<0.05, Figure 3B, Table 2). No
significant S¢r and SUN differences, however, were verified between HT and WT animals
at 10-13 wk of age (Figures 3A and B, Table 2). As an additional method to indirectly
assess glomerular filtration in CY and NC mice, we evaluated their serum cystatin C levels
at 13 wk. No significant difference, however, was observed between the two groups (Figure
3C, Table 2).

Next we studied the renal handling of Na* and K*. We found that CY mice had a
significantly lower fractional excretion of Na* (FEy;,) compared with NC animals at 10-13
wk (0.60+0.06% versus 0.74+0.09%; p<0.001), a finding that was reproduced at 5 wk
(0.57+0.22% versus 0.88+0.15%; p<0.01) but not at 24 wk (Figure 4A, Table 3). Serum Na*
(Sna) analysis revealed lower values in CY compared with NC mice at 10-13 wk [137 (136
to 139) versus 143 mEq/L (142 to 144); p<0.01], however this difference was not found at 5
and 24 wk (Figure 4B, Table 3). No serum K* (Sk) difference was detected between these
groups at the three analyzed ages (Table 3). Transtubular K* gradient (TTKG), in turn, did
not differ between CY and NC mice at all evaluated ages (Table 3, Supplemental Figure S1).

Interestingly, HT mice exhibited a lower FEn, compared to WT animals at 10-13 wk of age,
although the difference was less striking than that observed between CY and NC mice
(Figure 4A, Table 3). There was no significant difference in Sy, or Sk between the HT and
WT groups at this age (Table 3).

Kidney Int. Author manuscript; available in PMC 2015 July 22.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Fonseca et al. Page 5

Plasma renin, plasma vasopressin and serum aldosterone

Since the renin-angiotensin-aldosterone system has been implicated in ADPKD-associated
hypertension, we evaluated this system in our animal models. We did not detect a significant
difference in plasma renin (evaluated at 13 wk), plasma vasopressin (14 wk) and serum
aldosterone (15 wk) between CY and NC mice (Figure 5A, Table 4). Despite considerable
variability, there was a trend toward higher plasma vasopressin in CY animals [515.0 pg/mL
(187.6 to 1265.0) versus 71.3 pg/mL (54.3 to 472.8); p=0.13, Figure 5A, Table 4)]. The
plasma renin, plasma vasopressin and serum aldosterone levels did not differ between HT
and WT mice (Figure 5B, Table 4).

Angiotensinogen, renin and angiotensin-converting enzyme gene expression in cystic and

non-cystic kidneys
In addition to its primary synthesis and secretion by hepatic cells, angiotensinogen can be
also produced locally in the kidneys and constitutes a component of the intrarenal RAS.23
The angiotensinogen MRNA expression level was elevated in CY mouse kidneys at 18 wk
of age (1.7620.65 arbitrary units; AU) compared to NC organs (1.06+£0.39 AU; p<0.05,
Figure 6A); no significant difference, however, was observed at 5 and 24 wk (Figure 6A).
There was no difference in renin and angiotensin-converting enzyme (ACE) gene expression
levels between CY and NC kidneys at 18 wk (Figures 6B and 6C).

ACE and AT1 receptor immunohistochemical expression in cystic and non-cystic kidneys

Next we studied expression of ACE and AT1 receptor in 15-wk-old mice. At this time point,
CY kidneys showed nonuniform immunohistochemical ACE staining in renal cyst epithelia,
as well as occasional positive signal in tubular segments (Figure 6D). We did not observe
ACE staining in the vasculature of CY kidneys. In contrast, NC mouse kidneys showed no
ACE staining in either tissue compartment.

Blood vessels from both CY and NC mouse kidneys exhibited positive AT1 receptor
(AT1R) staining (Figure 6E). In addition, cystic epithelia in the CY kidneys stained for
ATIR at 15 wk. There was no AT1R signal in glomeruli or in normal-appearing tubules in
both CY and NC kidneys (Figure 6E).

