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Elastin insufficiency causes hypertension,
structural defects and abnormal
remodeling of renal vascular signaling
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Elastin deficiency causes vascular stiffening, a leading risk
for hypertension and chronic kidney disease (CKD). The
mechanisms mediating hypertension and/or CKD
pathogenesis due to elastin deficiency are poorly
understood. Using the elastin heterozygous (Elnþ/�)
mouse model, we tested whether renal dysfunction due to
elastin deficiency occurs independently of and precedes
the development of hypertension. We assessed blood
pressure and renal hemodynamics in 30-day and 12-week-
old male and female mice. At P30, blood pressure of
Elnþ/� mice was similar to wild-type controls; however,
renal blood flow was lower, whereas renal vascular
resistance was augmented at baseline in Elnþ/� mice.
At 12 weeks, renal vascular resistance remained elevated
while filtration fraction was higher in male Elnþ/� relative
to wild-type mice. Heterozygous mice showed isolated
systolic hypertension that was evident only at nighttime.
Acute salt loading with 6% dietary sodium increased
daytime systolic blood pressure only in male Elnþ/� mice,
causing a rightward shift and blunted slope of the
pressure-natriuresis curve. Renal interlobar artery basal
tone and myogenic response to increasing intraluminal
pressure at day 10 were similar, whereas they were
augmented at day 30 and at 12 weeks old in Elnþ/�
mice, and normalized by the AT1R blocker, candesartan.
Heterozygous mice also exhibited podocyte foot process
damage that persisted even when blood pressure was
normalized to wild-type levels with hydralazine. Thus,
elastin insufficiency triggers structural defects and
abnormal remodeling of renal vascular signaling involving
AT1R-mediated vascular mechanotransduction and renal
hyperfiltration with increased blood pressure sensitivity to
dietary sodium contributing to systolic hypertension.
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T he key regulatory mechanisms that maintain long-
term blood pressure homeostasis depend on the
control of tone in the resistance vasculature and the

kidney’s ability to regulate cardiac output by maintaining
extracellular fluid volume and electrolyte balance. The kid-
ney’s ability to reabsorb or excrete excess water and sodium
is the principal mechanism that integrates the regulation of
extracellular fluid volume, plasma osmolality, cardiac
output, and systemic blood pressure.1 Accordingly, changes
in the circulating levels of hormones such as angiotensin
II from the renin-angiotensin system, or the expression or
activity or both of their target receptors that stimulate thirst
or promote sodium reabsorption or both can alter homeo-
static blood pressure.1,2 Furthermore, structural damage to
the nephron, as occurs in barotraumatic insult to the
glomerular filtration barrier, can trigger compensatory yet
maladaptive increases in renal tubular reabsorption of water
and sodium that further exacerbate the preceding blood
pressure abnormality.3–5

Under normal physiology, the extrinsic and intrinsic fac-
tors that moderate renal vascular resistance (RVR) maintain
constant renal blood flow (RBF) and glomerular filtration rate
(GFR) within a certain blood pressure range by preventing
excessive vasoconstriction that could potentially cause renal
ischemia or the transmission of high systemic blood pressure
causing barotraumatic insult to the glomerular filtration
barrier.6–8 This moderating phenomenon, termed renal
autoregulation, involves mechanisms that cause vasocon-
striction or dilatation of renal preglomerular arteries in
response to fluctuations in systemic blood pressure or sodium
sensing by the macula densa.8,9 Sustained elevation of sys-
temic blood pressure, however, evokes a state of chronically
elevated RVR that can cause GFR reduction due to renal
hypoperfusion.10 Conversely, defective renal autoregulation
and low RVR permits the transmission of systemic blood
pressure to the kidney, where it can cause glomerular baro-
trauma and damage to the glomerular filtration barrier,
resulting in hyperfiltration, proteinuria, and altered sodium
excretion and reabsorption by the renal tubular system, all of
which are hallmarks of chronic kidney disease (CKD).11,12

Therefore, physiological mechanisms involved in the
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regulation of vascular function and thus renal vascular tone
are promising targets to control high blood pressure, which is
a leading cause of CKD.13,14

Mice deficient in elastin, an extracellular matrix (ECM)
protein that confers compliance to conduit vessels, develop
hypertension that has been attributed mostly to structural
abnormalities in the aorta and other conduit vessels and
hyperactivity of the renin-angiotensin system.15,16 An
intriguing observation made in the early assessment of the
cardiovascular phenotypes of elastin heterozygous (Elnþ/�)
mice was that abnormal changes in the mechanical prop-
erties of conduit vessels, specifically the aorta, occur within
a few days after birth and precede the detection of any
measureable change in systemic blood pressure.17 This
observation led us to hypothesize that hypertension in
Elnþ/� mice is a consequence of maladaptive remodeling of
organ systems that regulate blood pressure determinants.
Recently, we reported that structural and functional
impairment in resistance arteries of the splanchnic vascular
bed contributes to elevated blood pressure in Elnþ/� mice
and involves hyperactivity of the angiotensin type 1 re-
ceptor (AT1R).16 However, what remains unresolved are
the effects of elastin insufficiency on renal structure and
function and whether those effects play a role in the
development of hypertension.

To address these questions, we examined the mechanical
and functional properties of small interlobar arteries of the
kidney in wild-type (WT) and Elnþ/� mice at postnatal days
(PDs) 10 and 30 when blood pressure is normal17 and at 12
weeks of age when hypertension due to Eln insufficiency is
fully established.15 Our study shows that elastin deficiency
age-dependently alters renal hemodynamics and blood
pressure sensitivity to high sodium intake and that these
changes are exacerbated by the ensuing hypertension. The
findings are highly relevant to understanding the role of
elastin deficiency in the development of hypertension and
CKD.

RESULTS
Increased renal vascular tone precedes hypertension
development in ElnD/L mice
Renal dysfunction is a hallmark of hypertension, which often
involves aberrant activity of the renin-angiotensin system
(RAS), including abnormal levels of angiotensin II and
increased activity of contractile angiotensin receptors.18–20 In
Elnþ/� mice, the development of hypertension has been
attributed partly to increased RAS activity.15 Accordingly,
pharmacological blockade of the RAS at the receptor level, or
several steps downstream of the AT1R signaling pathway,
normalizes blood pressure and decreases vascular reactivity to
G protein–coupled receptor (GPCR) activation in Elnþ/�

mice.15,16,21 Whether renal dysfunction plays a causal role or,
is a consequence of sustained hypertension in elastin-
insufficient mice is not known. To address this question, we
determined whether renal dysfunction precedes the onset of
hypertension in Elnþ/� mice. First, we determined whether
Kidney International (2017) 92, 1100–1118
arteriopathy arising from elastin insufficiency extended into
the renal vascular bed. We found that the abnormal vascular
morphologies, including elongated and tortuous appearance
noted in conduit vessels of Elnþ/� mice,17,22 were evident in
the renal vasculature and are visible as early as PD10,
becoming more prominent with age (Figure 1). We also
observed that, in contrast to the splanchnic vascular bed,
where elastin insufficiency leads to the appearance of extra-
medial elastic lamina,16 in the kidney of elastin-deficient
mice, both the internal and external elastic laminae are
thinner and less defined or visible compared with WTarteries
(Figure 1b). Next, we assessed RBF, RVR, and GFR in mice
shortly after weaning, that is, at PD30. At this age, we found
that baseline blood pressure levels and GFR were similar
between WT and Elnþ/� mice (Figure 2a), whereas RBF was
decreased while RVR was elevated in Elnþ/� mice relative to
WT control mice (Figure 2b–d). We then assessed pre-
glomerular vascular tone by measuring myogenic response of
renal interlobar arteries at PD10 and PD30 using ex vivo
vessel preparation approach. At PD30, both basal tone and
myogenic response to increasing intraluminal pressure,
calculated using vessel diameter in the presence and absence
of calcium (Figure 3a and b), were markedly augmented in
arteries from Elnþ/� mice relative to WT arteries (Figure 3c).
At intraluminal pressures of 120 and 140 mm Hg, percentage
of myogenic tone began to fall as the vessels force-dilated,
suggesting that, at this postnatal age, these are likely the up-
per limits of pressure range within which myogenic
constriction operates. Despite increased myogenic constric-
tion in Elnþ/� mice, wall tension in the presence or absence of
calcium was similar at all pressures in both genotypes
(Figure 3e). However, medial thickness-to-lumen diameter
ratio was higher in interlobar arteries from Elnþ/� relative to
WT mice (Figure 3f), while medial cross-sectional area
remained unchanged (data not shown). In contrast, basal
tone and myogenic response at PD10 were similar between
WT and Elnþ/� mice (Figure 3d). Together, these results
indicated that the onset of structural and functional abnor-
malities of the renal vasculature precede hypertension devel-
opment in Elnþ/� mice.

Augmented vascular tone in renal interlobar arteries persists
in adult ElnD/L mice and is mediated by agonist-independent
activity of AT1Rs
Several studies utilizing blood vessels of different diameters
have established that arteriopathy, due to both structural and
functional remodeling, contributes to hypertension develop-
ment as a result of elastin insufficiency.15–17,23,24 However,
the mechanism by which elastin deficiency translates to
functional stiffening of resistance arteries has not been
defined. To fill this gap in knowledge, we took advantage of
current hypothesis in the field that certain putative receptors
and membrane proteins such as AT1R, vascular epithelial
sodium channel, acid-sensing ion channel, and integrins are
capable of detecting changes in ECM stiffness and transduce
such stimuli via mechanotransduction.25–28 We focused on
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Figure 1 | Abnormal vascular morphology due to elastin insufficiency extends to resistance arteries in the kidney. (a) Representative
photomicrographs of isolated, unpressurized interlobar arteries from wild-type (top, Elnþ/þ) and elastin heterozygous (bottom, Elnþ/�) mice at
postnatal day 10 (left), postnatal day 30 (center), and 12 weeks (right). Elnþ/� interlobar arteries appear elongated and tortuous, and the altered
vascular morphology becomes more prominent with age. (b) Representative photomicrographs of intrarenal artery elastic fibers examined in
Verhoeff–van Gieson–stained kidney sections. The arrowheads and arrows indicate the internal and external elastic laminae, respectively. The
internal elastic laminae is thicker and invaginates into the vascular smooth muscle layer in Elnþ/þ relative to Elnþ/�, and the external elastic
laminae is thinner and less visibly defined in the Elnþ/� artery. Bars ¼ 100 mm. To optimize viewing of this image, please see the online version
of this article at www.kidney-international.org.
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AT1R activity because agonist-evoked signaling via this
receptor is augmented in vascular smooth muscle cells
(VSMCs) from elastin-insufficient mice.16,29 In addition, we
showed previously that resistance arteries from adult Elnþ/�

mice show increased reactivity to Gq/11-coupled GPCR
activation.16 Here, we determined whether changes in
myogenic properties due to elastin deficiency prior to blood
pressure elevation is sustained in adult mice and whether
these changes contribute to increased vascular tone in renal
interlobar arteries. In interlobar arteries from Elnþ/� mice,
myogenic response was augmented at all pressures, except at
10 and 140 mm Hg (Figure 4a–c). In adult renal interlobar
arteries, blockade of AT1R with the selective antagonist,
candesartan (1 mmol/l), markedly decreased myogenic tone
(Figure 4c), indicating that AT1R activation is involved in
myogenic response to pressure-mediated mechanical stretch of
the renal vasculature. Notably, myogenic response in Elnþ/�
1102
interlobar arteries was more sensitive to candesartan treatment
and was reduced to the level in WT vessels treated with the
antagonist (Figure 4c). Passive vessel diameter at physiological
pressure (60 mm Hg) was slightly higher in interlobar arteries
from WT mice. However, wall tension in the presence or
absence of calcium was similar between the 2 genotypes at
all intraluminal pressures (Figure 4d). These data together
indicated that sustained myogenic constriction, mediated by
stretch-induced activation of AT1Rs, contributes to increased
renal vascular tone in Elnþ/� mice with elevated blood
pressure.

