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Abstract

Increased sympathoexcitation and renal sodium retention during high salt intake are hallmarks of
the salt sensitivity of blood pressure (BP). The mechanism(s) by which excessive sympathetic
nervous system release of norepinephrine (NE) influences renal sodium reabsorption is unclear.
However, studies demonstrate that NE can stimulate the activity of the sodium chloride
cotransporter (NCC) and promote the development of salt-sensitive hypertension (SSH). The
adrenergic signaling pathways governing NCC activity remain a significant source of controversy
with opposing studies suggesting a central role of upstream a.;- and/or B-adrenoceptors in the
canonical regulatory pathway involving with-no-lysine kinases (WNKSs), STE20/SPS1-related
proline alanine-rich kinase (SPAK), and oxidative stress response 1 (OxSR1). In our previous
study, a;-adrenoceptor antagonism in NE-infused male Sprague-Dawley rats prevented the
development of NE-evoked SSH in part by suppressing NCC activity and expression. In these
studies, we used selective adrenoceptor antagonism in male Dahl Salt-Sensitive (DSS) rats to test
the hypothesis that NE-mediated activation of the NCC in Dahl SSH occurs via an aq-
adrenoceptor dependent pathway. A high salt diet evoked significant increases in NCC activity,
expression, and phosphorylation in DSS rats that developed SSH. Increases were associated with a
dysfunctional WNK1/4 dynamic and a failure to suppress SPAK/OxSR1 activity. aq-adrenoceptor
antagonism initiated prior to high salt intake or following the establishment of SSH attenuated BP
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in part by suppressing NCC activity, expression, and phosphorylation. Collectively our findings
support the existence of a NE-activated a.q-adrenoceptor gated pathway that relies on WNK/
SPAK/OxSR1 signaling to regulate NCC activity in SSH.
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INTRODUCTION

Dietary sodium intake has long been tied to the development of hypertension as increased
sodium retention drives increases in blood pressure (BP).1=3 Roughly half of the
hypertensive population and a quarter of the normotensive population demonstrate the salt
sensitivity of BP.* ® The risk for developing hypertension is significantly increased in
individuals with the salt sensitivity of BP, and given that U.S. adults consume approximately
3,400 mg of sodium per day, which is in excess of the daily recommended 1,500 mg of
sodium per day by the American Heart Association.b: 7 salt-sensitive hypertension (SSH)
represents a major public health risk. The Dahl Salt-Sensitive (DSS) rat has served as a
model of SSH since its discovery in the 1960s.8 When fed a high salt diet, DSS rats exhibit a
hallmark increase in BP that has been the subject of numerous investigations. Despite the
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plethora of existing studies, the mechanisms underlying Dahl SSH remain unclear. There is
strong evidence for a role of the sympathetic nervous system (SNS) in SSH as increased
SNS activity can contribute to renal sodium reabsorption and promote hypertension.? Recent
studies have reported that SNS-mediated release of norepinephrine (NE) elevates the activity
of the sodium chloride cotransporter (NCC), resulting in increased sodium reabsorption at
the level of the distal convoluted tubule (DCT).10 11

The NCC is regulated by a complex network of kinases that include with-no-lysine kinases
(WNK) 1 and WNK4, STE20/SPS1-related proline alanine rich kinase (SPAK), and
oxidative stress response 1 (OxSR1).12-14 The regulatory pathway governing NCC activity
is a source of continued controversy as opposing studies suggest that either WNKZ1 or
WNK4 is the dominant regulatory kinase of the NCC.15-18 Moreover, there is also debate
over which downstream kinase, SPAK or OxSR1, is responsible for phosphorylating and
activating the NCC.14 Adding to the ambiguity, investigations into the adrenergic signaling
pathways by which SNS release of NE exerts its effects on the NCC have resulted in
multiple conflicting studies suggesting the existence of an a.-adrenoceptor dependent,19 -
adrenoceptor dependent,16 or synergistic pathway that regulates NCC activity.2% In our
previous study, NE-infused male Sprague-Dawley (SD) rats failed to downregulate NCC
activity, expression, and phosphorylation and developed NE-evoked SSH.19 In this study,
chronic administration of a low dose of the a.1-antagonist terazosin, that did not lower BP
compared to that observed in control animals, prevented the salt-sensitive component of NE-
evoked hypertension and restored dietary sodium evoked suppression of NCC activity,
expression, and phosphorylation.

