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Renal preglomerular arterioles regulate vascular tone to ensure a large pressure gradient over short distances, a function
that is extremely important for maintaining renal microcirculation. Regulation of renal microvascular tone is impaired in
salt-sensitive (SS) hypertension—induced nephropathy, but the molecular mechanisms contributing to this impairment
remain elusive. Here, we assessed the contribution of the SH2 adaptor protein p66Shc (encoded by Shc) in regulating
renal vascular tone and the development of renal vascular dysfunction associated with hypertension-induced
nephropathy. We generated a panel of mutant rat strains in which specific modifications of Shc? were introduced into the
Dahl SS rats. In SS rats, overexpression of p66Shc was linked to increased renal damage. Conversely, deletion of
p66Shc from these rats restored the myogenic responsiveness of renal preglomerular arterioles ex vivo and promoted
cellular contraction in primary vascular smooth muscle cells (SMCs) that were isolated from renal vessels. In primary

SMCs, p66Shc restricted the activation of transient receptor potential cation channels to attenuate cytosolic Ca2* influx,
implicating a mechanism by which overexpression of p66Shc impairs renal vascular reactivity. These results establish the
adaptor protein p66Shc as a regulator of renal vascular tone and a driver of impaired renal vascular function in
hypertension-induced nephropathy.

Find the latest version:

https://jci.me/75079/pdf



http://www.jci.org
http://www.jci.org/126/7?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
https://doi.org/10.1172/JCI75079
http://www.jci.org/tags/51?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
http://www.jci.org/tags/31?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
http://www.jci.org/tags/42?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
https://jci.me/75079/pdf
https://jci.me/75079/pdf?utm_content=qrcode

The Journal of Clinical Investigation RESEARCH ARTICLE

p66Shc regulates renal vascular tone in
hypertension-induced nephropathy

Bradley Miller," Oleg Palygin,? Victoriya A. Rufanova,’ Andrew Chong," Jozef Lazar,2 Howard ). Jacob,? David Mattson,?
Richard J. Roman,? Jan M. Williams,? Allen W. Cowley Jr.,2 Aron M. Geurts,? Alexander Staruschenko,?
John D. Imig,® and Andrey Sorokin'

'Department of Medicine, 2Department of Physiology, and *Department of Pharmacology, Medical College of Wisconsin (MCW), Milwaukee, Wisconsin, USA.

Renal preglomerular arterioles regulate vascular tone to ensure a large pressure gradient over short distances, a
function that is extremely important for maintaining renal microcirculation. Regulation of renal microvascular tone is
impaired in salt-sensitive (SS) hypertension-induced nephropathy, but the molecular mechanisms contributing to this
impairment remain elusive. Here, we assessed the contribution of the SH2 adaptor protein p66Shc (encoded by Shc1) in
regulating renal vascular tone and the development of renal vascular dysfunction associated with hypertension-induced

hypertension-induced nephropathy.

Introduction

One of the major complications of hypertension is nephropathy,
which is associated with impaired renal vascular responsive-
ness and structural changes (1). The microvascular injuries are
detected in the majority of patients with hypertension (2). Even
though microvascular injury is among causes of diseases leading
to end-stage renal disease, the pathophysiological mechanisms
mediating renal microvascular dysfunction remain unknown.

The Src homology 2 domain-containing adaptor protein
p66Shce, a longevity-associated product of the Shcl gene (3), is
implicated in the pathogenesis of age-related diseases due to its
ability to mediate the cellular sensitivity to oxidative stress (4).
Excessive signaling via p66Shc is likely to be one of the mecha-
nisms of age-related pathologies (5). Endothelin-1 (ET-1), a vaso-
active peptide that plays an important role in age- and hyperten-
sion-related kidney diseases (6), induces the phosphorylation of
p66Shc Ser36 residue, which is essential for p66Shc in promoting
age-related renal diseases (3, 7).

Dabhl salt-sensitive (SS) rats, being SS when fed a high-salt diet,
exhibit many traits associated with SS hypertension in humans
(8). SS rats have become a regularly used model for the study of SS
hypertension and accompanying cardiovascular disorders (9-12).

Here, using a zinc finger nuclease-based (ZFN-based) tech-
nology for targeted editing of the rat Shcl gene in SS rats, we estab-
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nephropathy. We generated a panel of mutant rat strains in which specific modifications of Shc7 were introduced into
the Dahl SS rats. In SS rats, overexpression of pe6Shc was linked to increased renal damage. Conversely, deletion of
p66Shc from these rats restored the myogenic responsiveness of renal preglomerular arterioles ex vivo and promoted
cellular contraction in primary vascular smooth muscle cells (SMCs) that were isolated from renal vessels. In primary
SMCs, p66Shc restricted the activation of transient receptor potential cation channels to attenuate cytosolic Ca?* influx,
implicating a mechanism by which overexpression of p66Shc impairs renal vascular reactivity. These results establish
the adaptor protein p66Shc as a regulator of renal vascular tone and a driver of impaired renal vascular function in

lished that p66Shc regulates renal vascular tone in isolated preglo-
merular arterioles and promotes renal vascular dysfunction. The
mechanism of action of p66Shc is linked to inhibition of transient
receptor potential canonical (TRPC) channel activity, which limits
the increase in intracellular Ca*-induced activation of calcium-
dependent intracellular signaling pathways and impairs vascular
responses. Our data establish a role for the p66Shc in regulation of
renal vascular tone and promoting renal vascular dysfunction in
hypertension-induced nephropathy.

Results

Shc proteins are overexpressed in renal tissues from rats with hyper-
tension-induced nephropathy. Consomic rat strains offer unsur-
passed inbred controls, allowing physiological comparisons with
the parental strains to determine the effect of substitution of a
specific chromosome on a disease-susceptible genomic back-
ground (13). In the present study, replacement of rat chromo-
some 2 of SS rats with a corresponding chromosome from the
salt-resistant brown Norway (BN) rats (hereafter referred to as
SS/BN2) increased survival rate and protected the animals from
the development of hypertension-induced renal injury when the
rats were fed a 1% salt diet (Figure 1, A and B). Under these condi-
tions, all consomic SS/BN2 rats survived, whereas less than 25%
of the SS rats survived to 34 weeks of age (31 weeks of 1% salt
diet). Increased survival rate in SS/BN2 versus SS rats was asso-
ciated with a lesser degree of thickening glomerular and tubu-
lar basement membranes and lesser expansion of the mesangial
matrix (Figure 1B). This difference in the degree of renal damage
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Figure 1. Dahl SS and SS/BN2 consomic rats respond differently to a 1% salt diet. (A) Survival of male SS and SS/BN2 consomic rats when fed a

