1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Life Sci. Author manuscript; available in PMC 2021 February 15.

-, HHS Public Access
«

Published in final edited form as:
Life Sci. 2020 February 15; 243: 117226. doi:10.1016/j.1f5.2019.117226.

Sodium-hydrogen exchanger regulatory factor-1 (NHERF1)
confers salt sensitivity in both male and female models of
hypertension in aging

Sathnur Pushpakumarl”, Asrar Ahmad?2"*, Corey J Ketchem3, Pedro A Jose?, Edward J
Weinman?®, Utpal Sen?, Eleanor D. Ledererl:3:6# Syed J Khundmiri2#

1Department of Physiology, University of Louisville, Louisville, KY

2Department of Physiology and Biophysics, Howard University College of Medicine, Washington,
DC

3Department of Medicine, Nephrology and Hypertension, University of Louisville, Louisville, KY

4Department of Medicine, Division of Renal Diseases and Hypertension, The George Washington
University, Washington, DC

SDepartment of Medicine, University of Maryland School of Medicine, Baltimore, MD

5Robley Rex VA Medical Center, Louisville, KY

Abstract

Hypertension is a risk factor for premature death and roughly 50% of hypertensive patients are
salt-sensitive. The incidence of salt-sensitive hypertension increases with age. However, the
mechanisms of salt-sensitive hypertension are not well understood. We had demonstrated
decreased renal sodium-hydrogen exchanger regulatory factor 1 (NHERF1) expression in old salt-
resistant F344 rats. Based on those studies we hypothesized that NHERF1 expression is required
for the development of some forms of salt-sensitive hypertension. To address this hypothesis, we
measured blood pressure in NHERF1 expressing salt-sensitive 4-mo and 24-mo-old male and
female Fischer Brown Norway (FBN) rats and male and female 18-mo-old NHERF1 knock-out
(NHERF17~) mice and wild-type (WT) littermates on C57BI/6J background after feeding high
salt (8% NaCl) diet for 7 days. Our data demonstrate that 8% salt diet increased blood pressure in
both male and female 24-mo-old FBN rats but not in 4-mo-old FBN rats and in 18-mo-old male
and female WT mice but not in NHERF1~/~ mice. Renal dopamine 1 receptor (D1R) expression
was decreased in 24-mo-old rats, compared with 4-mo-old FBN rats. However, sodium chloride
cotransporter (NCC) expression increased in 24-mo-old FBN rats. In FBN rats, age had no effect
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on Na-K ATPase al and NKCC2 expression. By contrast, high salt diet increased the renal
expressions of NKCC2, and NCC in 24-mo-old FBN rats. High salt diet also increased NKCC2
and NCC expression in WT mice but not NHERF1~/~ mice. Our data suggest that renal NHERF1
expression confers salt sensitivity with aging, associated with increased expression of sodium
transporters.
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Introduction

Hypertension is endemic and a major risk factor for premature death due to cardiovascular
and renal complications. The majority of patients have essential hypertension, which is of
unknown cause [1]. Dietary salt is widely accepted as a risk factor for the development of
hypertension [2]. About 50% of patients with essential hypertension are salt-sensitive, the
prevalence of which increases with age [3,4]. Several genetic and environmental factors are
linked to salt-sensitivity [5,6]. However, the mechanisms causing salt-sensitive hypertension
and the differences between sexes are still evolving [7-10].

Recently, our laboratory reported an age-related decrease in the renal expression of sodium
hydrogen exchanger regulatory factor-1 (NHERF1) in a widely used rat model of aging,
Fisher 344 (F344) rats [11]. F344 rats are normotensive and salt-resistant at 4-mo of age but
develop hypertension with age independent of salt intake [12]. NHERF-1, a scaffolding
protein with two canonical PDZ (postsynaptic protein PSD-95/SAP 90, Drosophila septate
junction protein Discs-large, tight junction protein ZO-1) domains and an ezrin binding
domain [13], is highly expressed in both brush border membranes (BBM) and basolateral
membranes (BLM) of the renal proximal tubule [14]. NHERF-1 also associates with several
G protein-coupled receptors (GPCR), including the a-adrenergic receptor, parathyroid
hormone receptor, and dopamine 1 receptor in renal proximal tubule cells to regulate ion
transport [15-19]. Our studies in OK cells demonstrated that sodium-potassium ATPase
(NKA) a1 and dopamine 1 receptor (D1R) associate with NHERF-1 through its PDZ2
domain [19]. NHERF-1 also plays an important role in the regulation of the expression,
trafficking, and activity of several ion transporters in the renal proximal tubule, including
sodium-phosphate cotransporter type lla (NpT2a) [20,21], sodium-hydrogen exchanger-3
(NHES3) [22], and sodium bicarbonate cotransporter type 1 (NBCel) [23]. Similar to our
findings in F344 rats [11], renal NHERF1 expression has been shown to be decreased in a
genetically hypertensive rat, the spontaneously hypertensive rat (SHR), compared with its
normotensive control, the Wistar Kyoto (WKY) rat [24]. The SHR is genetically
hypertensive and develop hypertension independent of salt intake [25]. These studies suggest
that NHERF1 is a reasonable candidate for mediating salt-sensitive hypertension through its
effects on sodium transport [26], although the potential mechanisms are unknown.