We hypothesized that NE-mediated activation of the NCC in Dahl SSH occurs via an a.q-
adrenoceptor dependent pathway that is reliant upon WNK/SPAK/OxSR1 signaling. To test
this hypothesis, we administered a low dose of either the a.1-adrenoceptor antagonist
terazosin, or a the B-adrenoceptor antagonist propranolol, in DSS rats and assessed their
impact on BP, NCC activity, and NCC regulation in the development and maintenance of
Dahl SSH. Collectively, this study offers new mechanistic insight into the SNS-activated
adrenergic signal transduction pathways that regulate NCC activity, expression, and
phosphorylation in Dahl SSH.

METHODS

Animals

A detailed description of experimental procedures is available in the online-only
supplement. The authors declare that all supporting data are available within the article and
its online supplementary files.

Groups of male Dahl Salt-Resistant (DSR) or DSS rats (9-12 weeks of age, Envigo,
Indianapolis, IN, USA) were randomly assigned to a 21-day or 42-day normal salt (NS,
0.6% NacCl, Envigo Teklad, Teklad Global Diet #2918, 18% protein, 5% crude fat, 5% fiber,
total potassium (K*) content 0.6%, total NaCl content 0.6% [174 mEq Na*/kg]) or high salt
(HS, 4% NaCl, Envigo Teklad Diets, TD.03095, 19% protein, 5% crude fat, 3% fiber, total
K* content 0.8%, total NaCl content 4% [678 mEq Na*/kg]) diet and tap water ad /ibitum.

Hypertension. Author manuscript; available in PMC 2021 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Puleo et al.

Page 4

All animals were randomly assigned to experimental treatment groups. All animal protocols
were approved by the Boston University School of Medicine Institutional Animal Care and
Use Committee and performed using National Institutes of Health’s “Guide for the Care and
Use of Laboratory Animals.”

Statistical Analysis

RESULTS

Data are shown as mean + SD. Comparisons were made between NS and HS dietary salt
intake groups or HS and HS + adrenoceptor antagonist groups using a two-tailed Student’s t-
test. One-way ANOVA was used to assess differences between groups, and the Tukey’s post-
hoc test was used to evaluate variation among groups. Statistical analysis was carried out
using GraphPad Prism version 7 (GraphPad). Statistical significance is defined as P <0.05.

Impact of high dietary sodium intake on blood pressure and NCC activity in male Dahl rats

When challenged with a high salt diet DSR rats increase the fractional excretion of sodium
(FENa) and maintain normotension. Additionally, estimated blood volume (EBV), estimated
plasma volume (EPV), and the vascular response to ganglionic blockade remain unchanged
(Figure 1, Supplemental Table S1). Further, DSR rats exhibit dietary sodium evoked
suppression of in vivo estimated NCC activity (expressed as the peak natriuretic response to
hydrochlorothiazide (HCTZ)), estimated epithelial sodium channel (ENaC) activity
(expressed as the peak natriuretic response to amiloride), plasma NE and renal NE content
(Figure 1A). DSR rats did not exhibit HS-evoked alterations in baseline sodium or
potassium excretion during the renal transporter assay (Supplemental Table S2). Reduced
NCC activity in DSR rats fed a HS diet was paralleled by dietary-evoked suppression of
both total NCC expression and NCC Thr53 phosphorylation (i.e., no change in the ratio of
phosphorylated to total NCC) normalized to Coomassie blue (Figure 1B, Supplemental
Figure S1). In contrast, in DSS rats, HS intake decreased FENa and increased BP, EPV, and
the depressor response to ganglionic blockade (Figure 1). Critically, DSS rats fed a HS diet
exhibit significant increases in in vivo NCC activity, total NCC expression and Thr53
phosphorylation (pNCC) compared to rats fed a NS diet (Figure 1, Supplemental Table S1).
This increase in NCC activity was matched by a significant increase in plasma and renal NE
content in DSS rats fed a HS diet (Figure 1A). As seen in DSR rats dietary sodium evoked
suppression of ENaC activity was observed in DSS rats and no changes in baseline sodium
and potassium excretion during the acute renal transporter assay were observed (Figure 1A,
Supplemental Table S2).