1% salt diet. (B) Light microscopy of renal cortical sections after Masson's trichrome staining demonstrates the development of renal pathologies in
age-matched SS (upper panel) and SS/BN2 (lower panel) rats. Rats were 34-week-old males. Scale bars: 100 pm. (C) Renal microvascular responses to
purinergic activation are impaired in SS rats kept on a 1% salt diet. Responses of interlobular renal arterioles to ATP were compared in SS rats and SS/
BN2 rats fed a 1% salt diet. Rats were 15- to 19-week-old males. Statistical comparisons within each series were made using 1-way ANOVA for repeated
measures combined with the Newman-Keuls multiple range test. Comparisons between groups were made using 1-way ANOVA with the Newman-
Keuls multiple range test. A probability value of P < 0.05 was considered statistically significant. All data are reported as mean + SEM.

could be explained by affected renal hemodynamics in SS rats.
Autoregulatory control of preglomerular resistance is an essen-
tial component of normal renal hemodynamics (14). It has been
previously demonstrated that afferent arteriolar autoregulatory
behavior is impaired in Ang II-dependent hypertension (15) and
tubuloglomerular feedback signals are coupled to autoregulatory
preglomerular vasoconstriction through ATP-mediated activa-
tion of P2X1 receptors (16, 17). We evaluated the renal microvas-
cular response to purinergic receptor activation in SS rats kept
on a 1% salt diet. The vasoconstrictor responses of renal inter-
lobular arteries to ATP were greatly attenuated in SS rats fed a
1% salt diet compared with SS/BN2 (Figure 1C) or normotensive
Wistar Kyoto (WKY) rats (fed the same diet) (Supplemental Fig-
ure 1; supplemental material available online with this article;
doi:10.1172/]JC175079DS1), whereas renal interlobular constric-
tion in response to the thromboxane mimetic U46619 (10 nM)
was unaltered. Renal interlobular arteries of SS rats treated with
U46619 constricted to 71.6% * 5.4% of control diameter (1 =5),
while arteries of SS/BN2 rats responded with constriction to
69.1% * 3.9% of control diameter (n = 6). Thus, impaired vaso-
constrictive response and vascular dysfunction could contribute
to renal damage in SS rats kept on a 1% salt diet, and genetic
determinants located on rat chromosome 2 could play a role in
the sensitization of SS rats to hypertension-induced microvascu-
lar dysfunction. Responses to ATP observed in SS/BN2 rats were
greater than previously reported for Sprague Dawley rats (18),
probably due to differences in experimental protocols (chronic
exposure to 1% salt diet in the current study) in genetic back-
ground and in rat strains’ salt sensitivity.

p66Shc is encoded by the gene Shcl, which is located on rat
chromosome 2. Using Western blot (WB) analysis, we demon-
strated that the level of expression of 3 Shc isoforms, includ-
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ing p66Shc, in renal tissues was strikingly higher in SS rats
when compared with SS/BN2 rats under these experimental
conditions (Figure 2A). As revealed by immunohistochemi-
cal analysis with antibodies specific to the p66 isoform of She,
p66Shc expression in renal tissues from rats with hypertension-
induced nephropathy was particularly enhanced in vascular
SMCs of renal interlobar artery from SS rats compared with
salt-resistant SS/BN2 rats (Figure 2B). WB analysis of proteins
from interlobular arteries confirmed the expression of p66Shc
in renal blood vessels (Supplemental Figure 2A). Expression
of p66Shc in SS rats was increased in rats fed a 1% salt diet
when compared with rats maintained on a low-salt (0.4%) diet
(Supplemental Figure 2, A and B). Importantly, p66Shc was
overexpressed in SMCs of the afferent arterioles, the microves-
sels that play a key role in regulation of normal renal hemody-
namics, of SS rats fed a 1% salt diet (Figure 2C). Expression of
another tested signaling molecule, MnSOD, in renal medulla
was similar in age-matched SS and SS/BN?2 rats fed a 1% salt
diet (Figure 2A). Thus, we aimed to evaluate the role of p66Shc
in renal microvascular dysfunction observed in hypertension-
induced nephropathy. Expression of Shc isoforms is under the
control of alternative promoters (19), and direct sequencing of
the Shcl gene from SS and BN rats revealed a number of SNPs
in the Shcl promoter region that could be the cause of differen-
tial expression of p66Shc (Figure 3A). Promoter-specific hyper-
methylation could be associated with aging and age-related
diseases (20). However, our analysis did not reveal differences
in methylation patterns of the p66Shc promoter between SS
and SS/BN2 rats (Figure 3B).

p66Shc KO restored renal microvascular responses and miti-
gated glomerular damage in hypertensive rats. Whereas the KO of
all 3 Shc isoforms results in abnormal heart development and


https://www.jci.org
https://www.jci.org
https://www.jci.org/126/7
https://www.jci.org/articles/view/75079#sd
https://www.jci.org/articles/view/75079#sd
https://www.jci.org/articles/view/75079#sd
https://www.jci.org/articles/view/75079#sd
http://dx.doi.org/10.1172/JCI75079DS1

The Journal of Clinical Investigation

A S5/BN2 S5 SS/BN2 SS SS/BN2 SS 5S5/BN2 SS

<= pB6Shc
-— p52Shc
-— p46She

100% lethality of mouse embryos, mice lacking only p66Shc are
viable (21). To address directly the role of p66Shc in hyperten-
sion-induced nephropathy of the SS rat, we generated several
unique p66Shc mutant strains on the genetic background of SS
rats using CompoZr ZFNs (22) targeting exon 2 of the Shcl gene.
Injection of mRNA-encoding ZFNs into SS embryos generated 2
mutant strains with frameshift mutations (termed M1 and M4)
(Figure 4A). WB analysis of rat renal tissues confirmed that the
M1 and M4 strains were both KOs of the p66Shc isoform, where-
as the p46Shc and p52Shc isoforms were not altered (Figure 4B).
To generate SS rats that express p66Shc with a mutated phos-
phorylation site, the template plasmid encoding a Ser36 to Ala36
(Ser36Ala) substitution (T>G transversion) was coinjected in
1-cell embryos along with ZFNs targeting exon 2 of the Shcl gene
in close proximity to the codon encoding p66Shc Ser36 (Figure
4C). Using this innovative in vivo knockin strategy, we gener-
ated a single founder animal and established a breeding colony
of rats with the Ser36Ala substitution, which was confirmed by
sequencing (Figure 4D). Phosphorylation-specific p66Shc anti-
bodies revealed the absence of phosphorylation in ET-1-treated
primary cultured smooth muscle cells (SMCs) isolated from
renal interlobar arteries of the Ser36Ala knockin strains (Figure
4E), verifying that the mutant protein in this strain is no longer a
subject of regulation by ET-1.

