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Abstract

The murine 2-kidney 1-clip (2K1C) model has been used to identify mechanisms underlying
chronic renal disease in human renovascular hypertension. Although this model recapitulates many
of the features of human renovascular disease, strain specific variability in renal outcomes and
animal-to-animal variation in the degree of arterial stenosis are well recognized limitations. In
particular, the C57BLK/6 strain is considered to be resistant to chronic renal damage in other
models. Our objectives were to determine strain dependent variations in renal disease progression
and to identify parameters that predict renal atrophy in murine 2K1C hypertension. We used a 0.20
mm polytetrafluoroethylene cuff to establish RAS in 3 strains of mice C57BLK/6J (N=321),
C57BLKS/J (N=177) and129Sv (N=156). The kidneys and hearts were harvested for
histopathologic analysis after 3 days or after 1, 2, 4, 6, 7, 11 or 17 weeks. We performed
multivariate analysis to define associations between blood pressure, heart and kidney weights,
ratio of stenotic kidney/contralateral kidney (STK/CLK) weight, percent atrophy (% atrophy) and
plasma renin content. The STK of all 3 strains showed minimal histopathologic alterations after 3
days, but later developed progressive interstitial fibrosis, tubular atrophy, and inflammation. The
STK weight negatively correlated with maximum blood pressure and % atrophy, and positively
correlated with STK/CLK ratio. RAS produces severe chronic renal injury in the STK of all
murine strains studied, including C57BLK/6. Systolic blood pressure is negatively associated with
STK weight, STK/CLK ratio and positively with atrophy and may be used to assess adequacy of
vascular stenosis in this model.
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1. Introduction

Renal artery stenosis (RAS) is a common disease affecting human patients with other
manifestations of atherosclerosis. Hemodynamically significant RAS can be detected in
6.8% of individuals over 65 and up to 40% in individuals with coronary or peripheral
vascular disease (Hansen et al., 2002; Iglesias et al., 2000). RAS accounts for end stage renal
disease in a substantial fraction of patients diagnosed with hypertensive nephrosclerosis
(Freedman et al., 1995). Current medical therapies include revascularization through stenting
and medical management with antihypertensive drugs (Textor, 2011). However, the recent
Cardiovascular Outcomes in Renal Atherosclerotic Lesions (CORAL) trial showed that
percutaneous transluminal renal angioplasty fails to improve renal function, renal or
cardiovascular events, or patient survival (Cooper et al., 2014). Current medical therapy has
limitations, as patients with atherosclerotic RAS have a death rate of 16% annually, mainly
due to cardiovascular events (Kalra et al., 2010). The presence of RAS is an independent
predictor for death independent of other conventional cardiovascular risk factors (Conlon et
al., 1998; Edwards et al., 2005).

Based on these considerations, there is a clear need to define basic mechanisms leading to
the development of chronic cardiovascular and renal disease in patients with RAS. We have
developed a murine model of RAS, which involves placement of a polyfluorotetraethylene
cuff on the right renal artery and recapitulates many of the findings observed in human RAS
(Warner et al., 2012). A significant advantage of murine models of RAS stems from the
availability of a wide variety of genetically modified animals that can be used to determine
the mechanistic significance of various signaling pathways in the development of renal or
cardiovascular disease. However, several potential limitations need to be addressed with
murine models of RAS. It is recognized that there is considerable influence of genetic
background on the development and progression of injury in various experimental models.
For example, it is recognized that the C57BL/6J mouse is resistant to development of renal
and cardiac fibrosis in various chronic injury models (Ma and Fogo, 2003; Walkin et al.,
2013). For a given mouse strain, there may be experimental variability in the extent of
atrophy achieved by RAS surgery. Finally, the interrelationships between the extent of
atrophy and stenotic or contralateral kidney size, heart weights, or plasma angiotensin |1
content have not yet been fully established in a murine RAS model.