Urinary excretion of nitric oxide metabolites

The urinary excretion of nitrite (UEng2) was lower in CY than NC mice at 10-13 wk [8.5
pumol/g of creatinine (3.2 to 10.1) versus 13.9 pmol/g of creatinine (9.9 to 18.1); p<0.01) and
at 24 wk of age [4.3 umol/g of creatinine (3.9 to 5.2) versus 5.5 umol/g of creatinine (4.8 to
7.8); p<0.05) but no significant difference was detected at 5 wk (Figure 7A, Table 5). In
contrast, the urinary excretion of nitrate (UEn@3) did not differ between the two sets of
animals at the three evaluated ages (Table 5, Supplemental Figure S2A). There was no
difference in urinary excretion of these nitric oxide metabolites between HT and WT groups
at 10-13 wk of age (Table 5, Figure 1B and Supplemental Figure S2B).
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Renal concentrating capacity analysis

We found that the renal concentrating capacity, assessed as the maximum urine osmolality
(UogsmMax), was significantly lower in CY mice compared with NC animals at 10-13 wk
(2734+195 versus 3199+288 mOsm/kg H,0O; p<0.001) and at 24 wk of age (25184582
versus 3127+303 mOsm/kg H,0; p<0.05). Although a similar trend was already detected at
5 wk, the difference between the two groups was not significant (Figure 8A, Table 3).
UosmMax did not differ, however, between HT and WT mice at the age of 10-13 wk (Figure
8B, Table 3).

Cell proliferation and apoptosis in cystic and non-cystic kidneys

Polycystins modulate cell proliferation and are essential to maintain the differentiated
phenotype of renal tubule epithelial cells.2425 A fall in polycystin-1 or -2 below critical
levels may also lead to apoptosis, loss of planar cell polarity and extracellular matrix
remodeling.24.26.:27 We evaluated cell proliferation and apoptosis in our mouse models.

The Ki-67 immunohistochemical analyses revealed an elevated tubular cell proliferation rate
in CY [19.4/10,000 cells (10.2 to 36.9)] compared with NC kidneys [5.2/10,000 cells (0.7 to
10.4); p<0.05, Figure 9A and B] at the age of 15 wk. Surprisingly, the cell proliferation rates
did not significantly differ between cyst lining cells [18/10,000 cells (0 to 25),n =8
animals] and tubular cells in CY kidneys. As expected, there were equally low rates of
tubular cell proliferation in both HT and WT kidneys (Figure 9A and B).

We used terminal deoxynucleotidyl transferase-mediated digoxigenin-deoxyuridine nick-
end labeling (TUNEL) to study apoptosis in kidneys from 15-wk animals. CY kidney
tubules had a significantly higher apoptotic rate [15.9/10,000 cells (12.0 to 24.4)] compared
with NC renal tubules [0.0/10,000 cells (0.0 to 3.4), p<0.001; Figure 9C and D]. A trend of
higher rate of apoptosis was observed in cyst lining cells [82.2/10,000 cells (3.4 to 102.3), n
= 8 animals)] compared with tubular cells in CY kidneys, however the difference between
them did not reach significance. There was no difference in tubular apoptotic rates between
HT and WT kidneys (Figure 9C and D).

DISCUSSION

The complex mechanisms that underlie pathogenesis of hypertension in ADPKD are
incompletely understood.1? It is still debated whether ADPKD-related SAH is primarily
caused by vascular/endothelial abnormalities or depends on renal cyst formation and
expansion. We addressed this question using two orthologous ADPKD mouse models, with
distinct profiles of Pkd1 gene deficiency. HT mice do not develop renal cysts at the analyzed
age, representing a pure Pkd1-haploinsufficiency model?2 while CY mice are cystic but
have preserved glomerular filtration rate (GFR) at the evaluated ages. This latter model
reproduces the phenotype observed in humans with early-stage ADPKD. CY mice were
hypertensive already at the age of 5 wk and remained so at 10-13 wk, while HT animals had
no elevation in MAP when compared to controls.