Glomerular filtration pressure is controlled by appropriate
adjustments in preglomerular resistance and might be influ-
enced by p66Shc, which we demonstrated to be overexpressed
in vascular SMCs of renal afferent arterioles in the course of
hypertension-induced nephropathy (Figure 2C). Since renal
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Figure 2. p66Shc is overexpressed in renal tissues from SS rats, but
not from salt-resistant SS/BN2 rats. (A) Differential renal expression of
Shc proteins in renal medulla of SS and SS/BN2 male rats fed a 1% salt
diet detected by WB. Expression of MnSOD is shown as an equal loading
control. Every lane corresponds to a separate animal. (B) Immunohis-
tochemistry shows p66Shc overexpression (blue) in vascular SMCs of
the wall of renal interlobar artery in SS rats (upper left), but not in SS/
BN2 rats (upper right). No staining was seen in negative control either in
SS (lower left) or SS/BN2 rats (lower right). White arrow shows p66Shc
expression in vascular SMCs of a renal vessel. (C) Immunohistochem-
istry shows p66Shc expression (blue) in afferent arteriole (AA) that is
between the interlobular artery and glomerulus (G) of SS (left panel) and
SS/BN2 (right panel) rats. Black arrows point to afferent arteriole and
glomerulus. Scale bars: 100 um.

afferent arterioles are primarily responsible for maintaining
pressure gradient between larger vessels and renal capillaries,
the impaired ability of afferent arterioles of SS rats to respond
to increase in pressure is a marker of renal vascular dysfunction
associated with hypertension-induced nephropathy. It has been
reported that SS rats have impaired autoregulation of renal blood
flow, so the elevated systemic pressure is directly transmitted
to the glomerular capillaries and damages the glomeruli (23).
We compared microvascular responses of renal afferent pre-
glomerular arterioles to perfused pressure in SS/BN2, 2 strains
of p66Shc-KO SS rats, M1 and M4, Ser36Ala mutant rats, and
their WT littermates (Figure 5A). Our data strongly suggest that
p66Shc KO restored renal microvascular responses to perfused
pressure in SS rats fed a 1% salt diet. As expected, SS/BN2 rats
showed prominent autoregulatory response to an increase in
perfused pressure. Surprisingly, Ser36Ala mutant rats did not
behave as p66Shc KOs M1 and M4, providing what we believe
is the first evidence that p66Shc effects are not restricted to its
action in mitochondria (Figure 5A). The ability of p66Shc-KO
M1 to restore autoregulation of afferent arterioles was evident
even when the perfused pressure was increased to 160 mmHg,
which corresponds to blood pressure observed in hypertensive
SS rats (Supplemental Figure 3). Another marker of autoregu-
latory activity of renal preglomerular afferent arterioles is the
response to ATP. As is the case with renal interlobular arteries
(Figure 1C), the vasoconstrictor response of isolated renal pre-
glomerular arterioles to ATP is marginal in SS rats, whereas SS/
BN2 rats demonstrate significant contraction. Using isolated
preglomerular afferent arterioles, we demonstrated that p66Shc
KO restores vasoconstrictor response to ATP (Figure 5B). p66Shc
KO restored contraction of afferent arterioles in response to both
ATP (Supplemental Figure 4) and perfused pressure (data not
shown) in both male and female rats. Again, Ser36Ala p66Shc
mutation was not sufficient to restore autoregulation of afferent
arterioles of rats fed a 1% salt diet (Figure 5B). The effect was
specific for renal arterioles, since p66Shc deficiency did not
affect the ATP responsiveness of mesenteric arteries (data not
shown). Furthermore, we evaluated the effect of p66Shc KO on
ET-1-mediated contraction of afferent arterioles. ET-1 is one
of the most potent renal vasoconstrictors and is involved in the
regulation of renal microvascular function (24). Both SS rats
and SS/BN2 rats responded to ET-1 by increased contraction of
afferent arterioles (Figure 5C). Accordingly, p66Shc KO was not
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significantly different in response to ET-1 (Figure 5C). Remark-
ably, afferent arterioles isolated from Ser36Ala rats exhibited an
impaired vascular response to ET-1 (Figure 5C).

It was important to verify that our genetically modified rats
were not different from SS rats with regard to response to a 1%
salt diet by an increase in blood pressure. Blood pressure mea-
surements were carried out in SS, SS/BN2, M1, M4, and Ser36Ala
groups maintained on 1% salt (Figure 6). Our data demonstrate
that SS, SS/BN2, M1, M4, and Ser36Ala rats all have similar
increases in mean arterial pressure, and therefore, the differences
in blood pressure can be ruled out as a possible cause for differ-
ences in autoregulatory responses.

Since glomerular damage is one of the direct consequences
of renal vascular dysfunction, we tested to determine whether the
restoration of microvascular responses mitigated the glomerular
damage in p66Shc-KO mutants. Albumin leakage (albuminuria)
resulting from the inability of afferent arterioles to maintain a high
vascular tone and, consequently, glomerular damage were higher
in WT rats compared with p66Shc-KO rats and SS/BN2 rats after 3
weeks (Figure 7A) and 17 weeks (Figure 7B) maintenance on a 1%
salt diet. Group means of SS/BN2 and M4, but not of Ser36Ala,
were different from those of WT SS rats at both time points. The
difference between SS rats and either SS/BN2 or p66Shc-KO rats
was detectable even when rats were maintained on a 0.4% salt diet
for 17 weeks, due to some degree of albumin leakage detected in
SS rats under these conditions (Supplemental Figure 5). Further-
more, we carried out glomerular injury scoring on PAS-stained
paraffin sections, adopting the semiquantitative scoring system
that was used previously to evaluate the state of glomeruloscle-
rosis in nephrectomized rats (25). The comparison of glomerular
damage in p66Shc-KO and WT SS animals revealed the mitigation
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Figure 3. SS Shc1 promoter contains SNP1-6. (A) Location of SNP1-6 in
Shc1 gene. Positions of alternative promoters for p52/46 transcript (P1)
and p66 transcript (P2) are indicated. (B) Evaluation of Shc1 promoter
methylation by the EpiTect Bisulfite Kit. Numbers indicate the position
of CpG sites analyzed relative to the methionine start codon. Hori-
zontal lines represent individual sequenced alleles. Asterisks indicate
putative Sp1 transcription factor-binding sites that contain CpG sites.
Black and white circles indicate methylated and nonmethylated cyto-
sines, respectively. Percentages indicate the fraction of methylated
cytosines found in each rat.

of glomerular damage in the absence of p66Shc (Figure 7, C and
D). As in other assays, Ser36Ala mutant rats were not different
from parental SS rats in terms of glomerular damage on a 0.4%
salt diet (Figure 7C).

p66Shc mediates effects of ET-1 on cellular contraction, TRPC
channel activity, and changes in cytosolic Ca®* in primary SMCs
derived from renalvessels. In order to get insight into mechanisms of
p66Shc-mediated impairment of renal microvascular responses,
we isolated primary SMCs from renal interlobar arteries of geneti-
cally modified rats and WT SS rats. These primary cell cultures
were used to test whether the effect of p66Shc KO upon contrac-
tion of preglomerular arterioles could be caused by altered abil-
ity of SMCs to contract. As confirmed by WB analysis, SMCs from
p66Shc-KO rats were characterized by complete absence of the
p66Shc isoform, whereas expression of isoforms p52 and p46 was
not changed (Figure 84).

The renal production of ET-11is higher in the cortex of rats fed
a1% saltdiet than a 0.4% salt diet (Supplemental Table 1), control-
ling for rats’ genotype. The effect of a 1% salt diet on ET-1 produc-
tion was not significant between various genotype groups (interac-
tion P = 0.48), indicating no differential effect of salt for different
genotypes. The level of ET-1in the renal cortex of SS/BN2 rats fed
a0.4% salt diet was 7.2 + 1.3 pg/mg protein.