To address these issues, we performed a temporal analysis of the stenotic and contralateral
kidney weights, blood pressure, and plasma angiotensin Il content in 3 strains of mice. We
find that the stenotic kidney of C57BLK/6J, C57BLKS/J, as well as 129Sv mice develops
severe atrophy following RAS surgery. High systolic blood pressure, but not plasma
angiotensin 11 content, strongly correlated with the development of atrophy in the stenotic
kidney and compensatory enlargement of the contralateral kidney.
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2. Materials and methods

2.1 Study animals

Mice were obtained from Jackson Laboratory (Bar Harbor, ME). We studied a total of 654
mice that underwent RAS or sham surgery. We characterized three different genetically
unmodified strains of mice that are commonly employed to study renal disease progression
in other experimental systems: C57BL/6J (N=205 RAS, N=116 sham), C57BLKS/J (N=129
RAS, N=48 sham) and 129Sv (N=112 RAS, N=44 sham) mice. Some of these animals
served as controls in previously published studies (43 of 156 129Sv mice (Warner et al.,
2012), 23 of 321 C57BL/6J mice (Wang et al., 2013), and 162 of 177 C57BLKS/J mice
(Hartono et al., 2013, 2014; Kashyap et al., 2016). Additional mice, reported here, were used
to support our ongoing studies to further characterize the 2 kidney 1 clip model and to define
basic mechanisms of renal disease progression in this model. All animal protocols were
approved by the Mayo Clinic Institutional Animal Care and Use Committee before
performing the experiments.

2.2 2-Kidney-1-Clip murine model of renovascular hypertension

The 2-kidney-1 clip murine model of renovascular hypertension was established through
placement of a a polytetrafluoroethylene cuff (0.5-mm length, 0.36-mm external diameter
and 0.20 mm internal diameter) on the right renal artery (Warner et al., 2012). Sham surgery
was performed with manipulation of the right renal artery without placement of the cuff. /n
vivo ultrasound imaging was performed using the Vevo 770 (VisualSonics, Toronto, Canada)
in a subset of 50 mice as described previously (Warner et al., 2012). Mice were sacrificed at
3 days (N=58) and 1 (N=92), 2 (N=110), 4 (N=254), 6 (N=80), 7 (N=17) 11 (N=31) and 17
(N=12) weeks after RAS surgery for assessment of heart and kidney weights and
histopathologic assessment of the STK.

2.3 Blood pressure measurements

Blood pressure measurements were performed on awake, unanesthetized mice using the tail
cuff method (CODA System, Kent Scientific, Torrington, CT) before and after performing
the RAS surgery and every week thereafter. The maximum systolic blood pressure reading
during the study period was used for data analysis.

2.4 Biochemical analysis

Blood was collected via inferior vena cava at the end of study time point. The plasma was
separated from blood and used for the renin content assay, measured as previously described
(Hartono et al., 2013a).

2.5 Tissue harvesting and histology

At each time point, the animals were anesthetized and the kidneys were perfused with saline.
Right and left kidneys and heart were excised and weighed. The kidneys were cut in half and
a section of kidney containing the entire renal cortex and medulla was prepared. This section
of Kidney was then fixed with 10% neutral buffered formalin and processed for histology

using standard techniques. Histological sections (5 pm thick) were prepared and stained with
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hematoxylin-eosin (H&E). The entire renal cortex was evaluated. Tubular atrophy, defined
by a thickening of tubular basement membranes and a reduction in tubular diameter by over
50% compared to non-atrophic tubules, was qualitatively assessed as the percentage of renal
cortex occupied by atrophic tubules relative to the total cortical surface area, and was
expressed as a percentage (Racusen et al., 1999). Slides were read by an experienced renal
pathologist (J.P.G.) in a blinded fashion, as previously described (Cheng et al., 2009; Warner
etal., 2012).

2.6 Statistical analysis

Correlation analysis was performed using JMP 9.0.1. Parameters assessed included percent
atrophy (Y%atrophy), right and left kidney weights, heart weight, the STK/CLK weight ratio,
systolic blood pressure, and plasma renin content. Animals that had all the parameter values
were included in the analysis. The correlation matrix was generated using Robust method.
Principal component analysis was performed in JMP based on the correlation matrix.

ANOVA was performed for comparisons between groups using GraphPad Prism (GraphPad
Software, La Jolla, CA).