Based on our previous studies that renal NHERF1 expression decreases in a well-studied
salt-resistant rat model of aging, F344 [11], we hypothesized that the increased expression of
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NHERF1 mediates some forms of age-related, salt-sensitive hypertension. To address this
hypothesis, we examined the effects of high salt intake in male and female FBN rat, another
rat model of salt-sensitive hypertension that develops with aging [26] and in a mouse model
with germline, global deletion of NHERF1 expression. We found that similar to F344 rats,
18-mo-old mice lacking NHERF1 expression (NHERF1~/~ mice) were resistant to
hypertension, as opposed to their salt-sensitive wild type littermates. Our data also show that
feeding a high salt diet for a week increased mean arterial pressure (MAP) in 24-mo-old
FBN rats but not in 4-moold FBN rats. The increase in MAP was accompanied by an
increase in the renal expression of NKCC2 and NCC. These results demonstrate, for the first
time, that NHERF1 expression may be one of the factors that confers salt sensitivity in
rodent models of aging.

Materials and Methods:

Animals:

All animal experiments were performed according to the US Guide for the Care and Use of
Laboratory Animals and approved by the Institutional Animal Care and Use Committee
(IACUC) at the Howard University and the University of Louisville. F344 rats (n=12, 6
males and 6 females) and Fisher Brown Norway (FBN) rats of ages 4 (n=18, 8 males and 10
females) and 24-month (n=18, 8 males and 10 females) were provided by the National
Institute of Aging. NHERF1~~ mice (18-mo old) (n=14, 6 males and 8 females) and their
wild type (WT) littermates on C57BI/6J (n=14, 6 males and 8 females) background were
provided by Dr. Weinman. The animals were stabilized on standard rodent chow and water
ad libitum for one week prior to experiments. The animals were then equally divided into
two groups, one group of animals were fed with normal rodent chow containing 0.9% NacCl,
and another group were fed with rodent chow containing 8% NaCl diet (Harlan Laboratories
Inc., Indianapolis, IN) for 7 days (Figure 1). In preliminary experiments we observed an
increase in MAP and achievement of salt balance with 7 days of 8% salt diet. The remaining
experiments were performed with the same protocol.

Measurement of sodium, chloride, and potassium in serum and urine:

Sodium, chloride, and potassium were measured in serum and urine (diluted 1:10 with
Medica urine diluent), using EasyLyte Plus analyzer (Medica, Bedford, MA), following
manufacturer’s protocol. Briefly, on day 6 of the salt treatment the animals were housed in
metabolic cages (Tecniplast, West Chester, PA). Food and water were measured by weight
before and 6 days after the salt treatment to determine 24 hr. water and food intake. Urine
was collected overnight for 24 hr. and measured using micropipettes. After blood pressure
measurement, blood was collected from the femoral artery (rats) or carotid artery (mice);
serum was collected after overnight coagulation.

Blood Pressure Measurement:

Blood pressure was measured in pentobarbital (50 mg/kg body weight)-anesthetized rats by
placing a catheter in the right femoral artery (rats) or carotid artery (mice) and data were
analyzed using customized Micro-Med software, as described previously [27].
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Preparation of Crude membrane:

The kidney cortex was homogenized in 50 mM mannitol, 5 mM Tris-HCI, pH 7.4. The
homogenates were centrifuged at 5000x g to remove cell debris and the supernatant was
centrifuged at 100,000x g for 1 h. The pellet (membrane-enriched fraction) was resuspended
in 300 mM mannitol, 5 mM Tris-HCI, pH 7.2.