We used collagen gel contraction assay (Figure 8B) to mea-
sure cellular contraction and established that p66Shc KO (M1
and M4) significantly increased SMC contraction in response
to ET-1, whereas Ser36Ala mutation did not. The Ser36Ala data
are in good accordance with our ex vivo observation that renal
vascular reactivity is impaired in rats expressing p66Shc and
restored by p66Shc KO.

ET-1-mediated regulation of renal microvascular tone is
Ca? dependent (26). Elevation of intracellular calcium concen-
tration ([Ca*]) is strongly linked to renal microvascular con-
traction and is crucial for ET-1-induced contraction of SMCs
(27). Remarkably, in accordance with these data, we showed
that p66Shc attenuates activity of TRPC channels, which medi-
ate influx of Ca* in vascular SMCs in response to ET-1. In patch-
clamp single-channel electrophysiology experiments carried
out with primary SMCs, we established that p66Shc KO results
in a dramatic increase in TRPC channel activity in response
to ET-1 (Figure 9). In contrast, single amino acid mutation of
p66Shc Ser36Ala results in a significant decrease of TRPC
channel activity when compared with WT cells. KO of p66Shc
resulted in an increase of NPo (Figure 9C) and current density
(Figure 9D). ET-1 also produced dynamic changes in cytosolic
Ca? concentration in SMCs derived from p66Shc-KO rats when


https://www.jci.org
https://www.jci.org
https://www.jci.org/126/7
https://www.jci.org/articles/view/75079#sd
https://www.jci.org/articles/view/75079#sd

The Journal of Clinical Investigation

A p66Shc |cu-|zl pte | cH1 EH

RESEARCH ARTICLE

/ SerSG\
40

WT MDLLPPKPKYNPLRNESLSSLEEGASGSTPPEELPSPSRSSLGPILPPLPGDDSPTI’LCSFFPR
M1 MOLLPPKPKYNPLRNESLSSLEEGASGS - —TAFPISLIPGTHSSAGGR
M4  MDLLPPKPKYNPLRNESLSSLEEGASGRS-— -CLPHQPHPWDPFCLLCRGTIARLP VF' FPG-

B
~WT M1 WT M4

<« pB6Shc

«—p52Shc
«— pdBShc
< f-actin

Shet

D ZFN Target site Ser36

] }

WTShCT GGAGGGGGCTTCAGGGTC  TAC TCCACCGGAGGAGCTGCCT|TCCJJCCATCAGTECEC
GGEAGGGEGEGECTTCAGGGTC TAC TCCACCGEGGAGGAGCTGCCTITCCICCATCAGTC CTC
GGEAGGGEGEGECTTCAGGGTC TAC TCCACCGGAGGAGCTGCCTITCCJCCATCAGC CTC

WT allele * ok * * &

AW AN AN AN NNV WANA AN A

Mutated
e ¢ s AW v

GGAGGGGGCCTCOCGGATC CACCCCACC CGAAGA ACTGCCT|IGCCJCCATCAGCC

BamHI RFLP
E
WT  Ser36A
-+ -+ EM

IP: She
IB: pSer36-p66Shc

—_— ‘w IB: p66Shc

Ala36

Figure 4. Generation of a panel of mutant rat strains on the genetic background of Dahl SS rats. (A) Schematic diagram of p66Shc protein showing
positions of pe6Shc domains and regulatory phosphorylation site Ser36 along with the changes in amino acid sequence caused by ZFNs. The newly
introduced stop codons are indicated. CH1, collagen homologue 1 region; PTB, phosphotyrosine binding domain. (B) WB revealed deficiency in p66Shc
isoform in renal medulla from rats with modified Shc7 gene (M1and M4), but not in their WT littermates. Blot was probed with antibodies that recog-
nized all 3 Shc isoforms. Equal loading was verified by blotting with anti-p-actin antibodies. Lanes were run on the same blot, but were noncontiguous.
(C) Knockin strategy to generate single amino acid substitution in endogenous rat pe6Shc. Ser36Ala substitution strategy used the double-strand break
caused by microinjection of ZFNs targeting ShcT gene to stimulate homology-dependent repair (HDR) and knock in of a Ser36Ala substitution in 1-cell rat
embryo. (D) Sanger sequencing confirming introduced Ser36Ala substitution. Raw sequencing data are shown along with sequences of WT and mutated
Shct alleles. Additional changes were introduced to knock in BamH?1 restriction site and to destroy ZFN target site in the edited rat genome. Due to
degeneracy of genetic code, these additional changes did not cause amino acid substitutions. (E) WB analysis with phosphospecific antibodies against
Ser36 revealed the absence of ET-1-induced Ser36 phosphorylation in SMCs derived from renal vessels of Ser36Ala rats when compared with SMCs
derived from their WT littermates. Treatment for 5 minutes with 100 nM ET-1is indicated by plus signs. Equal expression of p66Shc in these cells was
verified by antibodies that recognize p66Shc regardless of its phosphorylation status.

compared with SMCs derived from their WT littermates (Figure
10, A and B). A calcium-sensitive form of Fura 2 (Fura 2-AM)
was used to measure changes in the [Ca?], before and after
administration of 100 nM ET-1. In accordance with data related
to activation of TRPC channels, the [Ca?]; transient was mark-

edly increased in ET-1-treated SMCs isolated from p66Shc KOs
M1 and M4 as well as in cells isolated from SS/BN2 rats when
compared with SMCs derived from control SS WT rats. There-
fore, it appears that Ser36Ala mutation does not result in a simi-
lar increase of [Ca*], in response to ET-1. ET-1-induced increase
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Figure 5. p66Shc KO restored renal microvascular responses in hypertensive rats. (A) p665Shc KO restored renal microvascular responses to
perfused pressure in rats. Microvascular responses of renal afferent preglomerular arterioles to perfused pressure were compared in 2 strains of
p66Shc KO SS rats, M1 (white circles) and M4 (white squares), their WT littermates (black circles), Ser36Ala mutant (white diamonds), and SS/BN2
(black squares). Shown is normalization to initial afferent arteriolar diameter, which was 19.8 + 0.9 for SS; 21.1 + 0.9 for SS/BN2; 23.4 + 1.4 for M1;
21.7 + 0.8 for M4; and 24.1 + 1.7 um for Ser36Ala. (B) p66Shc KO restored renal microvascular responses to purinergic activation in rats. Microvascu-
lar responses of renal afferent preglomerular arterioles to ATP were compared in 2 strains of pe6Shc KO SS rats, M1 and M4, their WT littermates,
and SS/BN2 rats. Shown is normalization to initial afferent arteriolar diameter, which was 24.1 + 0.8 for SS; 20.8 + 1.0 for SS/BN2; 21.4 + 1.2 for
M1; 241 + 2.4 for M4; and 22.7 + 1.4 um for Ser36Ala. (C) ET-1 does not contract isolated renal afferent preglomerular arterioles from Ser36Ala rats.
Shown is normalization to initial afferent arteriolar diameter, which was 24.6 + 0.8 for SS; 20.7 + 1.8 for SS/BN2; 23.9 + 1.6 for M4; and 24.5 + 1.5
um for Ser36Ala. Statistical comparisons within each series were made using 1-way ANOVA for repeated measures combined with the Newman-
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Keuls multiple-range test. Comparisons between groups were made using 1-way ANOVA with Newman-Keuls multiple range test. *P < 0.05. All

data are reported as the mean + SEM.