Cystic mice developed larger kidneys per BW with higher levels of cAMP than noncystic
animals, confirming the altered features found in ADPKD. The renal cystic index analysis
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supports, in addition, the progressive nature of renal disease. We detected no difference in
cystatin C levels between CY and NC mice at 13 wk of age. This finding suggests preserved
renal function in CY while indicates, in association with no Sc; difference between the CY
and NC groups at 5 wk, that the slightly lower Sc, observed in 10-13-wk CY animals might
be secondary to a mildly decreased muscle mass. This hypothesis, however, needs to be
investigated. Taken together, the CY and HT results are consistent with the idea that the
pathogenesis of ADPKD-associated hypertension is primarily due to cyst formation and
enlargement rather than a primary vascular defect or the result of haploinsufficiency.
Moreover, at least in our cystic mouse model, renal dysfunction per se does not play a role
in the genesis of SAH. Interestingly, a trend for higher MAP was observed in CY compared
with NC mice at 24 wk, but not significant, suggesting that a heart damage secondary to
SAH is already installed in CY at this age. The finding of heavier hearts per BW in CY
animals, in fact, supports this hypothesis.

Five and 10-13-wk CY mice exhibited a lower FEy;,, accompanied, at 10-13 wk, by a slight
increase in SUN compared with their NC controls. These results are consistent with renal
vascular compression induced by cystic expansion, sectorial reduced perfusion, RAS
activation, and increased urea/Na* tubular reabsorption. The vascular compression that we
observed in CY kidneys is highly supportive of this mechanism. Our plasma renin assay,
however, did not reveal higher levels in CY animals, an observation that requires future
studies. Notably the FEyj, difference is no longer detected between CY and NC mice at 24
wk, suggesting that at later stages of the disease the absence of Na* retention difference may
contribute to the loss of significance in MAP difference between the two groups.

Our gPCR assays demonstrated increased angiotensinogen mRNA levels in CY versus NC
kidneys at 18 wk of age. These findings support the intrarenal RAS involvement in the
pathogenesis of SAH in ADPKD, corroborating previous studies that propose that the
intrarenal system plays a significant role in its genesis.1 28 We were unable, however, to
detect differences in renin and ACE mRNA expression between CY and NC kidneys. ACE
staining was detected in cystic epithelia and some tubular segments of CY kidneys, but was
absent in vascular structures. NC kidneys did not show tubular or vascular signal. Positive
ATIR staining was also observed in CY renal cystic epithelia, as well as in blood vessels,
whereas AT1R signal was restricted to vascular structures in NC kidneys. These findings are
similar to previous data that reveal ACE and AT1R expression in cystic epithelia and dilated
tubules of human ADPKD kidneys.2° These authors also found angiotensin |1 staining in
cystic epithelia and proximal tubules. Additional studies report increased renin concentration
in juxtaglomerular apparatus, arterioles and connective tissue cells surrounding cysts in
ADPKD kidneys30, as well as in fibrous tissue distant from vessels.3! Our findings,
therefore, provide additional support for the role of intrarenal RAS in the genesis and
maintenance of ADPKD-related hypertension.

The importance of circulating RAS in ADPKD-related SAH remains controversial.1:28:32.33
Renin plasma concentration was not different between CY and NC nor between HT and WT
mice. Similar results were observed for serum aldosterone. This is consistent with a prior
study that showed no difference in plasma renin activity between hypertensive and
normotensive ADPKD patients.34
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CY animals displayed lower UEy 2 than NC mice but no difference in UEnp3. Our findings
suggest that the decreased NO production associated with human ADPKD353¢ is related to
cystic disease and could contribute to SAH. The absence of decreased UEno2 in the
hypertensive CY at 5 wk, however, suggests that decrease in NO generation is not essential
for the development of SAH. We did not find significant differences in UEng2 and UENQ3
between the HT and WT groups which differ from findings reported by other
investigators.3” This difference may have occurred due to different ages or genetic
backgrounds. At this point, however, we cannot exclude a contributory effect of abnormal
vascular reactivity to catecholamines and/or acetylcholine to hypertension in CY mice,
determined by the mosaic distribution of Pkd1 deficiency and, potentially, by its effects on
polycystin-2 in endothelial and vascular smooth muscle cells.