Western Blotting:

Western blot was used to quantify the expression of NHERF1, D1R, NKA a1 subunit,
NKCC2, and NCC in membrane-enriched fractions from kidney cortex exactly as described
previously [14] using NKA (a6F) from (DHSB lowa University Hybridoma facilities), D1R
(P. Jose), NHERF1 [14], NKCC2, and NCC (M. Knepper) antibodies. Briefly, 25 ug protein
samples were separated on a 10% SDS-PAGE in Tris-Glycine-SDS buffer at 120 volts for 2
hr. using BioRad’s minigel apparatus. The proteins were electrophoretically transferred onto
nitrocellulose membranes at 100 volts for 90 min at 4°C, using the wet transfer system from
BioRad. The nitrocellulose membranes were incubated with 5% milk in TBS-T (blocking
buffer) for 1 hr. at room temperature to block non-specific proteins. The nitrocellulose
membranes were washed with TBS-T twice for 5 min and the membranes were incubated
overnight at 4°C with primary antibodies (1:1000 dilution) in blocking buffer. The
membranes were washed 4 times with TBS-T for 10 min each time. The membranes were
then incubated with secondary mouse (NKA) or rabbit (NHERF1, NKCC2, NCC, and D1R)
antibodies, together with HRP-linked anti-actin (1:10000) antibodies for 1 hr. at room
temperature. The signal was detected using Super-signal (Thermo Fischer) in BioRad
Universal Hood Il Gel documentation system.

Protein Determination:

Statistics:

Results

Protein concentration was measured by bicinchoninic acid method using bovine serum
albumin as standard.

Lamorte’s Power Calculation Spreadsheet (https://www.bu.edu/researchsupport/compliance/
animal-care/workingwith-animals/research/sample-size-calculations-iacuc/) was used to
estimate sample sizes. Data are shown as mean + SD. The n values represent the number of
animals. P values were calculated using GraphPad Prism software utilizing two-way
ANOVA, followed by Bonferroni post-hoc test. A p value <0.05 was a priori considered
statistically significant. All raw data along with statistical analyses are presented in
supplemental data files.

Effect of high salt diet on blood pressure in F344 rats:

The F344 rat is a normotensive and salt-resistant model of aging [12]. Our laboratory has
shown that in F344 rats, renal proximal tubule cell NHERF1 expression decreased with
aging [11]. To confirm that old F344 rats are salt-resistant, we fed normal rodent chow
(0.9% NaCl) or chow containing 8% NaCl to 4-mo, and 24-mo-old to F344 rats. On day 7
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blood pressure was measured as described in Methods. As shown in Fig. 2, the mean arterial
pressure (MAP) was significantly higher in 24-mo-old F344 rats than 4-mo-old rats on
normal salt diet. However, 8% salt diet did not increase MAP in either 4-mo or 24-mo-old
F344 rats.

Effect of high salt diet on body weight and urinary volume, sodium, chloride, and
potassium in FBN rats:

The FBN rat, a cross between F344 and Brown Norway rats, is a salt-sensitive model of
aging [26]. To determine the effect of a high salt diet on renal handling of salt and water, we
fed normal (0.9%) or 8% NaCl diet to 4-mo and 24-mo-old FBN rats. On the 6! day of the
experiment the FBN rats were individually housed in metabolic cages for 24 hr. to measure
food and water intake and urine volume and electrolytes. Body weight was determined
before the start of the experiment and on the day of sacrifice. As shown in Table 1, there
were no differences in body weight and food and water intake between the 0.9% and 8%
salt-fed groups. However, the body weight of male rats was significantly higher than female
rats at both 4-mo and 24-mo of age. 8% salt diet, relative to 0.9% salt diet, increased urine
volume in both male and female 4-mo-old rats but not in 24-mo-old rats, regardless of sex
(Fig. 3A). Similarly, 8% salt diet, relative to 0.9% salt diet, increased sodium (Fig. 3B) and
chloride (Fig. 3C) excretions in both male and female 4-mo-old rats but not in 24-mo-old
rats. By contrast, the increase in potassium excretion caused by 8% salt diet in 4-mo-old rats
was exclusively due to the increase in 4-mo-old female rats (Fig. 3D).

Effect of high salt diet on mean arterial blood pressure in FBN rats:

To determine the effect of 8% salt diet on mean arterial pressure, blood pressure was
measured in anesthetized FBN rats. As shown in Fig.4, in contrast to the F344 rats, 8% salt
diet, relative to normal (0.9%) salt diet, slightly but significantly increased mean arterial
blood pressure in 24-mo-old FBN rats but not in 4-mo-old FBN rats, regardless of sex. On
0.9% salt diet, there were no differences in MAP between 4-mo and 24-mo-old FBN rats,
regardless of sex (Fig 4 A-B).

Effect of age and salt intake on the renal expression of NHERF1, NHE3, NKCC3, and NCC

in FBN rats:

Recently we demonstrated that NHERF1 expression decreases with age in F344 rats [11]. To
determine if renal NHERF1 expression plays a role in salt-sensitive hypertension, we
measured NHERF1 expression in crude membranes from kidney cortex of FBN rats. Renal
NHERF1 expression was higher in 24-mo-old FBN male rats than in 4-mo-old male rats
(Fig 5A, top panel), in contrast to the reduced expression in 22-mo-old F344 rats [11]. On
normal salt (0.9% NaCl) diet, renal NHERF1 expression was significantly lower in 4-mo-old
and 24-mo-old female rats than age-matched male rats on normal salt diet (Supplemental
Data). High salt (8% NaCl) diet had no effect on renal NHERF1 expression in either 4-mo-
old or 24-mo-old male rats but increased NHERF1 expression in female rats regardless of
age, to the same level observed in 4-mo-old male FBN rats.