3. Results

A representative photograph of a cuff placed on the right renal artery to establish renal artery
stenosis is shown in figure 1a. An illustrative ultrasound image showing placement of the
right renal artery cuff is shown in figure 1b. Representative repeated ultrasound
measurements obtained at baseline, 2, 4, and 6 weeks shows a reduction in right kidney size
with time following RAS induction (Fig. 1c).

A summary of stenotic kidney weights as a function of time following surgery for the 3
strains of mice is shown in table 1a. In all strains, the right (cuffed) kidney weight was
reduced by 3 days after surgery (approximately —23% for C57BLKS/J, —27% for C57BL/6J,
and —13% for 129Sv mice compared to respective sham; Table 1a). The decrease in kidney
weights at 3 days did not reach statistical signicance for any of the strains. Stenotic kidney
weights further decreased with time following surgery. Compared to sham mice, stenotic
kidney weights were significantly reduced by 63% in C57BLKS/J mice, by 47% in
C57BL/6J mice, and by 42% in 129Sv mice at 6 weeks following surgery (Table 1a). The
contralateral kidney underwent compensatory enlargement in all mouse strains (Table 1b). A
representative photomicrograph of stenotic and contralateral kidneys from C57BLK/6J mice
subjected to RAS or sham procedures at 6 weeks following surgery is shown in figure 2a.

Results of histologic assessment of renal atrophy as a function of time following RAS or
sham surgery are summarized in table 2. At 3 days following surgery, despite reduction in
kidney weight, the stenotic kidneys showed minimal histopathologic alterations.
Specifically, there were only isolated foci of tubular atrophy in C57BLKS/J and 129Sv mice,
involving less than 1% of the cortical surface area (Table 2), with no evidence of acute
tubular epithelial cell injury. No significant interstitial fibrosis or interstitial inflammation
was observed at this time point.
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Later time points were characterized by the development of progressive tubular atrophy
(Table 2), affecting, on average, more than 40% of tubules in all strains studied. There were
no significant differences in the mean % atrophy among the 3 murine strains studied (Table
2). A representative photomicrograph of renal cortex obtained from C57BLK/6 mice 6
weeks after being subjected to RAS or sham procedures is shown in figures 2b,c. The right
(stenotic) kidney, following RAS, shows severe tubular atrophy, with interstitial
inflammation and fibrosis, whereas the left (contralateral) kidney shows minimal
histopathologic alterations, despite a 20% increase in weight. Both kidneys of mice
subjected to sham surgery showed no significant histopathologic alterations (Fig. 2b,c).

The STK of all strains studied developed tubular atrophy to a similar extent, however there
was some animal to animal variation in the extent of tubular atrophy that developed.
Therefore, we sought to determine whether this variability could be predicted based on
relationships between tubular atrophy and systolic blood pressure, plasma renin content (as
measured by plasma angiotensin | production), heart weight, stenotic and contralateral
kidney weight, and ratio of stenotic kidney/contralateral kidney weight (RK/CLK) in the 3
murine strains studied.

A summary of correlations for 129SV, C57BLK®6/J, and C57BLKS mice are shown in tables
3a,b and c. There were strong negative correlations between STK weight, % atrophy [r=
-0.8186 (129S), r=—0.9148 (C57BL6/J), r=—0.8400 (BLKS)], blood pressure [r=—0.4697
(129S), r=—0.4017 (C57BL6/J), r=—0.7727 (BLKS)] and positive correlation with STK/CLK
ratio [r=0.8937 (129S), r=0.9647 (C57BL6/J), r=0.9790 (BLKS)]. Heart weight correlated
with maximum blood pressure and CLK weight (Tables 3a, b), although the latter correlation
was relatively weak for BLKS mice (Table 3c). Blood pressure was negatively correlated
with STK weight and STK/CLK ratios in all strains. Plasma renin content did not correlate
well with kidney weights (except with CLK weight in BLKS strain), heart weight, or blood
pressure in any strain (Table 3a, b, ).