of [Ca*], was dependent on activation of endothelin receptor
A (ETRA), since it was inhibited by preincubation of cells with
BQ123, an antagonist of ETRA (Figure 10A and Supplemental
Videos 1 and 2). We also tested activation of potential [Ca*]-
dependent signaling pathways in renal SMCs isolated either
from p66Shc KOs or from WT littermates. We have previously
shown that ET-1-mediated activation of calcium-regulated non-
receptor tyrosine kinase Pyk2 caused an activation of p38 MAPK
(28), which is known to contribute to actin remodeling in SMCs
(29). We detected increased activation of p38 MAPK in renal
tissues derived from p66Shc KO (Figure 10C) which could be a
consequence of more prominent activation of [Ca*"] -dependent
signaling pathways in the absence of p66Shc.

Discussion

Our observation that 2 independently generated and geneti-
cally distinct p66Shc-KO rat mutants demonstrate similar res-
toration of renal microvascular responses strongly suggests that
p66Shc overexpression could cause impaired renal microvascular
responses during hypertension.

A reduced ability of the kidney to excrete sodium and water
is a major contributor to the development of hypertension and
increased blood pressure in response to salt (30). Enhanced renal
tubular absorption of sodium and/or excessive renal vasocon-
striction impairs pressure natriuresis and leads to hypertension
(30). Increased preglomerular vascular resistance can result from
increased afferent arteriolar responsiveness to vasoconstrictors
such as Ang II and ET-1 (31-34). On the other hand, afferent arte-
riolar constrictions to increasing renal perfusion pressure or ATP
are impaired in hypertension (16, 35). The increase in Ang II reac-
tivity in hypertension is not associated with an increase in AT1
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receptor expression in renal microvessels (32, 36, 37). During the
established phases of hypertension, enhanced vascular responses
to norepinephrine and endothelin are observed (31, 33, 34). These
findings demonstrate that there is enhancement of vascular reac-
tivity to Ang II, ET-1, and norepinephrine, whereas afferent arterio-
lar constrictions to increasing renal perfusion pressure or ATP are
impaired in hypertension. This would suggest that afferent arte-
riolar responsiveness to Ang II, norepinephrine, and endothelin
contributes to increased preglomerular resistance in hypertension.
Hence, the afferent unresponsiveness to ATP and responsiveness to
vasoconstrictive agents both contribute to hypertension-associated
increased preglomerular resistance. Afferent arteriolar unrespon-
siveness to ATP is an indicator that renal autoregulation is impaired
and could contribute to increased glomerular pressure and damage.
There is increased afferent arteriolar responsiveness to other vaso-
constrictors that could contribute to the hypertension. The rationale
for studying p66Shc out of all products of genes on rat chromosome
2is based on the known ability of p66Shc to mediate cellular sensi-
tivity to oxidative stress and contribute to age-related pathologies
(5), which make it a probable causative factor in renal vascular dys-
function (1). In rats deficient in p66Shc, the constriction of afferent
arterioles in response to ATP and increased perfused pressure are
restored. However, our data with the Ser36Ala mutant, which is not
supposed to translocate to mitochondria, a prerequisite for p66Shc-
mediated increase of mitochondrial ROS production, argue against
mitochondrial-based mechanisms of p66Shc inhibition of renal
vascular tone in hypertension-induced nephropathy.

In terms of renal afferent arteriole autoregulation, studies of
myogenic tone, i.e., responses of renal vessels to increase in pres-
sure, are most important (38, 39). The myogenic afferent arterio-
lar response to high-perfusion pressure is blunted in both SS rats
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and Goldblatt hypertensive rats (39). Our studies suggest that the
altered myogenic response may be associated with p66Shc over-
expression and is mediated by signaling via p66Shc.

ET-1signaling and actions play an essential role for renal biol-
ogy and pathobiology (40). ET-1 is an important regulator of the
renal microcirculation that affects renal function through actions
at multiple cell types in kidney, including vascular SMCs (26). We
have shown that ET-1 induces p66Shc Ser36 phosphorylation and
mediates protein-protein interactions of p66Shc in renal glomeru-
lar cells (7, 41, 42). Our recent experiments using 2-photon imag-
ing also revealed that treatment of isolated rat renal resistance
arteries with ET-1 caused a rapid increase of [Ca*] in smooth
muscle vasculature of these vessels (43).

Members of the TRPC family are abundant in vascular SMCs
(44), emerging as important players in the control of smooth
muscle function (45). Even though ET-1 causes PKC-dependent
activation of TRPC channels (46), these channels also mediate
Ca? entry in renal afferent arteriolar SMCs in response to nor-
adrenaline and Ang II (47, 48). Thus, p66Shc-mediated inhibi-
tion of TRPC channels would interfere with signaling triggered
by more than one vasoactive agent, resulting in impaired vascu-
lar reactivity to a variety of vasoactive agents. ATP plays a signifi-
cant role in regulation of preglomerular microvasculature (49),
and the restoration of ATP-dependent contraction of preglo-
merular arterioles in rats deficient in p66Shc argues that upregu-
lation of p66Shc activity may contribute to impaired renal vas-
cular reactivity and the development of hypertension-induced
nephropathy. The mechanism of action of p66Shc is linked to
inhibition of TRPC channel activity, which limits the increase
in [Ca?]; -induced activation of calcium-dependent intracellu-
lar signaling pathways. Our findings allow us to conclude that
p66Shc opposes the activity of TRPC channels, preventing influx
of extracellular Ca?* and inhibiting the vasoconstrictor response
invitro and in vivo. ET-1 and other vasoconstrictors induce phos-
phorylation of p66Shc Ser36, resulting in intracellular relocaliza-
tion of p66Shc and activation of TRPC channels.