Impact of high dietary sodium intake on NCC regulation in male Dahl rats

DSR rats fed a HS diet show increased expression of the upstream regulatory kinase WNK1
and downregulation of WNK4, SPAK and OxSR1 compared to a NS diet normalized to
Coomassie blue (Figures 2A&B, Supplemental Figure S1). Moreover, DSR rats
downregulate the activity of SPAK and OxSR1, assessed as a decrease in the collective
phosphorylation of these kinases at threonine sites in response to a HS diet (Figure 2C).
Unlike DSR rats, DSS rats downregulated WNK1 abundance and maintained dietary sodium
evoked suppression of WNK4 abundance (Figure 2A) in response to a HS diet. Further, DSS
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rats failed to suppress total SPAK and OxSR1 expression (Figure 2B) as seen in DSR rats.
Moreover, in contrast to DSR rats, DSS rats exhibit significant increases in pSPAK(T222)/
pOxSR1(T185) abundance in response to a HS diet (Figure 2C).

Impact of chronic adrenoceptor antagonism on the development of male DSS rat
hypertension

To study the involvement of adrenoceptors in the development of Dahl SSH, we performed
chronic infusion of the a.1-adrenoceptor antagonist terazosin or the B-adrenoceptor
antagonist propranolol. During the 21-day experimental HS diet intake period a1-
antagonism attenuated the development of Dahl SSH, prevented increases in EPV and FENa,
and resulted in a significant decrease in NCC activity in DSS rats on a HS diet (Figure 3,
Supplemental Table S1). a.1-antagonism also suppressed NCC phosphorylation, without
changing the total NCC abundance, resulting in a significantly decreased pNCC Thr53/total
NCC ratio normalized to Coomassie blue (Figure 3B, Supplemental Figure S2). These
changes occurred without impacting the enhanced depressor response to ganglionic
blockade or suppression of estimated ENaC activity observed in saline control DSS rats
(Figure 3A). Chronic infusion of the B-adrenoceptor antagonist propranolol in DSS rats did
not alter the development of SSH, or reduce NCC activity, expression, or phosphorylation
(Figure 3, Supplemental Table S1). Selective adrenoceptor blockade, confirmed
pharmacologically (Supplemental Figure S1), had no impact on baseline sodium or
potassium excretion during the renal transporter assay (Supplemental Table S2).

Impact of chronic adrenoceptor antagonism on NCC regulation in male DSS rat
hypertension

In contrast to vehicle treated animals DSS rats treated with the a.1-adrenoceptor antagonist
terazosin exhibited significant increases in WNK1 expression, with unchanged levels in the
abundance of WNK4 and SPAK normalized to Coomassie blue (Figures 4A&B,
Supplemental Figure S2). Critically, a1-antagonism resulted in a significant decrease in
OxSR1 expression and a decrease in SPAK/OxSR1 phosphorylation (Figure 4). Although p-
adrenoceptor antagonism increased WNK1 and WNKA4 levels, it did not influence the
expression of SPAK or OxSR1 (Figure 4A&B). Similar to the response observed during a.q-
antagonism, phosphorylation of SPAK/OxSR1 was decreased during f-adrenoceptor
antagonism (Figure 4). It should be noted 1 data point in the DSS HS + Propranolol treated
group for SPAK/OxSR1 phosphorylation was excluded from analysis as a GRUB statistical
outlier.