A hypothesis for ADPKD-associated renal concentrating deficit invokes a primary
abnormality in the principal cells. The fact that polyuria develops only after renal cyst
detection, however, makes it unlikely.1® The early presentation of concentrating deficits, in
turn, argues against a primary role for tubulointerstitial alterations or cyst-dependent
disruption of the corticomedullary architecture in determining this phenotype.38 Our data did
not reveal a difference in UpsymyMax between HT and WT mice, suggesting that PKD1
haploinsufficiency does not result in this defect. In contrast, CY mice showed a UggyMax
decrease compared to NC at 10-13 and 24 wk, a finding not yet significant at 5 wk. These
data support that cyst development and time-dependent structural disruption of renal
architecture play a central role in the genesis of concentrating impairment. Moreover, they
are consistent with a significant concentration deficit detected in children only with more
than 10 cysts3? and a study that shows that this defect correlates with the number of cysts.38

High vasopressin levels could contribute to SAH via effects on V1a or V2 receptors. The
former mediates a direct effect on vascular smooth muscle thereby decreasing medullary
renal blood flow?C while activation of the latter increases expression of the ENaC p and vy
subunits.#1 We found a trend of higher vasopressin in CY, though not significant. This lack
of significance may be due to the variability in cystic phenotype observed in our model,
likely based on the mosaic and nonsynchronous expression of nestin-Cre#2, or in the
employed assay. The lower Sy, in 10-13-wk CY, in addition, suggests an effect of increased
vasopressin in these mice.

The higher tubular cell proliferation and apoptotic rates observed in CY kidneys included
areas near and distant from cysts. This cell proliferation pattern in tubules differs from a
previous report, in which Pkd1 was inactivated at 5 wk and increased cell proliferation was
not detected in areas distant from cysts.43 The distinct profiles are likely explained by the
fact that in our model Pkd1 inactivation is not synchronous.

Our data, therefore, support the cyst expansion/local hypoperfusion model for hypertension
in an orthologous mouse model of ADPKD and implicates intrarenal RAS activation as a
critical player in its pathogenesis. Our results, in addition, lead to the conclusion that cyst
expansion is determinant for the development of renal concentrating deficit in this cystic
mouse. Based on the orthologous nature of this model, these findings bring relevant and
applicable mechanistic insights to human ADPKD.
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METHODS

Mouse models

The generation of the cystic model was based on a Pkd1 floxed allele (Pkd1°°"d) that
contains lox P sites inserted in introns 1 and 4 and a neomycin cassette flanked by FRT sites
inserted in intron 1.20 In the presence of Cre recombinase, exons 2—4 are excised, producing
the new allele Pkd19€/2-4, |n TgN(balancer2)3Cgn mice, Cre recombinase expression is
controlled by the nestin promoter and enhancer sequences located in the second intron.*4
The Pkd1cond [ine, generated on a C57BL/6 background, was crossed with a mouse line
carrying this transgene, leading to inactivation of the floxed allele following a mosaic
pattern. The presence of Pkd1¢° alleles and the nestin-Cre transgene was determined using
specific PCR reactions. Animals with the Pkd1cond/cond: Nestincre genotype (CY), in turn,
develop a renal cystic phenotype that mimics human ADPKD. Pkd1cond/cond (NC)
littermates were used as controls.

We have previously reported and characterized a 129Sv mouse line with a Pkd1 null
allele.20-21 The construct had part of exon 2 and the entire exon 3 replaced with lacZ cloned
in frame to the remainder of exon 2, followed by the neomycin resistance gene (neor). The
lacZ-neor 5’ segment contains transcriptional termination sequences that preclude
expression of 3’ Pkd1 exons. The mice were genotyped using a three-primer PCR strategy.
Heterozygotes for the Pkd1-null mutation (Pkd1*/~, HT) present virtually no renal cysts by
15 wk of age, representing a pure Pkd1-haploinsufficiency model. In this case, wild-type
littermates (Pkd1*/*, WT) were employed as controls.

The study was performed in accordance with international standards of animal care and
experimentation.