Even though there is some discrepancy in the consequenc-
es of p66Shc KO in SMCs and isolated afferent arterioles with
regard to ET-1 stimulation, there is an excellent correspondence
between ET-1 action in WT and Ser36Ala p66Shc mutants in
both cultured SMCs and afferent arterioles. The possible rea-
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Figure 6. All rat strains are characterized by increased mean arterial
pressure when maintained on a 1% salt diet. Mean arterial pressure
was evaluated in WT, SS/BN2, and p66Shc-KO rats M1 and M4 as

well as Ser36Ala p66Shc mutant rats maintained on a 1% salt diet for
20 weeks. All animals were males. Means of groups of WT, M1, M4,
Ser36Ala, and SS/BN2 were not significantly different from each other.
P =0.1591, 1-way ANOVA.

son for ET-1 being equally active in isolated afferent arterioles
from WT and p66Shc-KO rats could be that ET-11s an extremely
active vasoconstrictor and is capable in the complex context
of perfused juxtamedullary nephron preparation of overcom-
ing the p66Shc-mediated impaired renal autoregulation in WT
SS rats. Nevertheless, Ser36Ala p66Shc mutation dramatically
weakens ET-1 action in both SMCs and afferent arteriole prepa-
rations, demonstrating the importance of ET-1 signaling via
p66Shc in vitro and in vivo. Primary SMCs offer a simplified
experimental model for studying p66Shc action and enabled
us to uncover the molecular mechanisms of p66Shc-dependent
regulation of renal vascular tone.

In quiescent cells, when p66Shc is not phosphorylated on
Ser36, it is localized in the cytoplasm in close proximity to TRPC
channels and attenuates their activity (Figure 11A). When Ser36
is phosphorylated (as happens in ET-1-treated cells), it is relo-
cated to mitochondria and p66Shc-mediated inhibition of TRPC
channels is alleviated. ET-1 induces activation of TRPC channels
and elevation of [Ca*], (Figure 11B). In cells expressing Ser36Ala
p66Shc mutant, ET-1-triggered signaling cascades are unable to
cause Ser36 phosphorylation and, correspondingly, relocation of
p66Shc and loss of p66Shc-mediated inhibition of TRPC channels
(Figure 11C). Finally, in cells isolated from rat p66Shc KOs where
p66Shce is not present to inhibit TRPC channels, ET-1 induces
enhanced activation of TRPC channels, increased mobilization of
intracellular calcium, and activation of calcium-dependent intra-
cellular signaling pathways (Figure 11D). The exact mechanism of
the inhibitory action of p66Shc upon TRPC channels requires fur-
ther investigation. In accordance with this hypothesized mecha-
nism of p66Shc regulatory action, rat KO of p66Shc restored the
myogenic responsiveness of preglomerular renal arterioles ex
vivo and enhanced the vasoconstrictor response of primary rat
renal arteriolar vascular SMCs. These results establish a role for
the adaptor protein p66Shc in the regulation of renal vascular
tone and promotion of renal vascular dysfunction.

It must be taken into consideration that vascular SMCs of
renal vessels are not the only cells showing the overexpression of
p66Shce in rats fed a 1% salt diet. p66Shc expression also could be
detected in glomerular cells (Figure 2C). Glomerular mesangial
cells surely are important participants in the regulation of glomer-
ular function, and their abnormal function is often associated with
the progression of kidney diseases (50). p66Shc overexpression
in mesangial cells could contribute to increased glomerular dam-
age that accompanies hypertension-induced nephropathy, but the
regulation of renal vascular tone is likely to be managed by cells of
vascular walls of renal vessels.

Finally, our findings raise the possibility that one of the
causes of hypertension-induced kidney injury in groups of
population with increased risk of developing chronic kidney
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Figure 7. p66Shc KO mitigated albuminuria and glomerular damage in hypertensive rats. Albuminuria and glomerular damage were compared among
WT, SS/BN2, p66Shc KO SS rats (M4), and Ser36Ala p66Shc mutant rats. Comparisons with WT of albuminuria (mg/24 h) in rat groups (M4, Ser36Ala, and
SS/BN2) maintained on a 1% diet at 6 (A) and separately at 20 weeks (B) were performed using the Welch t test, a 2-group t test that accounts for differ-
ent group variances. Group means of SS/BN2 and M4 were different from WT at both time points (P < 0.05). Glomerular damage was compared among
WT, SS/BN2, p66Shc KO SS (M4), and Ser36Ala p66Shc mutant rats maintained on either a 0.4% (C) or a 1% (D) salt diet (20 weeks of age) using scoring of
glomeruli. Comparison was performed using the Welch t tests. M4 group and SS/BN2 groups were significantly different from WT SS group (P < 0.05) on a
1% salt diet. Only SS/BN2 was significantly different from WT on a 0.4% salt diet.

disease is linked with enhanced signaling via p66Shc. The type
of hypertension-induced nephropathy modeled by SS rats is, in
many aspects, similar to the one observed in African-Americans
(8, 51, 52). It is of note that, while expression of p66Shc could
be driven by ET-1 (41), the increased plasma levels of endothe-
lin have been detected in an African-American population (53).
Juxtamedullary afferent arterioles are exposed to high pulsatile
pressure and are required to preserve strong vascular tone to
maintain the lower glomerular capillary pressure that is nec-
essary for normal function of glomeruli (54). Our finding that
p66Shc overexpression in these short vessels that are destined
to maintain strong vascular tone attenuates their responsive-
ness and autoregulatory activity sets the basis for the develop-
ment of novel therapeutic strategies to combat hypertension-
induced renal vascular dysfunction.

Methods

Animals. All studies were performed in Dahl SS rats, consomic
SS/BN2 rats, BN rats, WKY rats, and genetically modified SS rats.
Water was provided ad libitum, and beginning at weaning, animals
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were maintained on either a low-salt (0.4% NaCl, Teklad 7034) diet
or a high-salt (1.0% NaCl, Purina 5001) diet.

Immunohistochemistry. Specific anti-p66Shc antibodies (Diagno-
Cure) were applied to formalin-fixed paraffin-embedded kidney sec-
tions for 1 hour prior to using the mouse-on-rat polymer detection
system conjugated with alkaline phosphatase (Biocare Medical), blue
alkaline phosphatase substrate as chromagen, and counterstain with
Nuclear Fast Red (Vector Laboratories).

Afferent arteriolar responses to vasoactive compounds. Perfused jux-
tamedullary nephron preparation was used to assess renal microvas-
cular reactivity in rats, as described (55). Briefly, after pentobarbital
anesthesia (50 mg/kg, i.p.), the juxtamedullary vasculature was isolat-
ed for study and an afferent arteriole was monitored continuously by
videomicroscopy. After control diameter measurements, responses to
ATP (0.01-100 umol/1) or ET-1 (0.001-10 nmol/l) were determined
in afferent arterioles. Afferent arteriolar diameters were also assessed
in response to increasing perfusion pressure from 60 to 120 and from
80 to 120 and 160 mmHg (5 minutes each). Arteriolar diameters were
recorded at 20-second intervals, and the steady-state diameters were
calculated from the average of all diameter measurements obtained
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during the final 2 minutes of each 5-minute treatment period. All
afferent arteriolar responses to ATP, ET-1, and perfused pressure were
measured in animals 13 to 19 weeks old (10 to 16 weeks 0f 1% salt diet).
Some difference in age of tested animals reflects the difficulty of ana-
lyzing more than 2 rats per day.

Measurement of urinary albumin excretion. At 6 and 20 weeks of
age, the rats were housed in metabolic caging during a 16- to 24-hour
overnight urine collection. Water and food were provided ad libitum.
Urine output was determined by volume, taking care to account for
debris, and samples were stored at -80°C until assayed. Urinary albu-
min was quantified with Albumin Blue 580 dye (Molecular Probes)
using a fluorescent plate reader (FL600, Bio-Tek).