Increased agonist-independent activity but not expression
of AT1Rs mediates augmented interlobar artery tone in
ElnD/L mice
To determine whether augmented renal vascular tone was due
to increased expression of potential mechanosensors, we
Kidney International (2017) 92, 1100–1118

http://www.kidney-international.org


Figure 2 | Eln insufficiency impairs renal hemodynamics without affecting baseline blood pressure in young mice. Baseline mean arterial
blood pressure (MAP) (a), renal blood flow (RBF) (b), renal vascular resistance (RVR) (c), and glomerular filtration rate (GFR) (d) of postnatal
day 30 male and female wild-type (Elnþ/þ, n ¼ 6) and Eln heterozygous (Elnþ/�, n ¼ 6) mice under isoflurane anesthesia. Values are mean � SE.
*P < 0.05 versus Elnþ/þ; NS indicates not significantly different from Elnþ/þ.
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assessed the expression profile of angiotensin receptors, and
integrin b1 and b3 in WT and Elnþ/� mice at PD10, PD30,
and 12 weeks.We also examined the expression profile of RGS2
and 5, the 2 most notable regulators of G protein signaling
(RGS) proteins known to fine-tune contractile signaling via
Gq/11-class G proteins in VSMCs.30–33 In WT interlobar
arteries, the expression of At1r and Itgb1 decreased from PD10
to PD30; however the expression increased or returned to
PD10 levels by 12 weeks of age (Figure 5a, b, and d). The
expression of ItgbI and Rgs2 and Rgs5 decreased age-
dependently and remained down-regulated at 12 weeks of
age (Figure 5e–g). In contrast, the expression of all genes in
Elnþ/� interlobar arteries age-dependently decreased. At PD30,
where we detected a marked increase in myogenic tone, both
At1ra and At1rb expression was lower (37% and 74% decrease,
respectively) in Elnþ/� arteries relative to that in WT arteries.
This was accompanied by a marked decrease in Itgb1 and Itgb3
(70% vs.>99% decrease, respectively), as well as Rgs2 and Rgs5
expression (75% vs. 94% decrease, respectively). The sup-
pressed gene expression in Elnþ/� arteries was sustained at 12
weeks. In both genotypes, there was a precipitous decrease in
At2r expression after PD10, and it was barely detectable at 12
weeks. Suppression of hypertension development with hy-
dralazine led to restored expression of At1r, Itgb1 and Rgs2 in
Elnþ/� arteries, whereas the expression of At2r, Itgb3, and Rgs5
did not change. These results together indicated that increased
agonist-independent AT1R activity but not expression is
involved in augmented myogenic tone in Elnþ/� mice.
Kidney International (2017) 92, 1100–1118
Effects of elastin insufficiency on renal hemodynamics,
diuresis, and natriuretic response to plasma volume
expansion

We hypothesized, based on the outcomes of the ex vivo
myogenic response experiments and previous studies,15,16,21

that altered renal hemodynamics and tubular function, due
to increased RAS activity, mediate elevated blood pressure in
Elnþ/� mice. To test this hypothesis, we assessed renal he-
modynamics and tubular function in adult male and female
mice of both genotypes under anesthesia with continued
infusion of 0.9% saline-albumin solution containing 5%
inulin as previously described.34 Baseline RVR was elevated
only in female Elnþ/� mice, whereas RBF was similar between
the 2 genotypes (Figure 6b–e). Acute treatment with a dose of
candesartan (100 mg/kg, i.v.), that had been shown previously
to normalize systolic blood pressure (SBP) in Eln-insufficient
mice,15 resulted in w65% and w85% increases in RBF in
male and female Elnþ/� mice, respectively, relative to w27%
and w38% increases in male and female WT control mice,
respectively (Figure 6b and e). In contrast, AT2R blockade
with PD123319 (50 ng/kg per min, for 30 minutes) had no
effect on SBP or RBF. To determine whether increased RBF
following candesartan treatment was due specifically to
blockade of renal vascular constriction but not the blockade
of systemic effects of angiotensin II, we administered the a1-
adrenergic receptor antagonist, prazosin, at a dose (3 mg/kg,
i.v.) that produced a similar effect on SBP as candesartan.
Despite the depressor effect, prazosin did not change RBF
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Figure 3 | Eln insufficiency increases renal vascular tone prior to chronic blood pressure elevation. (a,b) Renal interlobar artery diameter
of 30-day-old wild-type (Elnþ/þ, n ¼ 6) (a) and heterozygous (Elnþ/�, n ¼ 5) (b) mice were measured at increasing intraluminal pressure in the
presence (closed symbols) and absence (open symbols) of Ca2þ in the superfusing physiological saline solution. (c,d) Percentage of myogenic
tone of interlobar arteries from 30-day-old (c) and 10-day-old (d) Elnþ/þ and Elnþ/� mice at each intraluminal pressure calculated using vessel
diameters measured in the presence (active diameter) and absence (passive diameter) of extracellular Ca2þ. (e) Active (circles) and passive
(open) wall tension in interlobar arteries from 30-day-old Elnþ/þ and Elnþ/� mice in response to increases in intraluminal pressure. (f) Media
thickness-to-lumen diameter ratio of interlobar arteries from 30-day-old Elnþ/þ and Elnþ/� mice in response to increases in intraluminal
pressure. Values are mean � SE. *P < 0.05 versus Elnþ/þ; ** P < 0.01 versus Elnþ/þ.
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(Figure 6b and e). Together, these results suggested that renal
vascular AT1R activity is augmented and suppresses RBF by
mediating increased RVR in Elnþ/� mice.

To assess the effects of elastin insufficiency and high blood
pressure on renal tubular function, anesthetized mice were
subjected to volume loading by continuous infusion of 2%
bovine serum albumin in isotonic saline containing inulin. In
male Elnþ/� mice compared with WT control mice, filtration
fraction was increased, while urine flow rate and GFR trended
higher but did not reach statistical significance (Figure 7). In
both genotypes, candesartan and prazosin but not PD123319
decreased GFR; however, only candesartan had a significant
effect on filtration fraction in male WT mice (Figure 7f). In
1104
female mice, baseline urine flow rate, GFR, and filtration
fraction of Elnþ/� were similar to WT control mice
(Figure 7a–c). Acute candesartan administration equally
lowered filtration fraction in WT and Elnþ/� mice (Figure 7c)
but decreased GFR only in female WT mice (Figure 7b).
Baseline sodium excretion rate was slightly higher in female
but not male Elnþ/� mice compared with WT control mice;
however, sodium excretion rate increased only in male mice
after acute administration of candesartan (Figure 8a and b).
There was no difference in potassium excretion rate between
female WT and Elnþ/� mice before or after candesartan de-
livery (Figure 8c). In contrast, potassium excretion rate before
and after candesartan treatment followed the same trend as
Kidney International (2017) 92, 1100–1118



Figure 4 | Increased activity of the angiotensin type 1 receptor (AT1R) contributes to augmented myogenic constriction of interlobar
arteries from 12-week-old Elnþ/� mice. (a,b) Wild-type (Elnþ/þ, n ¼ 6) (a) and Eln heterozygous (Elnþ/�, n ¼ 5) (b) mouse interlobar artery
diameters were measured at increasing intraluminal pressure in the presence (open symbols) and absence (closed symbols) of Ca2þ in the
superfusing physiological saline solution. (c) Myogenic response of interlobar arteries from Elnþ/þ and Elnþ/� heterozygous mice in the absence
(closed symbols) and presence (open symbols) of the AT1R blocker, candesartan ([CAND], 1 mmol/l [mM]). Myogenic response of interlobar
arteries from Elnþ/� mice is more sensitive to CAND relative to that of Elnþ/þ arteries. (d) Active (closed symbols) and passive (open symbols)
wall tension in interlobar arteries from wild-type (Elnþ/þ) and Eln heterozygous (Elnþ/�) mice in response to increases in intraluminal pressure. In
all genotypes, myogenic response reduced wall tension in response to increasing intraluminal pressure in the presence of Ca2þ. Values are
mean � SE. *P < 0.05 versus Elnþ/þ control; **P < 0.01 versus Elnþ/þ control.
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sodium excretion rate in male Elnþ/� mice (Figure 8d). These
data together indicated that hypertension in Elnþ/� mice is
associated with renal vascular and tubular dysfunction.

ElnD/L mice develop sex-dependent, salt-sensitive isolated
systolic hypertension
Previous studies assessing blood pressure phenotype of Elnþ/�

mice have been limited to carotid artery blood pressure
measurement under anesthesia, due to the tortuosity of the
common carotid arteries. However, the use of anesthetics
often confounds the determination of blood pressure pheno-
types because of their effects on autonomic function and other
vasoactive hormone systems that directly affect vascular
resistance, including angiotensin II.35–37 To characterize the
type of hypertension in Elnþ/� mice, we modified the standard
radiotelemetry implantation surgical protocol enabling the
diurnal monitoring of blood pressure and heart rate in
conscious mice. As shown in Figure 9, nighttime SBP of Elnþ/�

mice on normal salt diet at baseline was markedly elevated
relative to WT control mice in both sexes (Elnþ/� 136 � 2
vs. WT 112 � 6 mm Hg; P < 0.01). In contrast, daytime SBP as
well as diastolic and mean blood pressure of Elnþ/� mice at all
periods in a 24-hour cycle were similar to corresponding
WT control mice. These data together indicated that elastin
insufficiency is associated with isolated systolic hypertension.
Kidney International (2017) 92, 1100–1118
Because the RAS has been shown to be hyperactivated in
Elnþ/� mice,15,16 and given the critical role it plays in pro-
moting renal sodium retention by the kidney and blood
pressure elevation,1 we determined whether hypertension in
Elnþ/� is at least partly due to impaired maintenance of so-
dium balance by the kidney. We tested this hypothesis by
feeding Elnþ/� and WT mice a high salt diet, comprising
normal chow containing 6% NaCl, for 10 days following
baseline blood pressure and heart rate recordings. Blood
pressure and heart rate were again monitored during the last 3
days of the high salt diet regimen. We found, in Elnþ/� mice,
that high salt diet elevated daytime SBP, which was more
remarkable in male relative to female mice (male: Elnþ/� 118
� 5 vs. WT 102 � 6 mm Hg; P ¼ 0.03). However, high salt
diet had minimal effect on diastolic blood pressure, mean
blood pressure, or heart rate in both sexes and genotypes
(Figure 9). To determine how elastin insufficiency affects
renal sodium handling, we generated renal function curves
using SBP and sodium excretion rate during normal salt and
high salt diets. As expected for a hypertension phenotype, the
pressure-natriuresis curve shifted rightward relative to WT in
both sexes of Elnþ/� mice, using either daytime (Figure 10a
and b) or nighttime (Figure 10c and d) SBPs. The slope of the
pressure-natriuresis curve was more blunted in male Elnþ/�

relative to female Elnþ/� mice. These data together indicated
1105



Figure 5 | Age- and blood pressure-related mRNA expression level of angiotensin receptor type 1a (a; At1ra) and type 1b (b; At1rb) and
angiotensin receptor type 2 (c; At2r), integrin beta-1 (d; Itgb1) and beta-3 (e; Itgb3), and RGS2 (f; Rgs2) and RGS5 (g; Rgs5) genes in the
renal vascular bed of wild-type (Elnþ/þ, n [ 5) and elastin heterozygous (Elnþ/�, n [ 5) mice assessed using quantitative polymerase
chain reaction. Gene expression levels were normalized to Gapdh mRNA in each sample. Data are expressed as mean � SE. P < 0.05 versus
expression at postnatal day (PD) 10 of respective genotype; **P < 0.01 versus expression at PD10 of respective genotype; #P < 0.05 versus
Elnþ/þ; ##P < 0.01 versus Elnþ/þ. Hdlzn, hydralazine.
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that in Elnþ/� mice, SBP sensitivity to changes in dietary
sodium consumption is sex-dependent.

Sustained hypertension mediates blood pressure sensitivity
to high dietary sodium intake in ElnD/L mice
To determine whether blood pressure sensitivity to dietary
sodium intake was a result of sustained hypertension, male
Elnþ/� and WT mice were given chronic hydralazine in their
drinking water starting immediately upon weaning at PD20,
to prevent blood pressure elevation. At 12 weeks of age,
chronic hydralazine treatment normalized SBP in Elnþ/� mice
relative to WT control mice (Figure 11). Next, we determined
whether blood pressure in Elnþ/� mice remained salt-
sensitive. As shown in Figure 12, blood pressure in Elnþ/�

mice was well maintained at WT control level, while the
pressure-natriuresis curve shifted to the left with a similar
1106
slope. These results indicated that sustained hypertension
alters sodium handling by the kidney leading to salt-sensitive
hypertension in male Elnþ/� mice.

Elastin deficiency causes damage to the glomerular filtration
barrier independently of sustained blood pressure elevation
Tables 1 and 2 show morphometric data as well as 24-hour
urine flow rate, urine creatinine clearance, proteinuria,
albuminuria, and urine and plasma electrolyte levels of male
and female WT and Elnþ/� control mice on normal salt diet.
In male mice, kidneys from Elnþ/� mice were smaller
compared with those of WT control mice; however, urine
flow rate was elevated while sodium excretion rate trended
lower in Elnþ/� mice (Table 1). In female mice, both urine
flow rate and sodium excretion trended lower in Elnþ/� mice
(Table 2). Potassium excretion rate and GFR of Elnþ/� mice,
Kidney International (2017) 92, 1100–1118



Figure 6 | Effects of Eln insufficiency on renal hemodynamics. Female (left) and male (right) systolic blood pressure (SBP) (a,d), renal
blood flow (RBF) (b,e), and renal vascular resistance (RVR) (c,f) at baseline (BSLN) and in response to acute i.v. bolus of candesartan ([CAND], 100
mg/kg), PD123319 ([PD], 50 ng/kg per min), or prazosin ([PRZN], 2 mg/kg). Values are mean � SE. *P < 0.05 versus Elnþ/þ baseline; **P < 0.01
versus Elnþ/þ baseline; #P < 0.05 versus Elnþ/� baseline; ##P < 0.01 versus Elnþ/� baseline; &P < 0.05 versus respective baseline control;
&&P < 0.01 versus respective baseline control. KW, kidney weight.
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measured by 24-hour urine creatinine clearance, were not
different from WT control levels. Proteinuria and albumin-
uria showed increasing trends in male and female Elnþ/� mice
relative to WT control mice, but the difference did not reach
statistical significance.

To determine whether polyuria and increased proteinuria
and albuminuria at baseline in male Elnþ/� mice were due to
structural alterations in the filtration barrier, we examined
glomerular ultrastructure by electron microscopy. Figure 13
Kidney International (2017) 92, 1100–1118
shows representative photomicrographs of glomerular filtra-
tion unit of 12-week-old WT and Elnþ/� male mice. Marked
effacement of podocyte foot processes is evident in the Elnþ/�

mouse glomeruli, and the remaining foot processes appear
hypertrophied and tightly attached to the glomerular base-
ment membrane. These podocyte foot process abnormalities
persisted in Elnþ/� mice subjected to chronic hydralazine
treatment as described (Figure 13, lower right panel), indi-
cating that elastin deficiency elicits glomerular damage at the
1107



Figure 7 | Effects of Eln insufficiency on renal tubular function. Female (left) and male (right) urine flow rate (UV) (a,d), glomerular
filtration rate (GFR) (b,e) and filtration fraction (c,f) at baseline (BSLN) and in response to acute i.v. bolus of candesartan ([CAND], 100 mg/kg),
PD123319 ([PD], 50 ng/kg per min), or prazosin ([PRZN], 2 mg/kg). Values are mean � SE. **P<0.01 versus Elnþ/þ baseline; ##P < 0.01 versus
Elnþ/� baseline. KW, kidney weight.
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ultrastructural level independently of its effects on blood
pressure regulation. Using Masson trichrome staining for
collagen deposition, we also assessed whether elastin insuffi-
ciency and the accompanying hypertension lead to tissue
injury in kidneys from adult mice. As shown in Figure 14,
kidneys from 12-week-old Elnþ/� mice displayed marked
interstitial and perivascular fibrosis relative to WT control
mice. Together, these data indicate that the structural and
1108
functional abnormalities, together with sustained hyperten-
sion due to elastin insufficiency, cause renal injury.

DISCUSSION
The main goals of this study were to examine the effects of
elastin haploinsufficiency on structure and function of the
kidney and to determine whether such effects are involved in
the pathogenesis of the hallmark hypertension associated with
Kidney International (2017) 92, 1100–1118



Figure 8 | Effect of Eln insufficiency on urine sodium and potassium excretion rates in the absence and presence of angiotensin type 1
receptor blockade. Female (left, n ¼ 6) and male (right, n ¼ 6) urine sodium excretion rate (UNa

þV) (a,b) and potassium excretion rate (c,d)
at baseline (BSLN) and in response to acute i.v. bolus of candesartan ([CAND], 100 mg/kg). Values are mean � SE. KW, kidney weight.

EA Owens et al.: Elastin insufficiency and renal function bas i c re sea r ch
elastin deficiency. This is important because the kidney plays
a central role in long-term blood pressure control and because
elastin deficiency is an independent risk factor for arterial
stiffening and age-related cardiovascular disease including
CKD and atherosclerosis.38–41 We performed this study using
elastin-haploinsufficient mice, a mouse model of elastin
deficiency that exhibits all the associated cardiovascular ab-
normalities in mice and humans.15,23 In the Elnþ/� mouse
model, hypertension due to elastin deficiency was shown to
be preceded by structural abnormalities in conduit arteries;17

therefore, we used age-dependent in vivo and ex vivo ap-
proaches wherein blood pressure, renal hemodynamics, and
tubular function, as well as myogenic tone were assessed in
young animals prior to the occurrence of detectable changes
in blood pressure.

We did not find hypertension in Elnþ/� mice at PD30
relative to age-matched or adult WT control mice, as previ-
ously reported.17 However, we found that elastin deficiency
leads to renal hypoperfusion, as evidenced by increased renal
vascular resistance and decreased renal blood flow with a
trend toward lower GFR. Renal hypoperfusion may result
from excessive constriction of preglomerular renal arteries via
autoregulation mechanisms that maintain constant RBF and
thereby prevent barotraumatic injury to the glomerulus. Such
a change in renal autoregulation can be triggered by chronic
systemic hypertension,8,42 or by impairment of the mecha-
nisms underlying renal autoregulation independently of
changes in systemic blood pressure.5 In Elnþ/� mice at PD30,
RBF decreased despite the absence of a marked increase in
blood pressure. This observation is consistent with the hy-
pothesis that, in addition to the modulatory effects of vaso-
active hormones, elastin deficiency abnormally alters kidney
Kidney International (2017) 92, 1100–1118
intrinsic mechanisms that mediate renal autoregulation,
namely, myogenic constriction and tubuloglomerular feed-
back. As is well established, myogenic vasoconstriction is
normally observed in small resistance arteries in response to
the mechanical stretch of smooth muscle layers in the arterial
wall, in the absence of vasoactive hormones or sympathetic
input.7,43–45 Thus, in the absence of severe hypertension in
Elnþ/� mice, increased renal vascular resistance likely results
from structural or functional alterations or both in the renal
vasculature. Consistent with this hypothesis, intrarenal ar-
teries from Elnþ/� mice were found to be elongated and
tortuous, depicting previously described arteriopathy of
conduit vessels from Elnþ/� mice and Williams syndrome
patients.46–48 Ex vivo, small renal arteries from Elnþ/� mice
showed augmented basal tone and enhanced myogenic con-
tractile response to pressure-induced stretch of the vessel wall.
Moreover, medial wall thickness–to–lumen ratio was higher
with no change in wall thickness in Elnþ/� mice, indicating a
sustained, agonist-independent vasoconstriction that main-
tains similar wall tension as in WT arteries. We believe such
structural and functional changes are maladaptive as they lead
to decreased lumen diameter and thus contributing to
augmented renal vascular resistance and the accompanying
decrease in renal perfusion in Elnþ/� mice, in the absence of a
marked increase in systemic blood pressure. These findings,
together with previous reports, further indicate that elastin
insufficiency compromises the structural integrity of, at the
least, the arterial side of the circulatory system, including
resistance arteries in organ systems that are key to blood
pressure determination.16,17,22 Thus, in addition to conferring
compliance to conduit arteries, thereby enabling them to
reduce afterload or cardiac workload or both, elastin also
1109



Figure 9 | Diurnal blood pressure and heart rate (HR) of wild-type (Elnþ/þ, n [ 6-8) and elastin heterozygous (Elnþ/�, n [ 5-10) mice
fed a normal or high salt (6% NaCl) diet. Both male (left) and female (right) Elnþ/� mice show isolated systolic hypertension. (a) Female Elnþ/�

mice have very little to no change in systolic blood pressure (SBP) following high salt diet, relative to female wild-type cohort. (b) Male Elnþ/�

mice show increased daytime SBP relative to wild-type mice, but only a slight increase in nighttime SBP after high salt diet. Values are
mean � SE. bpm, beats/min; DBP, diastolic blood pressure; MBP, mean blood pressure.
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plays a critical role in determining total peripheral resistance,
and by extension systemic blood pressure, as it affects the
activity level of smooth muscle-intrinsic mechanisms under-
lying vascular tone and thus lumen diameter.