Renal D1R receptor expression decreased with age in both male and female FBN rats,
although the expression was lower in male than in female rats at any age (Supplemental
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Data). Increasing dietary salt from normal (0.9% NaCl) to high (8% NaCl) had no effect on
renal D1R expression in both 4-mo old and 24-mo old FBN rats, regardless of sex (Fig. 5A).

The expression and/or activity of sodium transporters/pumps/channels are involved in the
regulation of blood pressure [28]. However, in FBN rats, neither age, salt intake, nor sex had
any effect on renal NKA a1 subunit expression (Fig. 5A, lowest panel). On normal (0.9%
NaCl) diet, neither age nor sex had any effect on renal NKCC2 expression (Fig. 5B).
However, high salt (8% NaCl) diet increased the renal expression of NKCC2 in 24-mo-old
rats, regardless of sex.

In contrast to the absence of an effect of age and sex on NKA a1 subunit and NKCC2
expression, renal NCC expression increased with age, regardless of sex. In addition, NCC
expression was increased by 8% salt diet in 24-mo-old but not in 4-moold rats, regardless of
sex (Fig. 5C).

Effect of NHERF1 deletion on the development of salt sensitive hypertension in aging:

As aforementioned, renal NHERF1 expression was significantly higher in 24-mo old male
than 4-mo old male FBN rats (Fig 5A), in contrast to the decreased renal NHERF1
expression in 24-mo-old F344 rats [11]; blood pressure increases with age in F344 (Fig. 2)
independent of dietary salt but dependent on salt intake in FBN rats (Fig. 4). To determine if
NHERF1 expression were required for the development of salt sensitive hypertension of
aging, we fed 18-mo-old WT (C57BI/6J) and NHERF1~~ mice rodent chow containing
normal (0.9% NacCl) or high (8% NaCl) salt-diet for 7 days. On day 6 of the experiment, the
mice were individually housed in metabolic cages for 24 hr. to measure food and water
intake and urine volume and electrolytes. Body weight was determined before the start of
the experiment and on the day of sacrifice. As shown in Table 2, there were no differences in
body weight among the groups. Similarly, food and water intakes among the groups were
not different (Food: 2.8+0.8 (N) vs. 2.12+0.54 (8%) (WT) and 2.13+0.53 (N) vs. 2.11+0.72
(8%) (NHERF17) g/d; Water: 2.3+0.14 (N) vs. 2.6+0.21 (8%) (WT) and 2.4+0.32 (N) vs.
2.49+0.28 (8%) (NHERF1~") mL/d). Feeding 8% NaCl diet increased 24 hr. urinary
volume, and Na and Cl excretion in both WT and NHERF1~/~ groups, regardless of sex (Fig
6A, 6B, 6C). However, urinary volume and sodium excretion with 8% NaCl was higher in
WT males than in WT females (Fig. 6B). There were no significant differences in urinary
potassium among the groups, regardless of sex or salt intake (Fig. 6D).

Feeding 8% salt diet increased MAP in male and female WT but not in NHERF1~/~ mice
(Fig. 7). There were no differences in MAP between male and female WT or NHERF1~/~
mice both on normal and 8% salt diet (Fig. 7). We have previously demonstrated that
NHERF1 associates with D1R and that the association between NHERF1 and D1R
increased upon treatment with dopamine [19]. Increasing salt intake also increases renal
dopamine production [29]. To determine if the increase in MAP is due to a change in D1R
expression in NHERF1™~ mice, we measured NHERF1, D1R, and NKA a1 subunit
expression in whole kidney homogenates from WT and NHERF1~/~ mice. Fig. 8A confirms
the absence of NHERF1 expression in NHERF1~~ mice. Renal NHERF1 expression in WT
mice was not affected by high salt diet, regardless of sex. On normal (0.9%) salt diet, renal
D1R expression was not significantly different between WT and NHERF1~/~ mice. High salt

Life Sci. Author manuscript; available in PMC 2021 February 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Pushpakumar et al.

Page 7

diet had no effect on renal D1R expression in both WT and NHERF1~/~ mice, regardless of
sex (Fig. 8B, top panel). However, renal D1R expression was lower in WT females than WT
males, regardless of the amount of salt intake. By contrast, renal D1R expression tended to
be higher in female NHERF1~/~ mice than male NHERF1~~ mice (Fig. 8B). There was no
significant difference in NKA a1 subunit expression in any of the groups, regardless of sex
or NHERF1 genotype (Fig. 8B, middle panel).