Assessment of renal cyst formation and histology

The mice were anesthetized with intraperitoneal sodium pentobarbital (80 Pg/g BW) and
submitted to complete exsanguination and immediate perfusion with Millonig formalin,
modified by Carlson. The left kidney was then harvested and fixed in situ with 4% buffered
paraformaldehyde, paraffin embedded, and sectioned at 4 pm. Kidney sections were
mounted on slides and stained using hematoxylin and eosin for histological analysis. The
number of cysts present in each left kidney was calculated by evaluating entire sections
obtained at 70-pm intervals.

The cystic index was quantified using Kidney sections spaced at 30-um intervals. The total
kidney area and the total cystic area were measured using the Image Pro Plus software
(Media Cybernetics Manufacturing, Warrendale, USA) and the cystic index was presented
as the percent total cystic area/total kidney area ratio.

Invasive measurement of mean arterial pressure

The mice were submitted to inhalation anesthesia with isoflurane 1.5%. A catheter 4.0 cm in
length, 0.4 mm in external diameter and 0.25 mm in internal diameter (Micro-Renathane,
Braintree Science Inc, Braintree, USA) was inserted into the right carotid artery to record
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MAP.5 Prior to implantation, the catheter was filled with saline solution containing heparin
50 IU/mL and occluded with a metal pin. It was exteriorized at the nape with a trocar and
the incision sutured. The catheter was then connected to a pressure transducer linked to a
data acquisition system (BIOPAC Systems, Santa Barbara, USA) for measurement in
mmHg. MAP was assessed 24 h after surgery, allowing animals to recover and return to
baseline conditions.

Biochemical determinations

Blood samples were drawn by retro-orbital bleeding. Four hours (h) after this procedure the
animals were weighted and housed for 24 h for urine collection, without food and water. The
samples were allowed to clot and centrifuged to obtain serum. SUN was determined
according to Crocker’s protocol (Celm, Barueri, Brazil) whereas Sc, and urine creatinine
(Ucr) were measured using a colorimetric assay (Labtest, Lagoa Santa, Brazil). Two CY and
one NC mice with baseline SUN above 35 mg/dL were removed from 10-13-wk groups to
avoid any potential interference of decreased renal function on the evaluated variables. This
criterion, however, was not applied to the 24-wk groups due to the stage of the disease. FEp;,
and TTKG were calculated following the equations FEng = (Una X Scr) / (Sna % Ugy) x 100,
where Uy is urine Na*, and TTKG = (Uk x Sosm) / (Sk x Uosm). Cystatin C was
measured in serum using an ELISA kit (Enzyme-Linked Immunosorbent Assay, Sigma, St
Louis, MO, USA).

Kidneys from 13-wk-old CY and NC mice were harvested and subsequently homogenized
in 0.1 M HCI. Total cAMP was measured in the correponding lysates using an enzymatic
immunoassay according to the manufacturer’s protocol (Sigma, St Louis, MO, USA).

Renal concentrating capacity was analyzed by determining UysmMax. The animals were
kept in the metabolic cage for additional 8 h following the previous 24-h urine collection
time, totalizing 32 h, with food but no water. This period was followed by a subcutaneous
injection of desmopressin (DDAVp; 1.0 ug/kg BW) and return to the metabolic cage. After
10 h the mice were weighed and urine was collected to measure Uggm Using a Vapro 5500
vapor osmometer (Wescor, Logan, USA).

UEno2 and UEn 3 were determined by chemiluminescence using an NO analyzer NOA280;
Stevers Instruments, Boulder, USA).

Plasma renin, plasma vasopressin and serum aldosterone

Plasma renin was measured using a commercial immunoradiometric assay kit (Active Renin
IRMA, Diagnostic Systems Laboratories, Webster, USA). Plasma vasopressin and serum
aldosterone were determined with commercial radioimmunoassay kits (RK-065-07, Phoenix
Pharmaceuticals, Phoenix, USA; and TKAL1, Coat-A-Count Aldosterone, Siemens, Los
Angeles, USA, respectively).