Our results also show that the maladaptive increase in
myogenic tone observed at young age persists in adult Elnþ/�

mice, which further indicates that functional remodeling of
the renal vasculature is not dependent on the establishment of
hypertension in this mouse model. However, heretofore, the
molecular identity of the protein(s) that mediate mechano-
reception and transduction of the changes in mechanical
properties of the arterial vasculature and the ensuing (patho)
physiology due to elastin insufficiency was not known. Based
on previous studies from our group and others,15,16 we have
addressed the question by examining the possibility that
vascular AT1R is involved in the sensing or detection and
transduction of the changes in vessel wall properties in Elnþ/�

mice. Previously, we showed that angiotensin II–induced
Ca2þ transients, RhoA-Rho kinase signaling, and vasocon-
striction are augmented in small mesenteric arteries from
1110
Elnþ/� mice, despite a decrease in AT1R expression at the
mRNA level, which together indicate increased sensitivity or
activity of the receptor in resistance arteries.16 Consistent with
these previous findings, here we also found age-dependent
decrease in the expression of AT1R receptors. Moreover,
pharmacological blockade of AT1R with candesartan abro-
gated the enhanced myogenic constriction of the renal
vasculature in Elnþ/� mice, indicating that AT1R is a vascular
mechanosensor in renal interlobar arteries. Although AT1R is
a vascular GPCR that mediates the contractile effect of
angiotensin II, it may also be involved in renal myogenic
constriction. The role of AT1R as a mechanosensor was first
demonstrated in the myocardium where the activated recep-
tor mediates stress-induced cardiac hypertrophy via Gq/11–
mediated activation of extracellular signal–regulated kinase
1/2 signaling cascade, in the absence of angiotensin II.49,50 In
VSMCs of cerebral and renal arteries, the AT1R has also been
shown to function as a mechanosensor by mediating stretch-
induced activation of transient receptor potential type C and
subsequent membrane depolarization and Ca2þ influx via
Kidney International (2017) 92, 1100–1118



Figure 10 | Effect of Eln insufficiency on the pressure-natriuresis relationship and blood pressure sensitivity to high sodium diet
consumption. (a,b) Pressure-natriuresis curve generated with daytime systolic blood pressure (SBP) of female (left) and male (right) wild-type
(Elnþ/þ, n ¼ 4) and elastin heterozygous (Elnþ/�, n ¼ 5–6) mice. (c,d) Pressure-natriuresis curve generated with nighttime SBP of female
(left) and male (right) Elnþ/þ and Elnþ/� mice. Values are mean � SE. UNa

þV, urinary sodium excretion rate.
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voltage-gated L-type Ca2þ channels.49,51 In Elnþ/� mice, the
RAS is hyperactivated both at the hormone production and
receptor activity levels,15,16 and each level can independently
contribute to enhanced vasoconstriction. The AT1R is an
ideal protein that potentially mediates the effects of distinct
stimuli given that upon ligand binding, it can assume an
active conformation that is quite different from the active
conformation in response to membrane stretch, thus making
the receptor inherently mechanosensitive.52,53 Accordingly, it
is likely that such distinct conformations of AT1R are
constitutively activated in VSMCs of Elnþ/� mice and
essentially mediate increased renal vascular tone via agonist-
dependent and stretch-induced activation of contractile
signaling. This possibility is further supported by the obser-
vation that in Elnþ/� renal interlobar arteries, there is down-
regulation of the genes encoding RGS2 and RGS5, which are
selective and potent guanosine triphosphatase activating
proteins that accelerate the termination of Gq/11 activity and
downstream signaling.32,54 Thus the absence of such fine-
tuning by RGS proteins increases the sensitivity of Gq/11,
likely compensating for decreased receptor expression due to
elastin deficiency. It is also noteworthy that the age-dependent
decreases in AT1R and integrin receptor expression in Elnþ/�
Kidney International (2017) 92, 1100–1118
mice parallel the rise in blood pressure. Because the expres-
sion of these receptors are restored to prehypertension levels
by chronic treatment with hydralazine to normalize blood
pressure, we suggest that down-regulation of vascular AT1R
and integrin receptors is likely a compensatory mechanism to
counter hypertension arising from elastin deficiency.

In the renal vasculature, activation of angiotensin receptors
directly affects GFR in part by augmenting the constriction of
efferent arterioles more so than afferent arterioles, thus
leading to increased filtration fraction due to a rise in capillary
hydrostatic pressure.55,56 Consistent with this phenomenon,
male Elnþ/� mice showed glomerular hyperfiltration, which
was abolished by blockade of AT1Rs with candesartan. The
accompanying increase in RBF after candesartan is also
consistent with predominant efferent arteriole hyper-
constriction in Elnþ/� mice that likely underlies the
augmented glomerular filtration. As male Elnþ/� mice excrete
more urinary sodium relative to WT control mice, tubular
sodium reabsorption must increase to maintain sodium bal-
ance. Such a compensatory mechanism likely accounts for
increased blood pressure sensitivity to a change in dietary
sodium intake, which was noticeable only in male Elnþ/�

mice showing increased filtration fraction. These changes in
1111



Figure 11 | Diurnal blood pressure and heart rate (HR) of male wild-type (Elnþ/þ, n [ 4) and elastin heterozygous (Elnþ/�, n [ 7) mice
fed a normal or high salt (6% NaCl) diet. All mice were given hydralazine (250 mg/ml) in their drinking water from postnatal day 20, when
they were weaned. Hydralazine treatment abolished the elevation of systolic blood pressure (SBP) of Elnþ/� mice on a normal diet. Values
are mean � SE. bpm, beats/min; DBP, diastolic blood pressure; MBP, mean blood pressure.
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tubular sodium handling are indeed secondary to the estab-
lishment of hypertension, because precluding hypertension
with chronic hydralazine treatment at perinatal age prevents
the apparent blood pressure sensitivity to dietary salt in adult
male Elnþ/� mice. The mechanisms that mediate sex-related
differences in blood pressure sensitivity to dietary sodium
consumption and renal tubular function are unclear from the
1112
current study and remain to be elucidated. However, there is
emerging evidence that estrogen, progesterone, and prolactin
promote renal sodium reabsorption by increasing the
expression and activity of sodium transporters in the distal
nephron, thereby facilitating fluid retention in certain physi-
ological states unique to females such as pregnancy and
lactation in rats.57,58 Furthermore, other studies have shown
Kidney International (2017) 92, 1100–1118



Figure 12 | Effect of Eln insufficiency on the pressure-natriuresis relationship and blood pressure sensitivity to high sodium diet
consumption of mice chronically treated with hydralazine (Hdlzn). (a) Pressure-natriuresis curve generated with daytime systolic blood
pressure (SBP) of male wild-type (Elnþ/þ, n ¼ 4) and elastin heterozygous (Elnþ/�, n ¼ 7) mice. (b) Pressure-natriuresis curve generated with
nighttime SBP of Elnþ/þ and Elnþ/� mice. The dashed line in each graph represents the pressure-natriuresis line of Elnþ/þ mice without chronic
hydralazine treatment. Values are mean � SE. UNa

þV, urinary sodium excretion rate.

Table 1 | Baseline morphometric and renal function data of
Elnþ/þ and Elnþ/� male mice

Parameter
Elnþ/þ

(n [ 10)
Elnþ/�

(n [ 10) P value

Body weight, g 24 � 1 23 � 1 0.247
Kidney weight, mg 204 � 10 181 � 7 0.06
Urine flow rate, ml/h
per g KW

115 � 27 169 � 26 0.038

Urine sodium excretion
rate, mmol/h per g KW

490 � 150 430 � 160 0.110

Urine osmolality,
mmol/kg BW

1952 � 187 1895 � 142 0.829

Urine creatinine clearance,
dl/min per g KW

83 � 14 64 � 7 0.101

Urine albumin clearance,
mg/ml per g BW

1.4 � 0.1 1.7 � 0.1 0.137

Urine protein clearance,
mg/ml per g BW

4.3 � 2.0 6.4 � 0.3 0.058

BW, body weight; KW, kidney weight. Values are mean � SE.
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that blood pressure of premenopausal women is insensitive to
high salt consumption, whereas after menopause it tends to
be salt-sensitive.59,60 Such sex hormone-related effects may
account, at least partly, for the observed differences in blood
pressure sensitivity to high salt diet between male and female
Elnþ/� mice observed in this study. Nonetheless, elastin
deficiency by itself is sufficient to cause damage to the
glomerular filtration barrier regardless of blood pressure
status of Elnþ/� mice, and such damage at the ultrastructural
level may contribute to hyperfiltration. This is intriguing and
warrants further investigation of the underlying mechanisms,
because, in normal mouse, rat, and human kidneys, elastin
expression is restricted to the renal vasculature, the outer
space of the Bowman capsule and periglomerular inter-
stitium, but not in the glomerular tuft.61 Although absent in
the ECM of mesangial cells in vivo, elastin expression in this
cell type strongly increases in quiescent state and is imme-
diately and markedly suppressed under mitogenic condi-
tions.61 Determining whether elastin insufficiency alters the
structural properties of podocytes or the activity of proteins
or receptors involved in mechanotransduction within the
glomerulus will be essential to further enhance the under-
standing of the role of elastin in renal physiology and disease.
Taking a more global view of the kidney, elastin-insufficient
mice exhibit renal damage, including interstitial and peri-
vascular fibrosis. These types of renal damage are hallmarks of
hypertensive kidney disease such as CKD. The renal damage
in Elnþ/� mice is likely facilitated by increased activity of the
RAS that is known to be a primary mediator of renal fibrosis
via several mechanisms including cell proliferation, inflam-
mation, and ECM protein accumulation.62,63

In conclusion, we have shown that renal vascular dysfunction
due to elastin deficiency is critical to the development of hy-
pertension, renal injury, and structural abnormalities in the
glomerular filtration unit. Elastin deficiency increases renal
vascular tone in part by augmenting the mechanosensitivity of
Kidney International (2017) 92, 1100–1118
angiotensin receptors in the renal vasculature. Finally, sustained
hypertension in elastin deficiency triggers maladaptive renal
tubular response leading to sex-related salt sensitivity of blood
pressure. Interestingly, several of the pathological changes in
renal structure and function of Elnþ/� mice observed in this
study resemble those seen in CDK patients, particularly those
undergoing dialysis.40,64 Therefore, findings from studies using
the mouse model of elastin insufficiency are highly relevant to
understanding the basicmechanismswhereby elastin deficiency,
resulting from aging or increased degradation or both by met-
alloproteases, may play a causal role in CKD. Such knowledge is
critical to understanding and modifying the therapeutic
approach to managing hypertension and kidney disease.
MATERIALS AND METHODS
Animals
All studies were performed in accordance with protocols approved by
the Institutional Animal Care and Use Committee of Drexel
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Table 2 | Baseline morphometric and renal function data of
Elnþ/þ and Elnþ/� female mice