The overall relationships between kidney weights, STK/CLK ratio, blood pressure, heart
weight and plasma renin content were similar among these three strains, therefore principal
component analysis was performed on the aggregate data. A summary of overall correlations
is provided in figure 3a. As expected, the STK weight was strongly correlated with the
STK/CLK weight ratio (r=0.9380). Percent atrophy was strongly correlated with STK
weight (r=-0.8604) and with STK/CLK ratio (r= —0.9160). Heart weight correlated best
with CLK weight (r= 0.5645) and blood pressure (r=0.4123). Maximum blood pressure
correlated best with STK weight (r=-0.4564) and STK/CLK ratio (r= —0.5206). On the other
hand, plasma Angiotensin | production showed a modest positive correlation with heart
weight (r=0.1552) and blood pressure (r=0.1800) and a modest negative correlation with %
atrophy (r=— 0.1356).

Results of principal component analysis done on the correlation matrix (all mice strains data
pooled together) are summarized in Figure 3b—d. Principal component 1 (PC1), which
includes stenotic kidney weight, STK/CLK weight ratio and %atrophy accounted for 52.3%
of the variance observed in the data. Principal component 2 (PC2), which included heart
weight and angiotensin | for 18.4% of the variance. Principal component 3 consisted of CLK
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wt and angiotensin |. The summary plots for the components are shown in figure 3b and c.
figure 3b shows the individual observations according to time point and figure 3c illustrating
the unit vectors in PC1 and PC2 space. A scatterplot 3D and summary of eigenvectors is
shown in Figure 3d.

4. Discussion

Renal artery stenosis is a common clinical problem in human patients that is associated with
considerable morbidity and mortality (de Mast and Beutler, 2009; Kalra et al., 2005; Textor,
2004). Recent studies have indicated that revascularization of the stenotic kidney fails to
improve renal or patient outcomes (Cooper et al., 2014; Wheatley et al., 2009), although
there is considerable controversy regarding this issue (White, 2010). These outcomes may be
related to development of irreversible hypoxia, microvascular loss, and/or fibrosis in the
STK so that up to 25% of revascularized patients develop progressive deterioration of renal
function (Textor, 2003, 2004; Textor and Wilcox, 2001). Although current medical therapy
clearly has a role in treating RAS, patients have a high death rate, mainly due to
cardiovascular events (Kalra et al., 2010). Studies to define basic mechanisms of renal
disease progression in RAS are clearly needed.

Since its initial description in the 1930's, the 2K1C model has been extensively used to
mimic human renovascular hypertension (Goldblatt et al., 1934). The original model, which
employed dogs, was one of accelerated hypertension, causing extensive damage to the
contralateral kidney which was subjected to high blood pressure. In other species, including
rats and mice, the animals do not develop malignant hypertension—the stenotic kidney
develops progressive fibrosis and atrophy, whereas the contralateral kidney develops
compensatory enlargement (Chade et al., 2003; Cheng et al., 2009; Eng et al., 1994; Gouvea
et al., 2004; Thone-Reineke et al., 2003). Systemic activation of the renin-angiotensin-
aldosterone system is essential for the early development of hypertension in this model
(Basso and Terragno, 2001; DeForrest et al., 1982). The histopathologic alterations in
murine RAS models (fibrosis and atrophy of the stenotic kidney and compensatory
enlargement of the contralateral kidney in association with moderate hypertension) are
similar to those observed in human RAS (Keddis et al., 2010).

In murine chronic renal injury models, it is well recognized that there are significant strain-
specific differences in the extent of renal damage. In particular, the C57BLK/6 mouse is
regarded to be resistant to development of chronic renal injury (Ma and Fogo, 2003; Walkin
et al., 2013). However, no previous study has looked at strain-specific variability of renal
outcomes in RAS. For this reason, we sought to determine whether there were any
differences in the extent of STK chronic injury in 3 strains of mice widely employed in
chronic renal injury models.

In all 3 strains, minimal histopathologic alterations were observed in the first 3 days
following RAS surgery. This finding distinguishes the pattern of injury induced by cuff
placement from that of ischemia-reperfusion injury (which produces tubular epithelial cell
necrosis followed by repair) and indicates that the STK is able to compensate for the
reduction in blood flow for a period of time after induction of RAS (Nath et al., 2011). After
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this time point, the STK in all strains developed severe and progressive renal atrophy,
characterized by tubular flattening and simplification, thickening of the tubular basement
membranes, interstitial fibrosis, and interstitial inflammation. We did not discern any
significant differences in the extent of tubular atrophy among the strains studied. In
particular we found that the C57BLK/6 mouse, which is often considered to be resistant to
development of chronic renal damage, developed severe renal atrophy several weeks after
RAS surgery. This study provides the basis for future studies utilizing mice on the
C57BLK/6 background to determine the mechanistic relevance of various signaling
pathways on chronic renal disease progression.