Impact of chronic aj-adrenoceptor antagonism on established male DSS rat hypertension

DSS rats chronically infused with saline vehicle and fed a 42-day HS diet develop profound
SSH of a greater magnitude than that observed after 21-day HS intake. Chronic a.q-
adrenoceptor blockade (confirmed pharmacologically, Supplemental Figure S5) during the
final 21-days of a 42-day HS diet attenuated established Dahl SSH (Figure 5A). Moreover,
decreases in BP with a1-adrenoceptor antagonism were coupled with reductions in NCC
activity, expression, and phosphorylation. The dramatic reduction in pNCC Thr53 resulted in
a significant reduction in the ratio of pNCC/total NCC normalized to Coomassie blue
(Figure 5, Supplemental Figure S3). The expression of the upstream regulatory kinases
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WNKZ1 and WNK4 was also suppressed by aq-adrenoceptor antagonism. While total SPAK
and OxSR1 expression remained unchanged, a-adrenoceptor antagonism did result in the
significant reduction of the phosphorylation of SPAK/OxSR1 (Figure 6). It should be noted
that 1 data point in the DSS HS and terazosin group was excluded from analysis of
pSPAK(T222)/pOxSR1(T185) as a GRUB statistical outlier.

DISCUSSION

The major finding of this study is that aq-adrenoceptor antagonism attenuated the
development and maintenance of SSH in male DSS rats in part by suppressing NCC activity
and regulation. Critically, B-adrenoceptor antagonism failed to influence SSH, NCC activity,
or regulation in male DSS rats.

Impact of dietary salt intake on BP and NCC activity in male DSR versus DSS rats

DSR rats exhibit dietary sodium evoked suppression of plasma and renal NE, estimated
ENaC activity, NCC activity, expression, and phosphorylation, no changes in vascular tone,
EBV or EPV, and increased FENa — all of which contribute to maintaining salt resistance
and normotension. These findings are consistent with our previous studies in normotensive
male SD rats that exhibit dietary sodium evoked suppression of sympathetic outflow,
estimated ENaC activity, and NCC activity and expression.11: 12 Qur findings are also
supported by a recent study in DSR rats where a HS diet reduced renal NE turnover and
blunted the diuretic and natriuretic responses to the NCC antagonist HCTZ.2! These data
support our hypothesis of dietary sodium evoked suppression of sympathetically-driven
NCC activation in salt-resistant rats.

In contrast, DSS rats fed a HS diet not only failed to suppress plasma and renal NE, NCC
activity, expression, or phosphorylation, but exhibited significant increases in these
parameters in addition to increased vascular tone, increased EPV and decreased FENa —
factors which may promote the observed salt sensitivity of BP. The inability of DSS rats,
which exhibit global and renal specific increases in sympathetic outflow, to downregulate
NCC activity and expression is supported by our previous studies in male SD rats whereby
NE-infusion prevented dietary sodium evoked suppression of NCC activity and expression
and promoted the development of SSH.11: 19 Further support of our current data is provided
by a recent study in DSS rats that reported no change in the diuretic and natriuretic
responses to HCTZ between a NS and HS diet.21 Our finding that DSS rats maintain HS-
evoked suppression of estimated ENaC activity suggests that ENaC activity does not drive
Dahl SSH. This data is consistent with our prior finding in NE-infused male SD rats that
suppressed ENaC activity but developed SSH.11. 19

Impact of dietary salt intake on NCC regulation in male DSR versus DSS rats

In response to a HS intake DSR rats exhibit increased expression of WNKZ1, downregulation
of WNK4, and an altered WNK1 to WNKA4 ratio. In contrast this pattern of altered dynamics
of WNK1 and WNK4 abundance was not observed in DSS rats. In addition to altered WNK
levels, DSR rats exhibited dietary sodium evoked suppression of SPAK and OxSR1
expression and phosphorylation — a response largely absent in DSS rats. Interestingly, DSS
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rats show a substantial 6-fold increase in SPAK and OxSR1 threonine phosphorylation that
corresponded with a two-fold increase in NCC phosphorylation. The relative contributions
of individual threonine phosphorylation on SPAK/OxSR1 activity is unclear. Prior studies
have shown that threonine phosphorylation is required for kinase activity,14 suggesting that
the observed increase in threonine phosphorylation may be driving NCC phosphorylation
and activity in DSS rats.