Parameter
Elnþ/þ

(n [ 7)
Elnþ/�

(n [ 8) P value

Body weight, g 22 � 1 22 � 1 0.229
Kidney weight, mg 148 � 4 173 � 3 0.002
Urine flow rate,
ml/h per g KW

480 � 127 300 � 60 0.131

Urine sodium excretion
rate, mmol/h per g KW

579 � 95 439 � 82 0.098

Urine osmolality,
mmol/kg BW

1058 � 178 1676 � 238 0.042

Urine creatinine clearance,
dl/min per g KW

87 � 23 49 � 23 0.165

Urine albumin clearance,
mg/ml per g BW

1.7 � 1.0 2.4 � 0.9 0.328

Urine protein clearance,
mg/ml per g BW

5.6 � 0.3 6.6 � 0.3 0.064

BW, body weight; KW, kidney weight. Values are mean � SE.
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University. Experiments were performed using mice at PD10 to
PD12 and PD30, and 12-week-old male and female mice that have
been backcrossed several generations into the C57BL/6 background
(Charles River, Wilmington, MA). Generation of Elnþ/� mice
has been described previously.65 Founders of Elnþ/� mice were ob-
tained from Dr. Robert Mecham at Washington University School of
Medicine (St. Louis, MO, USA), with the permission of Dr. Dean Li
at the University of Utah (Salt Lake City, UT). Mice were
provided access to food and water ad libitum in our institution’s
animal facility at 22oC and a 12-hour light-dark cycle.

Standard protocol for in vivo studies
On the day of the experiment, mice were anesthetized with iso-
flurane and surgically instrumented with fluid-filled carotid artery
Figure 13 | Representative ultrastructural images of the glomerular
heterozygous (Elnþ/�) mice. The animals were fed chronically without
drinking water starting immediately after they were weaned at postnata
podocyte foot processes due to elastin insufficiency. Bars ¼ 2 mm. To opti
at www.kidney-international.org.
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catheter (MAC-01; SAI Infusion Technologies, Lake Villa, IL) for
blood pressure measurement, a PE-10 jugular vein catheter for fluid
and drug delivery, and a bladder catheter for urine collection. A renal
flow probe (0.5PSB Nanoprobe; Transonic, Ithaca, NY) for
acute RBF measurement was placed around the left renal artery
following a left flank incision and carefully isolating the renal artery
from the renal vein. At the end of the surgery, the mice were given a
bolus injection of 2% bovine serum albumin and saline (8 ml/g body
weight), followed by continuous infusion of the same solution at 0.5
ml/min per g body weight, while blood pressure and RBF were
continuously recorded. After 30 minutes of equilibration, urine was
collected for another 30 minutes for the determination of baseline
GFR, followed by a bolus administration of saline, candesartan,
prazosin, or infusion of PD123319 via the jugular vein catheter.
Blood pressure and RBF recordings as well as urine collection were
continued for 20 minutes. At the end of each urine collection period,
blood sample (w50 ml) was taken to determine GFR, hematocrit,
and plasma electrolyte concentration. Kidney weight was measured
at the end of the experiment. Washington University School of
Medicine’s Core Laboratory for Clinical Studies performed plasma
and urine electrolyte analysis. Hemodynamic data were recorded
and analyzed with PowerLab system (ADInstruments, Colorado
Springs, CO).

Determination of myogenic tone in isolated
interlobar arteries
To assess the effect of Eln insufficiency on renal microcirculation, we
performed structural and functional analysis of renal interlobar ar-
teries using Living Systems vessel chamber (Catamount, Burlington,
VT) and IonOptix vessel dimension analysis software (IonOptix
LLC, Westwood, MA) as previously described.33 Briefly, mice
were deeply anesthetized with ketamine and xylazine (ketamine:
43 mg/kg, i.p., and xylazine: 6 mg/kg, i.p.) and killed by cervical
filtration barrier of 12-week-old wild type (Elnþ/þ) and elastin
(upper panels) or with (lower panels) 250 mg/l of hydralazine in their
l day 20. The magnified insets show changes in the structure of
mize viewing of this image, please see the online version of this article
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Figure 14 | Effects of elastin insufficiency on renal injury. (Top)
Representative photomicrographs of interstitial, perivascular, and
glomerular fibrosis revealed by Masson trichrome staining of
collagen. Bars ¼ 50 mm. (Bottom) Summary of blind assessment of
fibrosis score of kidneys from wild-type (Elnþ/þ, n ¼ 10) and elastin
heterozygous (Elnþ/�, n ¼ 6) mice. The arbitrary fibrosis score ranged
from 1 to 10, with 1 having the least area and 10 the most extensive
area of fibrosis. Values are mean � SE. *P < 0.05 versus Elnþ/þ. To
optimize viewing of this image, please see the online version of this
article at www.kidney-international.org.
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dislocation. The kidneys were harvested, decapsulated, and cut into 2
halves sagittally in cold physiological salt solution (PSS) of the
following composition (in mmol/l): 140 NaCl, 5 KC1, 1.2 MgSO4,
2.0 CaC12, 10 sodium acetate, 10 N-2-hydroxyethylpiperazine-N0-2-
ethanesulfonic acid, 1.2 Na2H2PO4, 5 glucose, and pH adjusted to
7.4 with NaOH. Renal interlobar arteries were isolated and
Kidney International (2017) 92, 1100–1118
transferred into a vessel chamber where they were cannulated at both
ends with glass pipettes and secured with nylon ligatures. Intra-
luminal pressure and vessel bath temperature were maintained by
servo-controlled pressure pump and temperature control systems,
respectively. The vessel lumen and chamber were filled with PSS of
the same composition as described. After 30 minutes of equilibration
period at 37oC and 60 mm Hg, vessel viability was tested with
increasing concentrations of KCl. Pressure-diameter curves were
generated using data acquired from step-wise increases in intra-
luminal pressure from 10 to 140 mm Hg (20 mm Hg increments
from 20 mm Hg, 5 minutes each) applied to the cannulated inter-
lobar arteries as previously described.25 To obtain passive vessel
diameter, the interlobar arteries were equilibrated at 60 mm Hg for
30 minutes in Ca2þ-free PSS containing 3 mmol/l ethyleneglycol-bis-
(b-aminoethylether)-N,N,N0,N0-tetraacetic acid, after which the
pressure steps protocol was applied again. We observed myogenic
response even after incubation with Ca2þ-free PSS for 1 hour.
Therefore, to obtain complete passive vasodilation, we repeated the
Ca2þ-free PSS incubation in the presence of potassium cyanide
(KCN, 15 mmol/l) to poison cells in the vessel wall as previously
described.15 We then repeated the pressure steps to obtain passive
diameter at each intraluminal pressure. In cases where >1 interlobar
artery from 1 mouse was used, we calculated the average and
counted as n of 1. Mechanical properties of interlobar arteries from
WT and Elnþ/� mice were analyzed by calculating wall tension,
circumferential wall strain, and incremental distensibility, using
measured values of lumen diameter and vessel wall thickness ob-
tained from the pressure-step protocol performed after KCN treat-
ment, as previously described.15,17,21 We assessed functional
properties of interlobar arteries by determining active constriction
and myogenic response to step increases in intraluminal pressure.
Wall tension in the presence of Ca2þ was calculated to determine the
effectiveness of myogenic response in reducing wall stress in response
to increasing transmural pressure.

Analysis of 24-hour proteinuria and microalbuminuria
Three days prior to studies under isoflurane anesthesia, mice were
placed in metabolic cages (Braintree Scientific Inc., Braintree, MA)
for overnight urine collection. Urine creatinine concentration was
determined by the Jave method by following the manufacturer’s
protocol (R&D Systems, Inc., Minneapolis, MN). Urine albumin
concentration was also measured using microalbuminuria assay kit
as described by the manufacturer (Exocell Inc., Philadelphia, PA).
Values were normalized to body weight of the mice.

Tissue preparation for histological staining
At the end of in vivo experiments, the mice were killed by
cervical dislocation under deep anesthesia. The kidneys were har-
vested, weighed, and fixed in 10% formalin. Tissue processing and
histological staining including Masson trichrome and Verhoeff–van
Gieson staining, were performed by AML Laboratories (St. Augus-
tine, FL).

Assessment of glomerular ultrastructure by
electron microscopy
Adult WT and Elnþ/� mice were deeply anesthetized with sodium
pentobarbital (80 mg/kg) and perfused transcardially through the
ascending aorta with 5 ml heparinized saline followed with 25 ml of
3.75% acrolein (Electron Microscopy Sciences, Fort Washington,
PA), and 50 ml of 2% formaldehyde in 0.1 mol/l phosphate buffer
(PB) (pH 7.4). Kidneys were removed bilaterally and immediately
1115
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after perfusion fixation, and post-fixed for 30 minutes and, if
necessary, stored in 0.1 mol/l PB for a short period prior to
sectioning. Sections were cut in the coronal plane at a setting of 40
mm using a vibrating microtome (Pelco Easislicer; Ted Pella Inc.,
Reading, CA) and collected into 0.1 mol/l PB. Forty-micrometer-
thick sections through the kidneys were processed for electron
microscopic analysis. The tissue sections were viewed under light
microscope at 4X (Olympus BX51; Olympus, Center Valley, PA),
and $2 glomeruli were further isolated in each piece of tissue
section. Tissue sections containing glomeruli were rinsed in 0.1
mol/l PB, and incubated in 2% osmium tetroxide (Electron Mi-
croscopy Sciences, Hatfield, PA) in 0.1 mol/l PB for 1 hour,
washed in 0.1 mol/l PB, dehydrated in an ascending series of
ethanol followed by propylene oxide and flat embedded in Epon
812 (Electron Microscopy Sciences, Hatfield, PA).66 Ultrathin
sections of approximately 70 nm were cut with a diamond knife
(Diatome-US, Fort Washington, PA, USA) using a Leica Ultracut
ultramicrotome (Leica Microsystems, Wetzlar, Germany). Sec-
tions were collected on copper mesh grids and counterstained
with 5% aqueous uranyl acetate for 20 minutes followed by
Reynold lead citrate for 5 to 7 minutes. Captured images of
selected sections were compared with light microscopic images of
the block-face before sectioning to verify that the area of interest
was targeted or collected. Tissue sections were examined with a
Morgagni 268 transmission electron microscope (Fei Company,
Hillsboro, OR). Digital images were obtained using the AMT
advantage HR/HR-B CCD camera system (Advance Microscopy
Techniques Corp., Danvers, MA). The transmission electron mi-
croscope has an accelerating voltage of 80 kV, and we used the
magnification of 11,000 to 14,000 in a field size of 9.3 mm � 9.3
mm for X11,000 and 7.3 mm � 7.3 mm for X14000. Figures were
adjusted in brightness and contrast using Adobe Photoshop CS4
software (Adobe Systems, Inc., San Jose, CA).