Real-time RT-PCR

Total RNA was isolated from the right kidneys of 5, 18 and 24 wk-old CY and NC mice
using the TRIzol reagent (Invitrogen, Carlsbad, USA). Quantitative real-time RT-PCR was
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performed using the TagMan system (Applied Biosystems, Warrington, UK) with cDNA
amplification using ImProm Il reverse transcriptase (Promega, Madison, USA) and specific
assays for renin (Mm02342889 g1), angiotensinogen (Mm00599662_m1), ACE
(Mm00802048_m1) and GAPDH (Glyceraldehyde 3-phosphate dehydrogenase)
(Mm99999915 g1) as control. Results were obtained with the AACt methodology and are
expressed as arbitrary units (AU).

Immunohistochemistry

Incubation with the primary antibodies was carried out overnight at 4°C in serial sections. A
monoclonal 1gG1 antibody to ACE (clone 2E2, MAB3502, Chemicon International Inc.,
Temecula, USA), a polyclonal 1gG anti-AT1R antibody (Angio2RNAABR, RDI Division of
Fitzgerald Ind., Acton, USA), and a monoclonal 1gG2a antibody to Ki-67 (clone TEC-3,
M7249, Dako, Carpinteria, USA) were used. Control sections for ACE, AT1R and Ki-67
analyses were incubated with PBS instead of the respective primary antibodies, showing
negative or negligible staining in proximal tubules. Ki-67 analyses included the evaluation
of eight fields representing renal cortex and two located in the renal medulla for each mouse.
The quantification of Ki-67-positive nuclei in renal tubules was performed under light
microscopy at x400 magnification and yielding results expressed as number of positive
cells/10,000 cells ratios. ACE and AT1R analyses, on the other hand, comprised the
description of the staining pattern, including presence/absence and expression profile in the
different kidney structures.

Analyses of apoptosis were performed using the In Situ Cell Death Detection Kit (Roche,
Mannheim, Germany). Positive controls were performed in spleen tissue sections, while
negative controls were incubated without TdT. Ten different fields were evaluated for each
section. The quantification of TUNEL-positive nuclei in renal tubules followed the same
protocol applied for Ki-67. Additional analyses compared Ki-67 and TUNEL quantification
between cyst lining cells and tubular cells in CY kidneys.

Statistical analyses

The normality test of Komolgorov-Smirnov was applied for all continuous variables. When
parametric, the data were analyzed by One-Way ANOVA with Tukey post-test, or
nonpaired t test with Welch correction for two groups, and the results were presented as
mean and standard deviation. When nonparametric, were used the Kruskal-Wallis test with
Muiller-Dunn post-test, or Mann-Whitney test for two groups, and the data were presented as
median (lower to upper quartiles). We have accepted an o error <5% to reject the null
hypothesis. The tests were applied using Sigma Plot 9.0 (Jandel ® Corporation) and
GraphPad 5.0 (Prism ® Software).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
(A) Comparative analysis of total kidney weight/body weight (TKW/BW) ratios between

NC and CY Kkidneys at 5, 15 and 24 wk, and between WT and HT kidneys at 15 wk. *
p<0.05 versus NC;  p<0.05 versus 24 wk. TKW/BW ratios were compared using the
nonpaired t test and ANOVA, with the data presented as mean+SD; n/group in Table 1. (B)
Comparative analysis of heart weight/body weight (HW/BW) ratios between NC and CY
kidneys at 5, 15 and 24 wk, and between WT and HT kidneys at 15 wk. * p<0.05 versus NC.
HW/BW ratios were compared using the nonpaired t test and ANOVA, with the data
presented as mean+SD; n/group in Table 1. (C) Representative images of NC and CY
kidneys and representative histological sections of CY kidneys at 5, 15 and 24 wk of age.
(D) Comparative analysis of CAMP levels between NC and CY kidneys at 13 wk of age. *
p<0.05 versus NC; comparison performed using the nonpaired t test, with the data presented
as mean+SD; n/group in Table 1. (E) Vascular compression determined by a cystina CY
mouse kidney. Original magnification, x400. (F) Cystic index analysis in CY kidneys at 5,
15 and 24 wk of age. P p<0.05 versus 24 wk. Comparisons were carried out using the Mann-
Whitney and Kruskal-Wallis test, with data expressed as median (lower quartile to upper
quartile).
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Comparative analyses of mean arterial pressure: (A) between NC and CY mice at 5, 13 and