Recent studies, conducted in vitro, demonstrate that WNKSs are able to form
heteromultimers12 — a phenomenon that may occur in vivo. The formation of WNK
heteromultimers may result in an additive, sub-additive or synergistic effect on NCC
depending on the ratio of WNK kinases versus SPAK/OxSR1.12 Given the dramatically
altered WNK and SPAK/OXSR1 dynamics in response to HS intake in DSR versus DSS rats
we speculate that WNK heterodimers may be mediating the observed effects on NCC
activity and expression observed in DSR versus DSS rats.

Chronic aq-adrenoceptor antagonism suppresses NCC activity and attenuates the
development of SSH in male DSS rats

To investigate the adrenergic signaling pathways influencing NCC activity and the
development of Dahl SSH, the a1-adrenoceptor antagonist terazosin was administered, at a
low dose that does not lower blood pressure in normotensive rats, throughout a 21-day HS
diet. Terazosin preferentially blocks the a1g adrenoceptor,22 which makes up 50% of the rat
distal tubule/collecting duct cells’ a-adrenoceptors. a.1-adrenoceptor antagonism attenuated
Dahl SSH by approximately 20 mmHg, without impacting the vascular response to
ganglionic blockade. In contrast, a.;-adrenoceptor antagonism increased the FENa,
prevented an increase in EPV and decreased NCC activity and phosphorylation — data that
strongly suggest a renal but not vascular action of aq-adrenoceptor antagonism. Our current
observations in the DSS rat are in accordance with our previous work where a.1-
adrenoceptor antagonism abolished NE-evoked SSH and restored dietary-evoked
suppression of NCC activity and phosphorylation in male SD rats.1? In terms of the
mechanisms regulating NCC activity although a-adrenoceptor antagonism did not promote
the WNK1 and WNK4 expression dynamic observed in DSR rats, it did result in a decrease
in OxSR1 expression suggesting a greater role for OxSR1 in NCC regulation as SPAK
expression remained unchanged. This trend was also present in our prior study in NE-
infused male SD rats treated with the a.1-adrenoceptor antagonist terazosin, where OxSR1
downregulation corresponded with a decrease in NCC phosphorylation.1® In the current
study there was also a significant decrease in SPAK/OxSRL1 threonine phosphorylation with
aq-adrenoceptor antagonism that correlated with a decrease in NCC phosphorylation,
supporting the theorized requirement of threonine phosphorylation for kinase activity.14

Chronic p-adrenoceptor antagonism does not reduce NCC activity or counter Dahl SSH