Analysis of glomerular injury. At the end of the treatment period,
rats were euthanized by CO, inhalation and the right kidney was
removed, sectioned longitudinally, and fixed by immersion in 10%
zinc formalin for 3 days. Formalin was replaced with 70% ethanol
until sections were embedded in paraffin blocks for further process-
ing. Four-micron kidney sections were stained with either Masson’s
trichrome or PAS reagent and counterstained with Harris hematoxy-
lin. Images were collected by a Nanozoomer whole-slide scanner
(Hamamatsu Photonics). The semiquantitative glomerular score of
each animal was determined in a blinded manner by 2 investigators
and derived as the mean of 50 glomeruli. The degree of glomerular
injury was determined using a scale from O to 4 as described by Adam-
czak et al. (25). The glomerular score for individual glomeruli was as
follows: grade O, normal glomerulus; grade 1, beginning of mesangial
expansion and/or thickening of basement membrane; grade 2, mild
and moderate segmental sclerosis involving less than half of the glo-
merular tuft; grade 3, diffuse glomerular sclerosis involving more than
half of the tuft; and grade 4, diffuse glomerulosclerosis with total tuft
obliteration and collapse.

Promoter analysis and methylation measurements. The complete
promoter region of the Shcl gene locus encompassing SNPs 1-5 was
amplified by PCR from tail genomic DNA obtained from BN and SS
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Figure 8. Increased ET-1-induced contraction of primary SMCs derived
from renal vessels of p66Shc-KO rats. (A) SMCs isolated from interlobar
artery of M1, M4, Ser36Ala, and their WT littermates expressed Shc iso-
forms as detected by WB analysis. Positions of Shc isoforms are indicated.
(B) KO of p66Shc increased ability of renal primary SMCs to contract
collagen matrix to a higher degree in response to ET-1 (100 nM). Shown is
average of 4 independent experiments. Two-factor ANOVA for repeated
measures followed by planned comparison t tests was performed. M4
and M1 were significantly different from WT and Ser36Ala. *P < 0.05, M4;
*P < 0.05, M1. Ser36Ala was not significantly different from WT. Data are
reported as mean + SEM.

rats. Bisulfite modification of isolated DNA was performed using the
EpiTect Bisulfite Kit (QIAGEN). Conversion rates exceeded 95%. Both
strands of converted DNA were amplified with PCR primers specific to
the p66Shc promoter region (-384 to -9). Products were cloned into
TOPO-TA pCR2.1 (Invitrogen). Individual colonies were grown, and
isolated plasmids were sequenced.

Isolation and culture of renal interlobar arterial SMCs. Six- to
eight-week-old male rats were euthanized by CO, inhalation. From
2to 4 kidneys were extracted into dissociation buffer (3%-6% BSA/
high-glucose DMEM with 10 mM HEPES, pH 7.4, and antibiotic/
antimycotic cocktail) on ice for each preparation. The outer cap-
sule was removed, and the kidneys were longitudinally bisected
to remove the medulla, exposing the interlobar arteries. Arterial
segments were dissected and put into fresh, ice-cold dissociation
buffer. Arteries were transferred to another vial and incubated for
20 minutes at 37°C in 1 ml solution of dissociation buffer with 0.5
mg/ml dithiothreitol and 60 U/ml activated papain. The superna-
tant was removed and replaced with 0.5 ml of dissociation solution
containing 240 U/ml collagenase type II, 15 U/ml elastase, and 0.1
mg/ml trypsin inhibitor and incubated at 37°C for no longer than
30 minutes. All enzymes used for isolation of SMCs were from
Worthington Biochemical Corp. Upon complete dispersion of arte-
rial segments, 2 ml of growth medium (dissociation buffer with 10%
fetal bovine serum) was added and the preparation centrifuged at
1,000 g for 5 minutes at 4°C. Single vascular SMCs were resuspend-
ed in growth medium and cultured in 6-well plates at 37°C, 5% CO,,.
Cultured cells displayed the typical hill-and-valley growth pattern
and stained positive for smooth muscle a-actin.

Targeted Shc gene destruction using engineered ZFNs. p66Shc rat
KOs were generated using engineered ZFNs (56). One-cell embry-
os were extracted from SS rats, and mRNA encoding 2 engineered
ZFNs targeting a portion of the Shcl gene encoding the p66Shc iso-
form was injected into the embryo. In order to knock in a Ser36Ala
substitution, we used the double-strand break caused by micro-
injection of ZFNs targeting the Shcl gene to stimulate homology
recombination with the coinjected template plasmid containing the
desired mutation.

Collagen gel contraction assay. Twenty-four-well plates were coated
with 1% BSA/PBS overnight, then washed with PBS. Collagen gels were
generated by mixing trypsin-harvested SMCs (4 x 10° cells/ml; passage
9-17) in 0.1% BSA/DMEM with rat tail collagen I (1.2 mg/ml; BD Bio-
sciences) and plating 250 pl of the resulting cell suspension (50,000
cells) in triplicate. After polymerization for 1 hour at 37°C, gels were
gently detached from the well in 400 pl of 0.1% BSA/DMEM. Floating
gels containing SMCs underwent spontaneous contraction and were
allowed 24 hours of equilibration before treatment. Images were tak-
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Figure 9. p66Shc actions mediate effect of ET-1on TRPC channel activity. (A) Representative single-channel traces on vascular SMCs before and after ET-1
treatment in cells derived from WT, M1, and Ser36Ala rats. All traces were recorded at -80 mV holding potential. Insets show 10-second single-channel record-
ing intervals. (B) Point-wise comparison of means of single-channel amplitude changes after ET-1application. Each curve represents the sum of 7 independent
experiments. (C) ET-1 (100 nM) induces changes in TRPC channel activity (NPo). M1 s significantly different from WT or Ser36Ala (*P < 0.05). WT significance
difference with Ser36Ala is also shown (*P < 0.05). (D) Changes in current density J, pA/s calculated as total current integral ratio to the first 100 seconds after
activation start point. Ser36Ala significantly differs from WT. M1 significant increase versus WT or Ser36Ala is indicated. *P < 0.05. Striped bars represent con-
trol value before ET-1 application. All summarized data are reported as mean + SEM. Data from before and after treatment within the same experiment were
compared using the paired t test. Data from different experiments were compared with a Student’s t test (2 tailed) or 1-way ANOVA as appropriate.

en immediately before and after treatment with 400 pl of 0.1% BSA/
DMEM with or without 100 nM ET-1. Gel areas were measured using
Image] (NIH) software at each time point. Relative contraction at each
time point was defined as the ratio of percentage change in the area of
ET-1-treated gels relative to time equal to O to the average percentage
change in the area of 3 replicate control gels for each cell line in each
experiment. A value of less than 1 denotes a greater degree of contrac-
tion of ET-1-treated cells compared with control.