To determine if dietary salt changes the expression of sodium transporters, we measured the
expression of NCC and NKCC2 in crude membrane preparations from whole kidneys. As
shown in Figs. 8C and 8D, 8% dietary salt increased the renal expression of NCC (Fig. 8C)
and NKCC2 (Fig. 8D) in WT mice but not in the NHERF1~/~ mice, regardless of sex. The
increase in renal NKCC2 but not renal NCC expression associated with an increase in salt
intake was higher in WT male than WT female mice (Fig. 8D). Renal NCC expression was
similar in male and female mice regardless of salt intake or NHERF1 genotype (Figs. 8C
and 8D).

Discussion:

The present study, for the first time, demonstrates an association between renal NHERF1
expression and salt-sensitive hypertension in a rat model of aging, the FBN rat. In an earlier
study, we demonstrated decreased NHERF1 expression in aged F344 rats, a salt-resistant
model, suggesting that its expression may be a requirement for the development of age-
related salt-sensitive hypertension. We confirmed this hypothesis in a NHERF1~~ mouse
model.

Both F344 and the Fisher 344 X Brown Norway (FBN) rats are well studied models of
aging. The F344 rats develop severe inflammatory kidney disease [30] with age while FBN
rats are considered a model of healthy aging [31,32]. F344 rats are resistant to the pro-
hypertensive effect of increased salt intake while adult FBN rats develop hypertension in
response to increased dietary salt [6,26,33,34]. The age-related decrease in NHERFL1 in
F344 rats may be an adaptive mechanism to blunt the development of age-related, salt-
induced hypertension. A decrease in renal NHERF1 expression has been shown, as well, in a
model of genetic, non-salt-sensitive model of hypertension, the SHR [24,25]. However, the
role of NHERF1 expression in the development of salt-sensitive hypertension is not known
and has not been studied in any animal model of hypertension. We speculate that NHERF1
may play a role in the membrane expression and/or trafficking of G-protein-coupled
receptors involved in development of salt-sensitive hypertension, including the D1R [35-37]
and AT1R [26,33,34]. We have previously demonstrated that NHERF1 associates with D1R
and is required for dopamine-mediated inhibition of NKA in opossum kidney cells [19] and
in renal proximal tubule cells from Wistar-Kyoto and SHRs [11]. Our data show an increase
in total D1R expression in kidney homogenates of female NHERF1~/~ mice, relative to WT
female mice, both on normal and 8% salt diet. Intrarenal dopamine has been demonstrated to
inhibit sodium reabsorption in renal proximal tubules [38]. The increased expression of D1R
in the female NHERF1~/~ mice and 4-mo old male and female FBN rats may explain the
lack of salt-dependent increase in BP in these animals. However, we cannot rule out other
mechanisms for the salt resistance in NHERF1~~ mice, especially in male NHERF1~/~
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mice, including decreased activity of pro-hypertensive systems, such as the renin-
angiotensin-aldosterone system or increased activity of anti-hypertensive systems, such as
the atrial natriuretic peptide pathway. Recent GWAS demonstrated association of
polymorphisms of RGS14 with salt sensitivity [5]. More recently, RGS14 was demonstrated
to associate with NHERF1 [39], and inhibition of RGS14-NHERF1 interaction was
associated with alterations in PTH receptor signaling. Whether alterations in RGS14-
NHERF1-receptor interactions contribute toward salt sensitivity in our models remain to be
determined.

The decrease in D1R expression in 24-mo-old FBN rats, in which renal NHERF1 expression
increases with age, at least in male FBN rats, was surprising because our previous data in
cell culture models suggested that NHERFL1 is required for NKA regulation by dopamine
and that the association of D1R increases with NHERF1 in dopamine-treated opossum
kidney cells [19]. We speculate that the /n7 vitro studies may not have recapitulated the /n
vivo effects of salt intake and systems that interact with D1R, e.g., renin-angiotensin-
aldosterone system. In fact, recent reports suggest that there is a yin-yang interaction
between the expression of AT1R and D1R and regulation of blood pressure [40]. Chugh et al
[33,34] has demonstrated an increase in AT1R expression at the mRNA level and a decrease
in D1R expression in 22-mo old FBN rats as compared with 4-mo old FBN rats. NHERF1
has reported to be important in the angiotensin ll-induced activation of NHE3 in opossum
kidney proximal tubule cells in culture [41]. We speculate that the yin-yang between D1R
and AT1R may be regulated by NHERF1.