Although the mean % atrophy in the STK was significantly increased at later time points
following RAS surgery, in all 3 strains we noted animal-to-animal variability in the extent of
atrophy, with many animals showing over 90% atrophy in the STK while others showed only
30-50%. We therefore sought to determine whether % atrophy was correlated with kidney or
heart weights, blood pressure, or plasma angiotensin | production. In particular, we were
interested in determining whether %atrophy correlated with maximum blood pressure or
plasma angiotensin | production, which can be measured in live animals.

Maximum blood pressure correlated with heart weight, STK weight, and STK/CLK weight
ratio. Of note, plasma angiotensin | production showed a negative correlation with %
atrophy. In our previous studies, we found that angiotensin | production was transiently
increased, peaking at approximately 2 weeks and returning to baseline levels after 6 weeks
(Warner et al., 2012). A similar transient elevation of plasma angiotensin | production has
been observed in human RAS (Garovic and Textor, 2005; Safian and Textor, 2001). It is
likely that, as severe renal atrophy develops, the STK is less capable of activating the
systemic renin-angiotensin system. In our study, STK with less atrophy appear to be more
capable of increasing plasma renin production, accounting for the negative correlation
between % atrophy and STK weight.

This is the first study to compare development of chronic renal damage in several distinct
murine strains, yet was associated with several limitations. Our studies do not show how
RAS interacts with other risk factors for cardiovascular disease—hyperlipidemia and
diabetes in particular—to produce renal and vascular disease. Although patients with RAS
are at high risk of developing cardiac morbidity and mortality, we have not yet studied the
hearts in detail.

In summary, we have developed a murine model of RAS which recapitulates many of the
features of human disease (Keddis et al., 2010) that may be employed in several distinct
strains of mice currently used to study chronic renal disease in other systems. The use of a
cuff to establish RAS produces a stable and reproducible stenosis without damaging the
renal artery. This may facilitate future studies to determine the effects of cuff removal (to
mimic stenting) on renal outcomes. Future mechanistic studies will determine the relevance
of specific signaling pathways on the development of chronic renal damage through use of
genetically modified (“knockout™) mice.
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Pre OP

RAS 2 wks

RAS 4 wks

RAS 6 wks

Fig. 1.

A.g Representative image of the right artery showing the position of cuff with arrow head. B.
Ultrasound image showing the cuffed kidney. C. 3D wireframe reconstruction from
ultrasound showing the reduction in the size of cuffed kidney and increase in contralateral
kidney over time following RAS.
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Sham

Kidney at Harvest

Fig. 2.
A. Representative images of the kidneys of Sham and RAS at harvest. Right cuffed kidney in

RAS showing the reduction in the size of right kidney and increase in CLK in RAS. B and
C. Representative images of right and contralateral kidney respectively with RAS or sham
stained with H&E stain at 200x magnification. Histologic appearance of the sham kidneys
(B, C lower) and the contralateral kidney of a mouse with RAS (C, upper) is normal, with
back-to-back tubules with abundant eosinophilic (pink staining) cytoplasm and thin, delicate
tubular basement membranes (pointed by arrow head 1). The right (stenotic) kidney of a
RAS mouse shows severe and generalized tubular atrophy, characterized by a marked
reduction in tubular diameter, thickening of tubular basement membranes, and influx of
chronic inflammatory cells (pointed by arrow head 2). A relatively presereved tubule is
pointed by arrow head 3.
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A. Showing the correlation matrix between variables in 2K1C RAS model in all strain of

mice pooled together. Cells are color coded by magnitude and sign of their correlation

values. B. Bi-plot showing individual observations plotted in two-dimensional PC1 and PC2
space, color coded by time points following surgery. C. Unit vectors in PC1-PC2 space

corresponding to measured variables. D. Scatterplot 3D in PC1-PC2-PC3 space and

eigenvectors for the measured variables.
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Table 2

Mean+SEM % atrophy of stenotic kidney of three different mice strains following RAS surgery as function of
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time.