Conscious blood pressure and heart rate measurement
by radiotelemetry
On the day of the experiment, mice were anesthetized with 1.5%
isoflurane. The radiotelemetry catheter was placed in the left carotid
artery and advanced into the aorta as we have previously described,67

followed by implantation of the pressure-sensing transmitter
(TA11PA-CA10; Data Sciences international, St. Paul, MN)
in the peritoneal cavity. The mice received meloxicam (2 mg/kg, i.p.)
prior to the first incision to manage postoperative pain. After sur-
gery, the mice were allowed to recover for 7 days before the begin-
ning of baseline blood pressure and heart rate recordings. After 3
days, the mice were fed mouse chow containing 6% sodium chloride,
and blood pressure and heart rate recording was repeated after 7
days.

Gene expression analysis by real-time polymerase
chain reaction
We assessed the expression levels of AT1Ra and AT1Rb and AT2R,
integrin b1, integrin b3, RGS2, and RGS5 in interlobar arteries of WT
and Elnþ/� mice. Using the vessel dissection procedure described, we
harvested renal interlobar arteries from mice at PD10 to PD12, PD28 to
PD30, and 12 weeks of age, as well as from 12-week-old mice that had
been chronically treated with hydralazine (250 mg/l) in their drinking
water, starting at PD20 when they were weaned. Tissue total RNA was
isolated using Trizol Plus RNA purification kit, and cDNA synthesis was
performed using Maxima First Strand cDNA Synthesis Kit for RT-qPCR
by following the manufacturer’s instructions (Life Technologies,
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New York, NY). The following Taqman probes were used in the
real-time polymerase chain reactions as directed by the manufac-
turer (Life Technologies): Agtr1a–Mm01957722_s1; Agtr1b–Mm
02620758_s1; Agtr2–Mm00431727_g1; Itgb1–Mm01253230_m1; Itgb3–
Mm00443980_m1; Rgs2–Mm00501385_m1; Rgs5–Mm00654112_m1;
and Gapdh–Mm99999915_g1. The delta Ct method was used to

compute gene expression level after normalizing to Gapdh expression.

Statistical analysis
All data are mean � SE. Baseline parameters were compared using
unpaired Student t-test. For assessment of within-group effects of
various drug treatments on blood pressure, heart rate, renal hemo-
dynamics, and tubular function, 1-way analysis of variance with
repeated measures was used, and 2-way analysis of variance with
repeated measures was used for between-group comparisons with
Fisher least significant difference post hoc tests. Comparisons of
structural and functional properties of WT and Elnþ/� interlobar
arteries were performed using 2-way analysis of variance
with repeated measures followed by Student t- and Fisher least sig-
nificant difference post hoc tests. The level of significance was set at
P < 0.05.

DISCLOSURE
All the authors declared no competing interests. This study was
supported by grants from the Margaret Q. Landenberger Foundation,
American Heart Association (16SDG27260276), Pennsylvania
Department of Health (CURE), and Drexel University Clinical and
Translational Research Institute, and institutional start-up funds to
PO-O.

ACKNOWLEDGMENTS
We thank Fuyong Du, Alethia Edwards, Jennifer Koch, Matthew
Meleka, Catherine Theisen, and other members of the Osei-Owusu lab
for technical assistance. We also thank Dr. Dean Li at the University of
Utah for the permission to use the Elnþ/� mice, and Dr. Mecham at
Washington University School of Medicine in St. Louis for helpful
discussion and for sending the breeders. Parts of this study were
submitted as meeting abstracts to the American Heart Association—
Hypertension Council scientific session, and Experimental Biology
meeting.
REFERENCES
1. Hall JE, Granger JP, do Carmo JM, et al. Hypertension: physiology and

pathophysiology. Compr Physiol. 2012;2:2393–2442.
2. Te Riet L, van Esch JH, Roks AJ, et al. Hypertension: renin-angiotensin-

aldosterone system alterations. Circ Res. 2015;116:960–975.
3. Hall JE, Brands MW, Henegar JR. Mechanisms of hypertension and kidney

disease in obesity. Ann N Y Acad Sci. 1999;892:91–107.
4. Hall ME, do Carmo JM, da Silva AA, et al. Obesity, hypertension,

and chronic kidney disease. Int J Nephrol Renovasc Dis. 2014;7:
75–88.

5. Bidani AK, Polichnowski AJ, Loutzenhiser R, Griffin KA. Renal
microvascular dysfunction, hypertension and CKD progression. Curr Opin
Nephrol Hypertens. 2013;22:1–9.

6. Cupples WA, Braam B. Assessment of renal autoregulation. Am J Physiol
Renal Physiol. 2007;292:F1105–F1123.

7. Carlstrom M, Wilcox CS, Arendshorst WJ. Renal autoregulation in health
and disease. Physiol Rev. 2015;95:405–511.
Kidney International (2017) 92, 1100–1118

http://refhub.elsevier.com/S0085-2538(17)30352-6/sref1
http://refhub.elsevier.com/S0085-2538(17)30352-6/sref1
http://refhub.elsevier.com/S0085-2538(17)30352-6/sref2
http://refhub.elsevier.com/S0085-2538(17)30352-6/sref2
http://refhub.elsevier.com/S0085-2538(17)30352-6/sref3
http://refhub.elsevier.com/S0085-2538(17)30352-6/sref3
http://refhub.elsevier.com/S0085-2538(17)30352-6/sref4
http://refhub.elsevier.com/S0085-2538(17)30352-6/sref4
http://refhub.elsevier.com/S0085-2538(17)30352-6/sref4
http://refhub.elsevier.com/S0085-2538(17)30352-6/sref5
http://refhub.elsevier.com/S0085-2538(17)30352-6/sref5
http://refhub.elsevier.com/S0085-2538(17)30352-6/sref5
http://refhub.elsevier.com/S0085-2538(17)30352-6/sref6
http://refhub.elsevier.com/S0085-2538(17)30352-6/sref6
http://refhub.elsevier.com/S0085-2538(17)30352-6/sref7
http://refhub.elsevier.com/S0085-2538(17)30352-6/sref7


EA Owens et al.: Elastin insufficiency and renal function bas i c re sea r ch
8. Loutzenhiser R, Griffin K, Williamson G, Bidani A. Renal autoregulation:
new perspectives regarding the protective and regulatory roles of the
underlying mechanisms. Am J Physiol Regul Integr Comp Physiol.
2006;290:R1153–R1167.

9. Just A, Arendshorst WJ. Dynamics and contribution of mechanisms
mediating renal blood flow autoregulation. Am J Physiol Regul Integr
Comp Physiol. 2003;285:R619–R631.

10. Murphy S, Williams JM. Impaired renal autoregulation in susceptible
models of renal disease. Curr Vasc Pharmacol. 2014;12:859–866.

11. Burke M, Pabbidi MR, Farley J, Roman RJ. Molecular mechanisms of renal
blood flow autoregulation. Curr Vasc Pharmacol. 2014;12:845–858.

12. Tonelli M, Riellae M. Chronic kidney disease and the aging population.
Arab J Nephrol Transplant. 2014;7:7–11.

13. Islam TM, Fox CS, Mann D, Muntner P. Age-related associations of
hypertension and diabetes mellitus with chronic kidney disease. BMC
Nephrol. 2009;10:17.

14. Sarafidis PA, Li S, Chen SC, et al. Hypertension awareness, treatment, and
control in chronic kidney disease. Am J Med. 2008;121:332–340.

15. Faury G, Pezet M, Knutsen RH, et al. Developmental adaptation of the
mouse cardiovascular system to elastin haploinsufficiency. J Clin Invest.
2003;112:1419–1428.

16. Osei-Owusu P, Knutsen RH, Kozel BA, et al. Altered reactivity of resistance
vasculature contributes to hypertension in elastin insufficiency. Am J
Physiol Heart Circ Physiol. 2014;306:H654–H666.

17. Le VP, Knutsen RH, Mecham RP, Wagenseil JE. Decreased aortic diameter
and compliance precedes blood pressure increases in postnatal
development of elastin-insufficient mice. Am J Physiol Heart Circ Physiol.
2011;301:H221–H229.

18. Coffman TM. Under pressure: the search for the essential mechanisms of
hypertension. Nat Med. 2011;17:1402–1409.

19. Crowley SD, Zhang J, Herrera M, et al. Role of AT1 receptor-mediated salt
retention in angiotensin II-dependent hypertension. Am J Physiol Renal
Physiol. 2011;301:F1124–F1130.

20. Gurley SB, Riquier-Brison AD, Schnermann J, et al. AT1A angiotensin
receptors in the renal proximal tubule regulate blood pressure. Cell
Metab. 2011;13:469–475.

21. Halabi CM, Broekelmann TJ, Knutsen RH, et al. Chronic antihypertensive
treatment improves pulse pressure but not large artery mechanics in a
mouse model of congenital vascular stiffness. Am J Physiol Heart Circ
Physiol. 2015;309:H1008–H1016.

22. Wagenseil JE, Ciliberto CH, Knutsen RH, et al. Reduced vessel elasticity
alters cardiovascular structure and function in newborn mice. Circ Res.
2009;104:1217–1224.

23. Li DY, Faury G, Taylor DG, et al. Novel arterial pathology in mice and
humans hemizygous for elastin. J Clin Invest. 1998;102:1783–1787.

24. Wagenseil JE, Mecham RP. Elastin in large artery stiffness and
hypertension. J Cardiovasc Transl Res. 2012;5:264–273.

25. Gannon KP, McKey SE, Stec DE, Drummond HA. Altered myogenic
vasoconstriction and regulation of whole kidney blood flow in the ASIC2
knockout mouse. Am J Physiol Renal Physiol. 2015;308:F339–F348.

26. Hill MA, Meininger GA. Arteriolar vascular smooth muscle cells:
mechanotransducers in a complex environment. Int J Biochem Cell Biol.
2012;44:1505–1510.

27. Hill MA, Zou H, Potocnik SJ, et al. Invited review: arteriolar smooth
muscle mechanotransduction: Ca(2þ) signaling pathways underlying
myogenic reactivity. J Appl Physiol (1985). 2001;91:973–983.

28. Gannon KP, Vanlandingham LG, Jernigan NL, et al. Impaired
pressure-induced constriction in mouse middle cerebral arteries of
ASIC2 knockout mice. Am J Physiol Heart Circ Physiol. 2008;294:
H1793–H1803.

29. Misra A, Sheikh AQ, Kumar A, et al. Integrin b3 inhibition is a
therapeutic strategy for supravalvular aortic stenosis. J Exp Med.
2016;213:451–463.

30. Heximer SP, Watson N, Linder ME, et al. RGS2/G0S8 is a selective inhibitor
of Gqalpha function. Proc Natl Acad Sci U S A. 1997;94:14389–14393.