24 wk of age; and (B) between WT and HT mice at 13 wk. * p<0.05 versus NC; ***

p<0.001 versus NC; 23 p<0.001 versus 13 wk; ® p<0.05 versus 24 wk. MAP was compared
using the nonpaired t test and ANOVA, with the data presented as mean£SD; n/group in

Table 2.
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Figure 3.
Analyses of serum creatinine (A) and SUN (B) between NC and CY mice at 5, 10-13 and

24 wk of age, and between WT and HT animals at 10-13 wk. * p<0.05 versus NC; **
p<0.01 versus NC; P p<0.05 versus 24 wk. Sc, was compared using the Mann-Whitney and
Kruskal-Wallis test, with the data expressed as median (lower quartile to upper quartile),
while SUN was compared using the nonpaired t test and ANOVA, with data presented as
meanxSD; n/group in Table 2. (C) Analysis of serum cystatin C between NC and CY mice
at the age of 13 wk. Cystatin C was compared using the nonpaired t test, with the data
presented as mean+SD; n/group in Table 2.
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Figure 4.
Analyses of fractional excretion of Na* (A), and serum Na* (B) between NC and CY male

mice at 5, 10-13 and 24 wk of age, and between WT and HT animals at 10-13 wk. ***
p<0.001 versus NC; ** p<0.01 versus NC; * p<0.05 versus NC; # p<0.05 versus WT; 2
p<0.05 versus 10-13 wk; P p<0.05 versus 24 wk; PPb p<0.001 versus 24 wk. FEp;, was
compared using the nonpaired t test and ANOVA, with the data presented as mean+SD,
whereas Sy, Was analyzed by the Mann-Whitney and Kruskal-Wallis test, with the data
expressed as median (lower quartile to upper quartile); n/group in Table 3.
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Comparative analyses of plasma renin, plasma vasopressin and serum aldosterone between
NC and CY (A) and between WT and HT (B) mice. Plasma renin, plasma vasopressin and
serum aldosterone were analyzed using the Mann-Whitney and Kruskal-Wallis test, with

data expressed as median (lower quartile to upper quartile); n/group in Table 4.
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Figure 6.
(A) Comparative analyses of angiotensinogen mRNA expression between NC and CY

mouse kidneys at the ages of 5 wk (n =6 and n = 5, respectively), 18 wk (n =7 and n = 8)
and 24 wk (n =5 and n = 6). * p<0.05 versus NC; 2 p<0.01 versus 18 wk; P p<0.05 versus
24 wk; PPP p<0.001 versus 24 wk. (B) Comparative analyses of renin and (C) angiotensin-
converting enzyme mRNA expression between NC (n = 7) and CY (n = 8) kidneys at 18 wk.
Angiotensinogen levels were compared using the nonpaired t test and ANOVA, with the
data presented as mean+SD. Renin and ACE mRNA levels were compared using the
nonpaired t test, with the data presented as mean+SD. (D) ACE staining in NC (a) and CY
mouse kidneys (b, ¢, d). NC kidney: no signal is detected in tubules, glomeruli and blood
vessels. CY kidney: positive signal detected in cystic epithelium and tubules, and absence of
staining in blood vessel. Original magnification, x400. (E) AT1R staining in NC (a, b) and
CY mouse kidneys (c, d). NC kidney: no signal is detected in tubules and glomeruli, and
positive staining is seen in vascular structures. CY kidney: positive signal detected in cystic
epithelium and vascular structures. Original magnification, x400.
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(A) Comparative analyses of urinary excretion of nitrite between NC and CY mice at the