The nonselective B-adrenoceptor antagonist, propranolol, was used to investigate the
potential role of B-adrenoceptor signaling pathways on NCC activity. DCT cells express
three times more B1- than p,- adrenoceptor subtypes, with no detectable expression of B3
adrenoceptors.23 Thus, we believe that the observed effects of propranolol are mediated by
[B1- or Bo- adrenoceptors. As observed with a1-adrenoceptor antagonism p-adrenoceptor
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antagonism did not impact baseline sodium excretion recorded during the baseline period of
the acute renal sodium transporter assay, and the resultant data obtained in this assay reflect
the effects of diuretic. Chronic p-adrenoceptor antagonism in DSS rats fed a HS diet did not
reduce NCC activity, NCC expression or NCC phosphorylation, and did not attenuate the
magnitude of SSH. The inability of p-adrenoceptor antagonism to lower BP and NCC
activity is in opposition to prior studies that suggested a sympathetically-mediated -
adrenoceptor gated pathway drives NCC activity in the pathophysiology of SSH.16 The
difference between this study and our own observations may reflect species differences
between mice and rats and differences in experimental approach may also have influenced
the obtained results. In contrast to our studies in the DSS rat model prior studies that
reported a role of B-adrenoceptors in NCC regulation infused C57BL/6 mice with NE and
isoproterenol, a B-adrenoceptor agonist during a 5-day HS diet.16 A second study assessed
the effect p-adrenoceptor antagonism, with propranolol, on the activity of the DCT
potassium channel Kir4.1 in whole cell recording studies on DCTs prepared from C57BL/6
mice. These studies suggest that propranolol would reduce NCC activity given its
suppression of Kir4.1 activity in response to NE stimulation.2 In strong support of our
findings a recent study in DSS rats treated chronically with B-adrenoceptor antagonism
during a 6-week HS diet period failed to detect a p-adrenoceptor antagonist-mediated BP
lowering effect or any impact on NCC activity.?! Further, B-adrenoceptor antagonism did
not restore the WNK expression dynamic observed in DSR rats, nor did it affect SPAK or
OxSR1 expression despite reducing the phosphorylation of these kinases. However, there
was no resultant decrease in phosphorylated NCC despite the activity of these intermediate
kinases being suppressed. This may be explained by a failure to suppress OxSR1 expression
as there is evidence that SPAK (and also most likely OxSR1) can directly activate the NCC
in a WNK-independent manner.

Chronic aq-adrenoceptor antagonism suppresses NCC activity and attenuates established

Dahl SSH

We observed an anti-hypertensive effect of aq-adrenoceptor antagonism in DSS rats with
established SSH in concert with reduced NCC activity, reduced total and phosphorylated
NCC abundance and a reduced phosphorylated NCC/total NCC ratio. Critically, these data
suggest NCC activity is likely contributing not only to the development of Dahl SSH, but
also the maintenance of Dahl SSH. Despite the WNK expression dynamic remaining
perturbed during a.;-adrenoceptor antagonism in established Dahl SSH, we observed
significantly reduced phosphorylation of SPAK/OxSR1, a response that may underlie the
observed decrease in phosphorylated NCC abundance. This finding suggests that the major
factors regulating NCC activity may be different in the development versus maintenance
phase of established Dahl SSH. Collectively, our findings with a.1-adrenoceptor antagonism
lend further support for the existence of a sympathetically mediated WNK4/SPAK/OxSR1
pathway that chronically modulates NCC activation.

Study limitations

Our studies are partially limited by the global administration of adrenoceptor antagonists
which can influence BP via multiple mechanisms. We acknowledge that propranolol may act
as an agonist of the p3-adrenoceptor in some systems. Owing to DCT cells lacking
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detectable expression of B3 adrenoceptors?3 we believe this phenomenon has not adversely
impacted our study. While our data suggest that the impact of terazosin on reducing BP is
largely mediated by renal mechanisms future studies are needed to explore the renal specific
effects of this antagonist. This study’s approach to direct BP measurement is a methodical
limitation as animals are acutely instrumented. Nonetheless, this approach represents the
only way in which the measurement of BP and in vivo physiological activity of the NCC can
be assessed within the same animal.25: 26 This approach increases the reproducibility and
rigor of our current and previously published data and supports a strong correlation between
in vivo NCC activity and NCC phosphorylation.11: 19 At present the impact of phosphatases,
that may respond to dietary manipulation2’- 28 and can modulate NCC phosphorylation, on
NCC activity remain unknown. Additionally, the potential roles of K* channels and their
modulation in response to adrenoceptor antagonism in DSS hypertension remain to be
investigated.

Perspectives

The present study, in the DSS rat that exhibits endogenous sympathoexcitation and SSH,
supports our previous mechanistic findings in the salt-resistant SD rat strain of NE-evoked
SSH.19 These data provide convincing evidence for sympathetically-mediated a1-
adrenoceptor mediated NCC activation, via a WNK/SPAK/OxSR1 pathway, in the
development and maintenance of SSH. Significantly, these studies demonstrate the ability to
selectively target and attenuate the development and maintenance of SSH using a1-
adrenoceptor antagonism. The observed WNK1/WNK4 dynamic further promotes the
significance of WNK signaling in the pathophysiology of SSH and NCC regulation.
Ultimately, this work expands our understanding of adrenergic signaling that promotes NCC
mediated sodium reabsorption and the pathophysiology of SSH to identify represent
potential new therapeutic targets for SSH.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Novelty and Significance
1. What is New?
. NCC plays a critical role in Dahl Salt-Sensitive hypertension.