31. Heximer SP. RGS2-mediated regulation of Gqalpha. Methods Enzymol.
2004;390:65–82.

32. Ganss R. Keeping the balance right: regulator of G protein signaling 5 in
vascular physiology and pathology. Prog Mol Biol Transl Sci. 2015;133:
93–121.

33. Jie L, Owens EA, Plante LA, et al. RGS2 squelches vascular Gi/o and Gq
signaling to modulate myogenic tone and promote uterine blood flow.
Physiol Rep. 2016;4. pii:e12692.
Kidney International (2017) 92, 1100–1118
34. Osei-Owusu P, Owens EA, Jie L, et al. Regulation of renal hemodynamics
and function by RGS2. PLoS One. 2015;10:e0132594.

35. Nakamura T, Ogawa S, Saeki S, Kato J. [Suppressive effect of isoflurane
on somato-sympathetic reflexes in cats]. Masui. 1998;47:678–689 [in
Japanese].

36. Ullman J, Hargestam R, Lindahl S, et al. Circulatory effects of angiotensin
II during anaesthesia, evaluated by real-time spectral analysis. Acta
Anaesthesiol Scand. 2003;47:532–540.

37. Kiriyama M, Haji A, Masuda A, et al. Effects of isoflurane on brain stem
blood flow and renal sympathetic nerve activity during induced
hypotension. Pharmacology. 1997;54:232–240.

38. Pai AS, Giachelli CM. Matrix remodeling in vascular calcification associated
with chronic kidney disease. J Am Soc Nephrol. 2010;21:1637–1640.

39. Aikawa E, Aikawa M, Libby P, et al. Arterial and aortic valve calcification
abolished by elastolytic cathepsin S deficiency in chronic renal disease.
Circulation. 2009;119:1785–1794.

40. Chung AW, Yang HH, Kim JM, et al. Upregulation of matrix
metalloproteinase-2 in the arterial vasculature contributes to stiffening
and vasomotor dysfunction in patients with chronic kidney disease.
Circulation. 2009;120:792–801.

41. Chung AW, Yang HH, Sigrist MK, et al. Matrix metalloproteinase-2 and -9
exacerbate arterial stiffening and angiogenesis in diabetes and chronic
kidney disease. Cardiovasc Res. 2009;84:494–504.

42. Bidani AK, Griffin KA. Pathophysiology of hypertensive renal damage:
implications for therapy. Hypertension. 2004;44:595–601.

43. Lai EY, Onozato ML, Solis G, et al. Myogenic responses of mouse isolated
perfused renal afferent arterioles: effects of salt intake and reduced renal
mass. Hypertension. 2010;55:983–989.

44. Li L, Lai EY, Huang Y, et al. Renal afferent arteriolar and tubuloglomerular
feedback reactivity in mice with conditional deletions of adenosine 1
receptors. Am J Physiol Renal Physiol. 2012;303:F1166–F1175.

45. Davis MJ, Hill MA. Signaling mechanisms underlying the vascular
myogenic response. Physiol Rev. 1999;79:387–423.

46. Wagenseil JE, Ciliberto CH, Knutsen RH, et al. The importance of elastin
to aortic development in mice. Am J Physiol Heart Circ Physiol. 2010;299:
H257–H264.

47. Wagenseil JE, Nerurkar NL, Knutsen RH, et al. Effects of elastin
haploinsufficiency on the mechanical behavior of mouse arteries. Am J
Physiol Heart Circ Physiol. 2005;289:H1209–H1217.

48. Pober BR, Johnson M, Urban Z. Mechanisms and treatment of cardiovascular
disease in Williams-Beuren syndrome. J Clin Invest. 2008;118:1606–1615.

49. Mederos y Schnitzler M, Storch U, Gudermann T. AT1 receptors as
mechanosensors. Curr Opin Pharmacol. 2011;11:112–116.

50. Zou Y, Akazawa H, Qin Y, et al. Mechanical stress activates angiotensin II
type 1 receptor without the involvement of angiotensin II. Nat Cell Biol.
2004;6:499–506.

51. Mederos y Schnitzler M, Storch U, Meibers S, et al. Gq-coupled receptors
as mechanosensors mediating myogenic vasoconstriction. EMBO J.
2008;27:3092–3103.

52. Akazawa H, Yasuda N, Komuro I. Mechanisms and functions of agonist-
independent activation in the angiotensin II type 1 receptor. Mol Cell
Endocrinol. 2009;302:140–147.

53. Yasuda N, Miura S, Akazawa H, et al. Conformational switch of
angiotensin II type 1 receptor underlying mechanical stress-induced
activation. EMBO Rep. 2008;9:179–186.

54. Osei-Owusu P, Blumer KJ. Regulator of G protein signaling 2: a
versatile regulator of vascular function. Prog Mol Biol Transl Sci.
2015;133:77–92.

55. Yuan BH, Robinette JB, Conger JD. Effect of angiotensin II and
norepinephrine on isolated rat afferent and efferent arterioles. Am J
Physiol. 1990;258:F741–F750.

56. Patzak A, Kleinmann F, Lai EY, et al. Nitric oxide counteracts angiotensin
II induced contraction in efferent arterioles in mice. Acta Physiol Scand.
2004;181:439–444.

57. Rojas-Vega L, Gamba G. Mini-review: regulation of the renal
NaCl cotransporter by hormones. Am J Physiol Renal Physiol. 2016;310:
F10–F14.

58. Rojas-Vega L, Reyes-Castro LA, Ramirez V, et al. Ovarian hormones and
prolactin increase renal NaCl cotransporter phosphorylation. Am J Physiol
Renal Physiol. 2015;308:F799–F808.

59. Tominaga T, Suzuki H, Ogata Y, et al. The role of sex hormones and
sodium intake in postmenopausal hypertension. J Hum Hypertens.
1991;5:495–500.
1117