ages of 5, 10-13 and 24 wk, and (B) between WT and HT mice at 10-13 wk. * p<0.05

versus NC; ** p<0.01 versus NC; ? p<0.05 versus 24 wk. UEyo, Was compared using the
Mann-Whitney test for NC and CY comparisons or nonpaired t test for WT and HT
comparisons, with the data expressed as median (lower quartile to upper quartile) and mean
+SD, respectively; n/group in Table 5.
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(A) Comparative analyses of maximum urine osmolality between NC and CY mice at 5, 10—
13 and 24 wk of age, and (B) between WT and HT mice at 10-13 wk. *** p<0.001 versus
NC; * p<0.05 versus NC. UggyMax was compared using the nonpaired t test and ANOVA,

with the data presented as mean=SD; n/group in Table 3.
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Figure 9.
(A) Comparative analyses of tubular cell Ki-67 staining between NC (n = 8; 60251634

counted cells/animal) and CY (n = 8; 57284630 counted cells/animal) mouse kidneys and
between WT (n = 8; 5860+789 counted cells/animal) and HT (n = 8; 5497+634 counted
cells/animal) organs at 15 wk of age; (B) Ki-67 staining representative images. Original
magnification, x400. * p<0.05 versus NC. Tubular Ki-67 staining was compared using the
Mann-Whitney test, with the data expressed as median (lower quartile to upper quartile). (C)
Comparative analyses of tubular cell TUNEL staining between NC (n = 8; 6122+785
counted cells/animal) and CY (n = 8; 5902+602 counted cells/animal) mouse kidneys and
between WT (n = 8; 6218+782 counted cells/animal) and HT (n = 8; 5668+780 counted
cells/animal) organs at the age of 15 wk; (D) TUNEL staining representative images.
Original magnification, x400. *** p<0.001 versus NC. Tubular TUNEL staining was
compared using the Mann-Whitney test, with the data expressed as median (lower quartile to
upper quartile).
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Plasma renin, plasma vasopressin and serum aldosterone in NC, CY, WT and HT male mice.

Parameters Plasma renin [pg/mL; Median Plasma vasopressin [pg/mL; Median Serum aldosterone [ng/dL; Median
(Lower Quartile to Upper Quartile)] (Lower Quartile to Upper Quartile)] (Lower Quartile to Upper Quartile)]

NC (n = 8) 2.45 (1.42 t0 4.19) 71.3 (54.3 10 472.8) 26.9 (15.7 0 37.7)

CY (n=9) 2.71(0.79 t0 2.98) 515.0 (187.6 to 1265.0) 30.4 (26.5t0 53.0)

WT (n =8) 2.31 (1.15 to 12.63) 57.7 (52.8 to 109.6) 26.3(18.410 33.7)

HT (n=8) 2.46 (2.18 t0 3.29) 54.6 (48.0 to 72.5) 27.6 (22.0 t0 32.6)

Plasma renin, plasma vasopressin and serum aldosterone were compared using the Mann-Whitney test.
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Urinary excretion of NO, (UEng2) and Urinary excretion of NO3 (UEno3) in NC, CY, WT and HT male

mice.
Parameters UEno> [Mmol/g creat; Median (Lower Quartile to Upper Quartile)] UEypz (mmol/g creat, Mean * SD)
NC - 5 weeks (n = 6) 7.4(6.11t012.9) 13.1 + 3.4b0
CY - 5 weeks (n = 6) 9.0 (5.0to 16.9) 12.4+6.3
NC - 10-13 weeks (n = 8) 13.9 (9.910 18.1)P 12.3+3.1b0
CY - 10-13 weeks (n = 9) 85 (321010.1)" 8256
NC - 24 weeks (n = 6) 5.5(4.81t07.8) 46+48
CY - 24 weeks (n=7) 433910 5_2)* 57+32
UEno; (Mmol/g creat, Mean + SD) UENo3 (mmol/g creat, Mean + SD)
WT - 10-13 weeks (n = 8) 14.0+13.0 57+38
HT - 10-13 weeks (n = 8) 16.0+11.0 79+38

UENQO2 was compared using the Mann-Whitney or nonpaired t test
UENQO3 was compared using the nonpaired t test.
Group-time analyses was performed using ANOVA or Kruskal Wallis.

*

p <0.05 versus NC.
* %
p <0.01 versus NC.
bp < 0.05 versus 24 weeks.

bbp < 0.01 versus 24 weeks.
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