The roles of sodium and potassium transporters in the kidney have been extensively studied
in several models of hypertension [42—44]. Tian et al [45] reported an increase in the renal
expression of NKCC2 and NCC in response to water restriction in old FBN rats. Our data
show that there were no differences in basal expression of renal NKCC2 between young and
old FBN rats but basal renal NCC expression was higher in old (24-mo) than young (4-mo)
FBN rats. High salt diet-dependent increase in the renal expressions of NKCC2 and NCC in
aging FBN rats and NHERF1 WT mice confirms the increase in renal NKCC2 and NCC
expressions in C57BI/6 mice [46] and Wistar [28] but not Sprague-Dawley rats [47]. By
contrast, in NHERF1~/~ mice, high salt diet did not affect the renal expressions of NKCC2
and NCC. Phosphorylation of NKCC2 and NCC leads to their activation and increase in
blood pressure [48-51]. It remains to be determined if NHERF1 has any direct effects on the
expression and/or phosphorylation of these proteins or that NHERF1 facilitates the effects of
hormones that regulate renal sodium transport.

Sexual dimorphism in blood pressure has been observed in rodents and humans. Blood
pressure is higher in men than age-matched premenopausal women.[52]. However, women
may be more salt-sensitive than men [53-55], although mortality and complications of
hypertension remain higher in men than women. In the present study we did not observe any
significant differences in blood pressure between young (4-mo) and old (24-mo) male and
female FBN rats, although renal NHERF1 was higher in old male than old female FBN rats.
There were also no sex differences in blood pressure in NHERF1 WT and NHERF1~/~ mice.
Regarding sexual dimorphism in renal sodium transporter, Veiras et al [56] reported that
female Sprague-Dawley rats excreted a saline load more rapidly than male rats, related to a
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greater decrease in renal proximal sodium reabsorption. This was associated with a
redistribution of NHES3 to the base of the microvilli of renal proximal tubules and decreased
expression of NpT2a. Under basal conditions, these authors also reported increased renal
cortical NHERF1 and NCC expression in female, relative to male, Sprague Dawley rats.
NCC expression was also higher in female than male C57BI1/6J mice; NHERF1 expression
was not different. In contrast to that report, our study shows lower renal NHERF1 expression
in female FBN than male FBN rats, regardless of age. However, we did not find any
difference in renal NHERF1 expression between male and female NHERF1 wild-type mice
on C57BI/6 background. The mechanisms for the differences in NHERF1 expression
between male and female rats are unknown. Some studies suggest that estrogen may
increase the expression of NHERF1 in lungs [57] and breast epithelia [58] but not in
placenta [59]. The reasons of these discordant results are unknown. However, these
differences may be due to differences in rat models and the age of the animals used in the
studies. Here, we used young (4-mo) and old (24-mo) FBN rats and old (18-mo) C57BI/6J
mice while in other studies the adult SHR, Dahl, or Sprague-Dawley rats were used. Further
studies are required to determine the differences in different species.

The sodium-hydrogen exchanger regulatory factor-1 (NHERF1) regulates trafficking of
GPCRs and transporters to the plasma membrane. In this study, we show that the absence of
NHERF1 results in resistance to the hypertensive effects of a high salt diet in aging animals.
The present study showing differences in renal expression of D1R, NKCC2, and NCC may
explain disparities in humans to develop hypertension in response to dietary salt. We suggest
that NHERF1 PDZ domains could represent novel therapeutic targets for salt-sensitive
hypertension.

In summary, we report here for the first time a novel role for NHERF1 in the expression of
salt-sensitive hypertensive phenotype. Our data demonstrate that lack of NHERF1 may
confer salt resistance. By contrast, an increase in NHERF1 expression may contribute to the
development of salt sensitivity in 24-mo old FBN rats that exhibit salt resistance at an early
age. Further studies are required to confirm the role of NHERF1 in trafficking,
phosphorylation, and/or expression of the sodium transporters along the nephron.
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F344 Rats 4-mo and
24-mo-old (n=12, 6
males + 6 females in
each age group)

FBN Rats 4-mo and 24-
mo-old (n=18, 8 males +
10 females) in each age
group

Wild-type mice 18-mo-old
(n=14, 6 males + 8
females)

NHERF 1+ mice 18-mo-
old (n=14, 6 males + 8
females)

Stabilized on rodent chow for 7 days

Stabilized on rodent chow for 7 days

Stabilized on rodent chow for 7 days

Stabilized on rodent chow for 7 days

Figure 1: Animal Protocol
Figure describes the animal protocol. Numbers in parenthesis represents animals used in

each experiment.
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F344 Rats (n=6, 3 males + 3 females) =
Normal Salt diet (7 days)

F344 Rats (n=6, 3 males + 3 females)
8% salt diet (7 days)