http://refhub.elsevier.com/S0085-2538(17)30352-6/sref8
http://refhub.elsevier.com/S0085-2538(17)30352-6/sref8
http://refhub.elsevier.com/S0085-2538(17)30352-6/sref8
http://refhub.elsevier.com/S0085-2538(17)30352-6/sref8
http://refhub.elsevier.com/S0085-2538(17)30352-6/sref9
http://refhub.elsevier.com/S0085-2538(17)30352-6/sref9
http://refhub.elsevier.com/S0085-2538(17)30352-6/sref9
http://refhub.elsevier.com/S0085-2538(17)30352-6/sref10
http://refhub.elsevier.com/S0085-2538(17)30352-6/sref10
http://refhub.elsevier.com/S0085-2538(17)30352-6/sref11
http://refhub.elsevier.com/S0085-2538(17)30352-6/sref11
http://refhub.elsevier.com/S0085-2538(17)30352-6/sref12
http://refhub.elsevier.com/S0085-2538(17)30352-6/sref12
http://refhub.elsevier.com/S0085-2538(17)30352-6/sref13
http://refhub.elsevier.com/S0085-2538(17)30352-6/sref13
http://refhub.elsevier.com/S0085-2538(17)30352-6/sref13
http://refhub.elsevier.com/S0085-2538(17)30352-6/sref14
http://refhub.elsevier.com/S0085-2538(17)30352-6/sref14
http://refhub.elsevier.com/S0085-2538(17)30352-6/sref15
http://refhub.elsevier.com/S0085-2538(17)30352-6/sref15
http://refhub.elsevier.com/S0085-2538(17)30352-6/sref15
http://refhub.elsevier.com/S0085-2538(17)30352-6/sref16
http://refhub.elsevier.com/S0085-2538(17)30352-6/sref16
http://refhub.elsevier.com/S0085-2538(17)30352-6/sref16
http://refhub.elsevier.com/S0085-2538(17)30352-6/sref17
http://refhub.elsevier.com/S0085-2538(17)30352-6/sref17
http://refhub.elsevier.com/S0085-2538(17)30352-6/sref17
http://refhub.elsevier.com/S0085-2538(17)30352-6/sref17
http://refhub.elsevier.com/S0085-2538(17)30352-6/sref18
http://refhub.elsevier.com/S0085-2538(17)30352-6/sref18
http://refhub.elsevier.com/S0085-2538(17)30352-6/sref19
http://refhub.elsevier.com/S0085-2538(17)30352-6/sref19
http://refhub.elsevier.com/S0085-2538(17)30352-6/sref19
http://refhub.elsevier.com/S0085-2538(17)30352-6/sref19
http://refhub.elsevier.com/S0085-2538(17)30352-6/sref20
http://refhub.elsevier.com/S0085-2538(17)30352-6/sref20
http://refhub.elsevier.com/S0085-2538(17)30352-6/sref20
http://refhub.elsevier.com/S0085-2538(17)30352-6/sref21
http://refhub.elsevier.com/S0085-2538(17)30352-6/sref21
http://refhub.elsevier.com/S0085-2538(17)30352-6/sref21
http://refhub.elsevier.com/S0085-2538(17)30352-6/sref21
http://refhub.elsevier.com/S0085-2538(17)30352-6/sref22
http://refhub.elsevier.com/S0085-2538(17)30352-6/sref22
http://refhub.elsevier.com/S0085-2538(17)30352-6/sref22
http://refhub.elsevier.com/S0085-2538(17)30352-6/sref23
http://refhub.elsevier.com/S0085-2538(17)30352-6/sref23
http://refhub.elsevier.com/S0085-2538(17)30352-6/sref24
http://refhub.elsevier.com/S0085-2538(17)30352-6/sref24
http://refhub.elsevier.com/S0085-2538(17)30352-6/sref25
http://refhub.elsevier.com/S0085-2538(17)30352-6/sref25
http://refhub.elsevier.com/S0085-2538(17)30352-6/sref25
http://refhub.elsevier.com/S0085-2538(17)30352-6/sref26
http://refhub.elsevier.com/S0085-2538(17)30352-6/sref26
http://refhub.elsevier.com/S0085-2538(17)30352-6/sref26
http://refhub.elsevier.com/S0085-2538(17)30352-6/sref27
http://refhub.elsevier.com/S0085-2538(17)30352-6/sref27
http://refhub.elsevier.com/S0085-2538(17)30352-6/sref27
http://refhub.elsevier.com/S0085-2538(17)30352-6/sref27
http://refhub.elsevier.com/S0085-2538(17)30352-6/sref28
http://refhub.elsevier.com/S0085-2538(17)30352-6/sref28
http://refhub.elsevier.com/S0085-2538(17)30352-6/sref28
http://refhub.elsevier.com/S0085-2538(17)30352-6/sref28
http://refhub.elsevier.com/S0085-2538(17)30352-6/sref29
http://refhub.elsevier.com/S0085-2538(17)30352-6/sref29
http://refhub.elsevier.com/S0085-2538(17)30352-6/sref29
http://refhub.elsevier.com/S0085-2538(17)30352-6/sref30
http://refhub.elsevier.com/S0085-2538(17)30352-6/sref30
http://refhub.elsevier.com/S0085-2538(17)30352-6/sref31
http://refhub.elsevier.com/S0085-2538(17)30352-6/sref31
http://refhub.elsevier.com/S0085-2538(17)30352-6/sref32
http://refhub.elsevier.com/S0085-2538(17)30352-6/sref32
http://refhub.elsevier.com/S0085-2538(17)30352-6/sref32
http://refhub.elsevier.com/S0085-2538(17)30352-6/sref33
http://refhub.elsevier.com/S0085-2538(17)30352-6/sref33
http://refhub.elsevier.com/S0085-2538(17)30352-6/sref33
http://refhub.elsevier.com/S0085-2538(17)30352-6/sref34
http://refhub.elsevier.com/S0085-2538(17)30352-6/sref34
http://refhub.elsevier.com/S0085-2538(17)30352-6/sref35
http://refhub.elsevier.com/S0085-2538(17)30352-6/sref35
http://refhub.elsevier.com/S0085-2538(17)30352-6/sref35
http://refhub.elsevier.com/S0085-2538(17)30352-6/sref36
http://refhub.elsevier.com/S0085-2538(17)30352-6/sref36
http://refhub.elsevier.com/S0085-2538(17)30352-6/sref36
http://refhub.elsevier.com/S0085-2538(17)30352-6/sref37
http://refhub.elsevier.com/S0085-2538(17)30352-6/sref37
http://refhub.elsevier.com/S0085-2538(17)30352-6/sref37
http://refhub.elsevier.com/S0085-2538(17)30352-6/sref38
http://refhub.elsevier.com/S0085-2538(17)30352-6/sref38
http://refhub.elsevier.com/S0085-2538(17)30352-6/sref39
http://refhub.elsevier.com/S0085-2538(17)30352-6/sref39
http://refhub.elsevier.com/S0085-2538(17)30352-6/sref39
http://refhub.elsevier.com/S0085-2538(17)30352-6/sref40
http://refhub.elsevier.com/S0085-2538(17)30352-6/sref40
http://refhub.elsevier.com/S0085-2538(17)30352-6/sref40
http://refhub.elsevier.com/S0085-2538(17)30352-6/sref40
http://refhub.elsevier.com/S0085-2538(17)30352-6/sref41
http://refhub.elsevier.com/S0085-2538(17)30352-6/sref41
http://refhub.elsevier.com/S0085-2538(17)30352-6/sref41
http://refhub.elsevier.com/S0085-2538(17)30352-6/sref42
http://refhub.elsevier.com/S0085-2538(17)30352-6/sref42
http://refhub.elsevier.com/S0085-2538(17)30352-6/sref43
http://refhub.elsevier.com/S0085-2538(17)30352-6/sref43
http://refhub.elsevier.com/S0085-2538(17)30352-6/sref43
http://refhub.elsevier.com/S0085-2538(17)30352-6/sref44
http://refhub.elsevier.com/S0085-2538(17)30352-6/sref44
http://refhub.elsevier.com/S0085-2538(17)30352-6/sref44
http://refhub.elsevier.com/S0085-2538(17)30352-6/sref45
http://refhub.elsevier.com/S0085-2538(17)30352-6/sref45
http://refhub.elsevier.com/S0085-2538(17)30352-6/sref46
http://refhub.elsevier.com/S0085-2538(17)30352-6/sref46
http://refhub.elsevier.com/S0085-2538(17)30352-6/sref46
http://refhub.elsevier.com/S0085-2538(17)30352-6/sref47
http://refhub.elsevier.com/S0085-2538(17)30352-6/sref47
http://refhub.elsevier.com/S0085-2538(17)30352-6/sref47
http://refhub.elsevier.com/S0085-2538(17)30352-6/sref48
http://refhub.elsevier.com/S0085-2538(17)30352-6/sref48
http://refhub.elsevier.com/S0085-2538(17)30352-6/sref49
http://refhub.elsevier.com/S0085-2538(17)30352-6/sref49
http://refhub.elsevier.com/S0085-2538(17)30352-6/sref50
http://refhub.elsevier.com/S0085-2538(17)30352-6/sref50
http://refhub.elsevier.com/S0085-2538(17)30352-6/sref50
http://refhub.elsevier.com/S0085-2538(17)30352-6/sref51
http://refhub.elsevier.com/S0085-2538(17)30352-6/sref51
http://refhub.elsevier.com/S0085-2538(17)30352-6/sref51
http://refhub.elsevier.com/S0085-2538(17)30352-6/sref52
http://refhub.elsevier.com/S0085-2538(17)30352-6/sref52
http://refhub.elsevier.com/S0085-2538(17)30352-6/sref52
http://refhub.elsevier.com/S0085-2538(17)30352-6/sref53
http://refhub.elsevier.com/S0085-2538(17)30352-6/sref53
http://refhub.elsevier.com/S0085-2538(17)30352-6/sref53
http://refhub.elsevier.com/S0085-2538(17)30352-6/sref54
http://refhub.elsevier.com/S0085-2538(17)30352-6/sref54
http://refhub.elsevier.com/S0085-2538(17)30352-6/sref54
http://refhub.elsevier.com/S0085-2538(17)30352-6/sref55
http://refhub.elsevier.com/S0085-2538(17)30352-6/sref55
http://refhub.elsevier.com/S0085-2538(17)30352-6/sref55
http://refhub.elsevier.com/S0085-2538(17)30352-6/sref56
http://refhub.elsevier.com/S0085-2538(17)30352-6/sref56
http://refhub.elsevier.com/S0085-2538(17)30352-6/sref56
http://refhub.elsevier.com/S0085-2538(17)30352-6/sref57
http://refhub.elsevier.com/S0085-2538(17)30352-6/sref57
http://refhub.elsevier.com/S0085-2538(17)30352-6/sref57
http://refhub.elsevier.com/S0085-2538(17)30352-6/sref58
http://refhub.elsevier.com/S0085-2538(17)30352-6/sref58
http://refhub.elsevier.com/S0085-2538(17)30352-6/sref58
http://refhub.elsevier.com/S0085-2538(17)30352-6/sref59
http://refhub.elsevier.com/S0085-2538(17)30352-6/sref59
http://refhub.elsevier.com/S0085-2538(17)30352-6/sref59


bas i c re sea r ch EA Owens et al.: Elastin insufficiency and renal function
60. Dahl LK, Knudsen KD, Ohanian EV, et al. Role of the gonads in
hypertension-prone rats. J Exp Med. 1975;142:748–759.

61. Sterzel RB, Hartner A, Schlotzer-Schrehardt U, et al. Elastic fiber proteins
in the glomerular mesangium in vivo and in cell culture. Kidney Int.
2000;58:1588–1602.

62. Mezzano SA, Ruiz-Ortega M, Egido J. Angiotensin II and renal fibrosis.
Hypertension. 2001;38:635–638.

63. Wolf G, Neilson EG. Angiotensin II as a renal growth factor. J Am Soc
Nephrol. 1993;3:1531–1540.

64. Sigrist MK, McIntyre CW. Vascular calcification is associated with
impaired microcirculatory function in chronic haemodialysis patients.
Nephron Clin Pract. 2008;108:c121–c126.
1118
65. Oliveira-Dos-Santos AJ, Matsumoto G, Snow BE, et al. Regulation of T cell
activation, anxiety, and male aggression by RGS2. Proc Natl Acad Sci
U S A. 2000;97:12272–12277.

66. Leranth C, Pickel VM. Electron microscopic preembedding double-
labeling methods. In: Heimer L, Zaborszky L, eds. Neuroanatomical
Tracing Methods 2. 1st ed. New York, NY: Plenum Press; 1989:
129–172.

67. Osei-Owusu P, Sabharwal R, Kaltenbronn KM, et al. Regulator of G
protein signaling 2 deficiency causes endothelial dysfunction and
impaired endothelium-derived hyperpolarizing factor-mediated
relaxation by dysregulating Gi/o signaling. J Biol Chem. 2012;287:
12541–12549.
Kidney International (2017) 92, 1100–1118

http://refhub.elsevier.com/S0085-2538(17)30352-6/sref60
http://refhub.elsevier.com/S0085-2538(17)30352-6/sref60
http://refhub.elsevier.com/S0085-2538(17)30352-6/sref61
http://refhub.elsevier.com/S0085-2538(17)30352-6/sref61
http://refhub.elsevier.com/S0085-2538(17)30352-6/sref61
http://refhub.elsevier.com/S0085-2538(17)30352-6/sref62
http://refhub.elsevier.com/S0085-2538(17)30352-6/sref62
http://refhub.elsevier.com/S0085-2538(17)30352-6/sref63
http://refhub.elsevier.com/S0085-2538(17)30352-6/sref63
http://refhub.elsevier.com/S0085-2538(17)30352-6/sref64
http://refhub.elsevier.com/S0085-2538(17)30352-6/sref64
http://refhub.elsevier.com/S0085-2538(17)30352-6/sref64
http://refhub.elsevier.com/S0085-2538(17)30352-6/sref65
http://refhub.elsevier.com/S0085-2538(17)30352-6/sref65
http://refhub.elsevier.com/S0085-2538(17)30352-6/sref65
http://refhub.elsevier.com/S0085-2538(17)30352-6/sref66
http://refhub.elsevier.com/S0085-2538(17)30352-6/sref66
http://refhub.elsevier.com/S0085-2538(17)30352-6/sref66
http://refhub.elsevier.com/S0085-2538(17)30352-6/sref66
http://refhub.elsevier.com/S0085-2538(17)30352-6/sref67
http://refhub.elsevier.com/S0085-2538(17)30352-6/sref67
http://refhub.elsevier.com/S0085-2538(17)30352-6/sref67
http://refhub.elsevier.com/S0085-2538(17)30352-6/sref67
http://refhub.elsevier.com/S0085-2538(17)30352-6/sref67

	Elastin insufficiency causes hypertension, structural defects and abnormal remodeling of renal vascular signaling
	Results
	Increased renal vascular tone precedes hypertension development in Eln+/− mice
	Augmented vascular tone in renal interlobar arteries persists in adult Eln+/− mice and is mediated by agonist-independent a ...
	Increased agonist-independent activity but not expression of AT1Rs mediates augmented interlobar artery tone in Eln+/− mice
	Effects of elastin insufficiency on renal hemodynamics, diuresis, and natriuretic response to plasma volume expansion
	Eln+/− mice develop sex-dependent, salt-sensitive isolated systolic hypertension
	Sustained hypertension mediates blood pressure sensitivity to high dietary sodium intake in Eln+/− mice
	Elastin deficiency causes damage to the glomerular filtration barrier independently of sustained blood pressure elevation

	Discussion
	Materials and Methods
	Animals
	Standard protocol for in vivo studies
	Determination of myogenic tone in isolated interlobar arteries
	Analysis of 24-hour proteinuria and microalbuminuria
	Tissue preparation for histological staining
	Assessment of glomerular ultrastructure by electron microscopy
	Conscious blood pressure and heart rate measurement by radiotelemetry
	Gene expression analysis by real-time polymerase chain reaction
	Statistical analysis

	Disclosure
	Acknowledgments
	References
	Author Contributions