Strain 3D 1wk 2wk 4wk 6wk Twk 11wk 17wk
BLKS/J | 0.1+0.1 N=14 | 46.9£5.1 N=16 | 50.6%7.4 N=22 | 56.6% 5.2 N=60 62.4+14.3 N=9 N/A N/A | 71.8+12.8 N=4
BL/6J 1+0.3N=7 | 26.6+7.2 N=26 | 56.1+13.4 N=8 | 51.6+3.7 N=129 | 47.3+11.4 N=10 N/A | 63.848.6 N=18 N/A
1298 0.2+0.2 N=12 | 22+10.5N=10 | 33.9+6.8 N=39 N/A 43.6x£7.2 N=37 | 59.5+10.2 N=14 N/A N/A
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Table 3

A. Showing the correlation matrix between variables in 2K1C RAS model in 129S mouse strain. B. Showing
the correlation matrix between variables in 2K1C RAS model in C57BL/6J mouse strain. C. Showing the
correlation matrix between variables in 2K1C RAS model in C57BLKS/J mouse strain. Cells are color coded

1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

by magnitude and sign of their correlation values.

A STKWt | CLKWt | STK/CLK Ratio | Heart Wt | Max BP Angl | %Atrophy
STK Wt 1.0000 -0.0150 0.8937 -0.1622 | -0.4697 | —0.0538 -0.8186

CLK Wt -0.0150 1.0000 -0.4402 0.7096 0.3029 | -0.0941 0.4452
STK/CLK Ratio 0.8937 -0.4402 1.0000 -0.4393 | -0.5808 | —0.0012 -0.9163
Heart Wt -0.1622 0.7096 -0.4393 1.0000 0.3462 0.0849 0.3752

Max BP -0.4697 0.3029 -0.5808 0.3462 1.0000 0.1552 0.4076

Angl -0.0538 -0.0941 -0.0012 0.0849 0.1552 1.0000 -0.1271
%Atrophy -0.8186 0.4452 -0.9163 0.3752 0.4076 | -0.1271 1.0000

B STKWt | CLKWt | STK/CLK Ratio | Heart Wt | Man BP Angl | %Atrophy
STK Wt 1.0000 -0.5417 0.9647 —-0.2532 | -0.4017 0.1770 -0.9148

CLK Wt -0.5417 1.0000 —-0.7061 0.4972 0.2822 | —-0.2004 0.624
STK/CLK Ratio 0.9647 -0.7061 1.0000 -0.3664 | -0.4503 0.1689 -0.9105
Heart Wt -0.2532 0.4972 -0.3664 1.0000 0.4668 0.1854 0.2571

Max BP -0.4017 0.2822 -0.4503 0.4868 1.0000 0.1561 0.3024

Angl 0.1770 -0.2004 0.1689 0.1854 0.1561 1.0000 -0.3500
%Atrophy -0.9148 0.6240 -0.9105 0.2571 0.3024 | -0.3500 1.0000

C STKWt | CLKWt | STK/CLK Ratio | Heart Wt | Max BP Angl | %Atrophy
STK Wt 1.0000 -0.1556 0.9790 -0.2375 | -0.7727 | —0.0633 -0.8400

CLK Wt -0.1556 1.0000 -0.3378 0.1600 | -0.0364 | —0.5687 0.4051
STK/CLK Ratio 0.9790 -0.3378 1.0000 -0.2702 | -0.7352 0.0235 -0.8741
Heart Wt -0.2375 0.1600 -0.2702 1.0000 0.3806 0.2017 0.2326

Max BP -0.7727 -0.0364 -0.7352 0.3806 1.0000 0.2569 0.5589

Angl -0.0633 -0.5687 0.0235 0.2017 0.2569 1.0000 -0.0602
%Atrophy -0.8400 0.4051 -0.8741 0.2326 0.5589 | -0.0602 1.0000

STK Wt = stenotic kidney weight, CLK Wt= contralateral kidney weight, BP = blood pressure, Angl= angiotensin I.
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