FBN Rats (n=9, 4 males + 5 females)
Normal Salt diet (7 days) in each age
group

FBN Rats (n=9, 4 males + 5 females)
8% salt diet (7 days) in each age
group

WT mice (n=7, 4 males + 4 females)
Normal Salt diet (7 days)

WT mice (n=7, 3 males + 4 females)
8% salt diet (7 days)

NHERF 1" mice (n=7, 3 males + 4
females) Normal Salt diet (7 days)

NHERF 17 mice(n=7, 3 males + 4
females) 8% salt diet (7 days)

Blood Pressure
Measurement
Blood Collection
Sacrifice —
Kidney
Collection
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Figure 2: Effect of dietary salt on mean arterial pressure (MAP, mm Hg) in 4-mo and 24-mo old

F344 rats.

Blood pressure was measured in anesthetized 4-mo or 24-mo old F344 rats as described in
Methods. Each data point represents (red=normal salt diet; blue=8% salt diet) MAP (mm
Hg) from a single animal and the horizontal lines are data as mean+SD from 6 animals in
each group (3 males and 3 females). Because there were no significant differences between
male and female rats, the data was pooled together. ** indicates p value < 0.01 and ***
indicates p value < 0.001 from 4-mo old rats by two-way ANOVA followed by Bonferroni

post-hoc test.
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Figure 3: Effect of dietary salt on urinary volume, sodium, chloride, and potassium in FBN rats.
FBN rats (4-mo and 24-mo-old) were individually housed in metabolic cages for 24 hr. on

day 6 of 8% dietary salt (a day before sacrifice). Urinary (A) volume; (B) sodium; (C)
chloride; and (D) potassium was measured. The left panel in each figure shows data pooled
from both male and female rats. The right panels show data from 4-mo and 24-mo-old male
and female rats. Each data point (red=normal salt diet; blue=8% salt diet) represents values
from a single animal and the horizontal lines are data as mean+SD (n=9; 4 males and 5
females in each group). * indicates p < 0.05, ** indicates p < 0.01 and *** indicates p <
0.001 from the respective normal salt fed rats by two-way ANOVA followed by Bonferroni

post-hoc test.
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Figure 4: Effect of dietary salt on mean arterial pressure (MAP, mm Hg) in 4-mo and 24-mo-old
FBN rats.

FBN rats (4-mo and 24-mo-old) were fed normal (0.9%) or 8% dietary salt for 7 days. Blood
pressure was measured in anesthetized 4-mo and 24-mo-old FBN rats on day 7 as described
in Methods. Each data point represents MAP (mm Hg) from a single animal (red=normal
salt diet; blue=8% salt diet) and the horizontal lines are data as mean£SD from 9 animals in
each group (4 males and 5 females). A, shows data pooled from both male and female rats.
B, shows data from 4-mo and 24-mo-old male and female rats. * indicates p < 0.05 from the
respective normal salt fed rats by two-way ANOVA followed by Bonferroni post-hoc test.
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Figure 5: Effect of dietary salt on expression of NHERF1, dopamine 1 receptor (D1R), NKA al
subunit, NKCC2, and NCC in FBN rats.

FBN rats were fed normal (0.9%) or 8% dietary salt for 7 days. The animals were
euthanized following blood pressure measurement on day 7 and the kidneys were removed,
decapsulated, and crude membrane homogenates were prepared as described in methods.
Expression of (A) NHERF1 (top panel); D1R (middle panel); and NKA a1 (bottom panel).
One gel was used, and the nitrocellulose paper was cut below the 100 KDa marker (for NKA
al), at 60 KDa (for D1R) and the bottom portion below 60 KDa was used for NHERF1
together with Actin (B) NKCC2; and (C) NCC was determined by western blot. A
representative western blot from one male and one female rat groups is shown. To determine
equal loading the nitrocellulose membrane was simultaneously blotted on the same blot for
actin using an HRP-actin antibody together with HRP-secondary antibodies. Each data point
represents AU (ratio of specific protein to actin) from a single animal (red=normal salt-diet;
blue=8% salt diet) and the horizontal lines are data as mean+SD from 9 animals in each
group (4 males and 5 females). *** indicates p < 0.001 and * indicates p < 0.05 from normal
salt fed rats, by two-way ANOVA followed by Bonferroni post-hoc test.
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Figure 6: Effect of dietary salt on urinary volume, sodium, chloride, and potassium in WT and

NHERF1~/~ mice.