Electrophysiology. Single-channel currents were measured using
cell-attached technique with Axopatch 200B amplifier (Molecular
Devices) at room temperature at a holding potential of -80 mV. Cur-
rent recordings were acquired at 1 kHz with Digidata 1440A (Molecu-
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lar Devices) and pCLAMP v10.2 software and filtered with an 8-pole,
low-pass Bessel filter LPF-8 (Warner Instruments) at 0.2 kHz. After a
high-resistance seal (over 10 GQ) was obtained, cell-attached record-
ings were performed immediately. The membrane resistance was
monitored regularly to ensure the quality of recording. For measure-
ments of acute effect, only 1 experiment was performed per coverglass
to avoid any possibility of examining cells whose properties might
have been altered by extended exposure to ET-1. The resistance of the
pipette in the corresponding bath medium was 7-12 MQ. 5 uM nica-
rdipine, 100 uM DIDS, and 100 pM niflumic acid were included to
block voltage-dependent Ca* channels and Ca*-activated and swell-
activated Cl conductances.
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ratio level restitution. Comparison was performed using 1-way ANOVA with Bonferroni’s correction. M4, M1,

and SS/BN2 groups were significantly different from WT and Ser36Ala groups. *P < 0.05. All summarized data are reported as mean + SEM. (C) Increased
activation of p38 MAPK in renal tissues derived from p66Shc-KO rats. Renal cortex tissues were lysed and subjected to WB analysis with antibodies that
recognize phosphorylated forms of p38 MAPK. Expression levels of p38 MAPKs are also shown. Every lane corresponds to a separate animal. Rats were 26-

to 28-week-old males (23-25 weeks on 1% salt diet).

Fluorescence loading and measurements. The fluorescent Ca* indica-
tor Fura 2-AM was used to measure [Ca*], changes during 100 nM ET-1
applications. Cell culture was incubated in PSS extracellular solution con-
taining 2 uM Fura 2-AM and 0.05% pluronic acid for 40 minutes in an
incubator in the dark. After incubation, cells were washed with PSS for 15
minutes to remove excess dye. All fluorescent imaging experiments using
cultured SMCs were performed in PSS solution. Fluorescence images of
changes in the [Ca*], level probed with Fura 2-AM were obtained using
a Nikon TE-2000U inverted microscope equipped with a 40/1.3 DIC
oil immersion objective lens (Nikon S Fluor) and a Zyla sCMOS camera
(Andor Technologies). Excitation was provided by a Lambda XL xenon
arc lamp at alternating wave lengths, and emission control was achieved
using an optical filter changer with integrated shutter/filter wheel driver
(Sutter Instruments). Cells were alternately excited at 340 nm and 380
nm, and the respective 510-nm emissions were acquired every 8 seconds.
Changes in [Ca*]; were based on 340/380 ratios.

Extraction and measurement of tissue ET-1. Renal cortical tissue
was collected from animals, frozen on dry ice, and stored at -80°C.
Protein was extracted from approximately 100 mg frozen tissue on
ice in 1 ml 1M acetic acid with cOmplete Mini protease inhibitor
cocktail (Roche) and PMSF with a Potter-Elvehjem homogenizer,
followed by two 30-second pulses of sonication. Samples were heat-
ed for 10 minutes at 95°C, placed on ice, and centrifuged at 3000
g for 30 minutes at 4°C. Supernatants were collected and stored at
-80°C until analysis. The 100 ul samples were measured for ET-1
content using QuantiGlo ET-1 ELISA (R&D Systems) according to
the manufacturer’s instructions, using the supplied ET-1 standard
in 1 M acetic acid for standard curve generation. Results were stan-
dardized to supernatant total protein using the Pierce BCA Protein
Assay Kit (Thermo Fisher Scientific).

Blood pressure measurements. Rats were deeply anesthetized with
a mixture of ketamine (75 mg/kg i.p.), xylazine (10 mg/kg i.p.), and
acepromazine (2.5 mg/kg i.p.), with supplemental anesthesia admin-
istered as needed. Using aseptic techniques, a telemetry transmitter
(model PA-C40, Data Sciences International) for measuring arterial
blood pressure was implanted in the carotid artery, with the body of
the transmitter implanted s.c. in the back of the animal. Blood pressure
was monitored continuously by telemetry, utilizing the implantable
transmitter and placing the rat cages upon a receiver/antenna that is
part of a commercially available physiological monitoring system. Ani-
mals were maintained on warming trays during and following surgery.
Analgesics and antibiotics were administered after surgery to control
pain and infection. Following a 5- to 7-day recovery after transmitter
implantation, arterial blood pressure was continuously monitored for
5 days as we have previously described (57).

Statistics. Statistical methods are described in the corresponding
figure legends. The Welch ¢ test, a 2-group ¢ test that accounts for differ-
ent group variances, was used to compare albuminuria and glomerular
damage between groups of rats. Channel openings were analyzed by
Clampfit 10.2 software using the single-channel search in the analyze
function. Channel activity (NPo), the product of the number of channels
(N) and open probability (P ), was used as a measure of channel activ-
ity and was calculated using the detection module in pCLAMP software
v.10.2. Changes in current density were calculated as total current inte-
gral ratio to the first 100 seconds after channel activation by ET-1. Fig-
ure preparation and statistical analyses were carried out using MicroCal
Origin software 9.0 (MicroCal Software Inc.). Fluorescent images were
processed with Image] 1.42 (NIH). Data from before and after treatment
within the same experiment were compared using the paired, 2-tailed ¢
test. Comparison was performed using 1-way ANOVA with Bonferroni’s
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Figure 11. ET-1signals in SMCs through p66Shc. Schematic of proposed regulation of cellular contraction by p66Shc. (A) In quiescent cells with unoccupied
endothelin receptors (ETR), p66Shc is not phosphorylated and restrains activity of TRPC channel. (B) Activation of ET-1signaling cascade results in Ser36
phosphorylation and intracellular relocation of p66Shc accompanied by activation of TRPC channels. (C) In cells expressing p66Shc with mutated phosphory-
lation site, the negative regulation of TRPC channels by p66Shc prevails and contraction remains low. ET-1is unable to disable inhibitory activity of p66Shc.
(D) In cells deficient in p66Shc, activation of TRPC channels by ET-1is dramatically increased due to the absence of the restraining activity of p66Shc.

correction. P < 0.05 was considered significant. Statistical comparisons
of afferent arteriolar dose responses were made using 1-way ANOVA for
repeated measures combined with the Newman-Keuls multiple-range
test. Comparisons between groups were made using 1-way ANOVA with
the Newman-Keuls multiple-range test. Data analysis for SMC collagen
matrix contraction was generated using Real Statistics Resource Pack
software (release 4.3; copyright 2013-2015, Charles Zaiontz; www.real-
statistics.com). All data are reported as mean * SEM.

Study approval. Animal use and welfare procedures adhered to the
NIH Guide for the Care and Use of Laboratory Animals (National Acad-
emies Press. 2011.) and followed protocols reviewed and approved by
the MCW Institutional Animal Care and Use Committee.
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