WT and NHERF™~ mice were individually housed in metabolic cages for 24 h on day 6 of
8% dietary salt (a day before sacrifice). Urinary (A) volume; (B) sodium; (C) chloride; and
(D) potassium was measured. The left panel in each figure shows data pooled from both
male and female rats. The right panels show data from WT and NHERF1~~ male and
female mice. Each data point represents values from a single animal (red=normal salt diet;
blue=8% salt diet) and the horizontal lines are data as mean+SD (n=7; 3 males and 4
females in each group). * indicates p < 0.05, ** indicates p < 0.01, and *** indicates p <
0.001 from the respective normal salt fed mice by two-way ANOVA followed by Bonferroni

post-hoc test.
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Figure 7: Effect of dietary salt on mean arterial pressure (MAP, mm Hg) in WT and NHERF1~/~

mice.
WT and NHERF1~/~ mice were fed normal (0.9%) or 8% dietary salt for 7 days. Blood

pressure was measured in anesthetized WT and NHERF ™~ mice as described in Methods.
Each data point represents MAP from a single animal (red=normal salt-diet; blue=8% salt
diet) and the horizontal lines are data as mean+SD from 7 animals in each group (3 males
and 4 females). * indicates p < 0.05 and *** indicates p < 0.001 from the respective normal
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salt fed mice by two-way ANOVA followed by Bonferroni post-hoc test.
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% Figure 8: Effect of dietary salt on expression of NHERF1, dopamine 1 receptor (D1R), NKA al
% subunit, NKCC2, and NCC in WT and NHERF1™~ mice.
o} WT and NHERF™~ mice were fed normal (0.9%) or 8% dietary salt for 7 days. The mice
'§ were euthanized on day 7 and the kidneys were removed, decapsulated, and crude membrane
homogenates were prepared as described in methods. Expression of (A) NHERF1; (B) D1R
(top) and NKA a1 (middle); (C) NCC; and (D) NKCC2 was determined by western blot.
NCC blot was stripped and blotted for NKCC2. In Figure B, one gel was used, and the
nitrocellulose paper was cut below the 100 KDa marker (for NKA al), at 60 KDa (for D1R)
and the bottom portion below 60 KDa was used for Actin. A representative western blot
}:> from one male and one female mice in each group is shown. To determine equal loading the
;f nitrocellulose membrane was simultaneously blotted on the same blot for actin using an
= HRP-actin antibody. Each data point represents AU (ratio of specific protein to actin) from a
gz, single animal (red=normal salt-diet; blue=8% salt diet) and the horizontal lines are data as
2 meanxSD from 8 animals in each group (4 males and 4 females). *** indicates p < 0.001
cﬁ from respective the respective normal salt fed mice by two-way ANOVA followed by
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Body weight before starting the salt diet and on day 6 of normal (0.9% NaCl) or high (8% NaCl) salt diet in

FBN rats.
(Normal (8% Salt)
Salt) Before (Normal Salt) After Before (8% Salt) After
Food Water Water
Intake Intake Food Intake
(g/d) (mL/d) Intake (mL/d)
Body Wt. Body Wit. Mean Mean Body Wt. Body Wt. (g/d) Mean
Mean+SD Mean+SD +SD +SD N Mean+SD MeanxSD Mean+ SD +SD N
4-mo
Male 327.00+18.13 | 327.88+17.88 | 18.89+3.5 | 18.25+1.7 | 4 | 319.75+10.52 | 326.00+9.65 | 16.08+1.38 | 22.25+3.1 | 4
4-mo
Female | 197.60+6.82 197.3245.83 | 10.01+0.8 | 14.8+2.28 | 5 192.80+7.14 194.22+7.24 11.01+1.3 | 17.24192 | 5
24-mo 431.25+ 27.3
Male 460.75+36.37 | 464.93+38.11 | 20.36+3.8 | 20.75+15 | 4 1 433.30+28.39 | 19.00+4.3 23.6x19 | 4
24-mo 251.70+ 16.4
Female | 262.34+6.95 263.26+7.96 | 11.13+1.8 | 17.6+2.07 | 5 | 248.44+14.23 3 11.05+14 | 21.6+2.34 | 5
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Table 2:

Body weight before starting the specified salt diet and at the end of the experiment in WT and NHERF1~/~
mice

1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

(Normal Salt) Before | (Normal Salt) After (8% Salt) Before (8% Salt) After
Mean | SEM | N | Mean | SEM | N | Mean | SEM | N | Mean | SEM | N
WT-Male 28.03 1.36 28.4 1.33 3 26.3 0.85 3 | 26.83 0.96 3
WT-Female 26.43 1.92 4 27.13 1.95 4 | 25.78 1.03 4 | 26.23 0.89 4
NHERF1~/~ -Male 29.33 1.76 3 30.17 1.73 3 | 27.67 3.71 3 | 2827 3.58 3
NHERF1~/~ -Female 32 1.47 4 325 1.48 4 | 33.75 111 4 35.1 114 | 4
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