. aq-adrenoceptor antagonism attenuates NCC activation and the salt
sensitivity of blood pressure.

2. What is Relevant?

. Exaggerated sympathetic activity trigged by increased dietary
sodium intake can evoke salt-sensitive hypertension, which exists in
~50% of hypertensive patients.

. Renal a.1-adrenoceptors are implicated in the pathogenesis of NCC-
mediated salt-sensitive hypertension.

3. Summary

. In response to a high salt diet NCC activity increased in Dahl Salt-
Sensitive rats and decreased in Dahl Salt-Resistant rats.

. aq-adrenoceptor antagonism attenuates the development and
maintenance of salt-sensitive hypertension in Dahl Salt-Sensitive
rats via suppression of NCC activity and expression.

. [B-adrenoceptor antagonism fails to influence blood pressure or NCC
activity in the Dahl Salt-Sensitive rat.
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Figure 1. Impact of high dietary sodium intake on blood pressure and NCC activity in Dahl rats.
(A) Mean arterial pressure (MAP; mmHg), peak AMAP (mmHg) in response to i.v.

hexamethonium (30 mg/kg), in-vivo NCC activity expressed as peak natriuretic response
(AUNaV) to intravenous hydrochlorothiazide (HCTZ; 2 mg/kg bolus, 2 mg/kg hour
infusion), in-vivo ENaC activity expressed as peak AUNaV to intravenous amiloride (2
mg/kg bolus, 2 mg/kg hour infusion), renal NE (pg/mg) and plasma norepinephrine (NE,
nmol/L); (B) representative immunoblots for NCC, pNCCT53 and total NCC expression,
PNCCT53 expression, pPNCC/NCC ratio, and FENa (%) in 3-month old male Dahl Salt-
Resistant (DSR) and Dahl Salt-Sensitive (DSS) rats fed a 21-day normal salt (NS; 0.6%
NaCl) or high salt (HS; 4% NaCl) diet N=5/6 per group mean = SD. Protein expression is
shown as fold change with NS target protein expression set to 1 for each group. MAP =
mean arterial pressure, UNaV = urinary sodium excretion, NE = norepinephrine, FENa =
Fractional Excretion of Sodium. Differences in peak natriuretic responses, MAP, plasma and
renal NE, and protein expression within each group between NS and HS diets were
determined using a student’s t test. *P < 0.05 vs. respective NS group.
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Figure 2. Impact of high dietary sodium intake on NCC regulation in Dahl rats.
(A) total WNK1 and WNK4 expression and respective immunoblots, (B) total SPAK and

OxSR1 expression, and respective immunoblots and, (C) total pSPAK (S373)/pOxSR1
(S325) expression and pSPAK (T233)/pOxSR1 (T185) expression and respective
immunoblots in 3-month old male Dahl Salt-Resistant (DSR) and Dahl Salt-Sensitive (DSS)
rats fed a 21-day normal salt (NS; 0.6% NaCl) or high salt (HS, 4% NaCl) diet. N=5/6 per
group mean + SD. Protein expression is shown as fold change with NS target protein
expression set to 1 for each group. Differences in NS and HS target protein expression
within each treatment group were determined using a student’s t test. *P < 0.05 vs.

respective NS group.
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Figure 3. Impact of chronic adrenoceptor antagonism on the development of Dahl Salt-Sensitive
(DSS) hypertension.
(A) Mean arterial pressure (MAP; mmHg), peak AMAP (mmHg) in response to i.v.

hexamethonium (30 mg/kg), in vivo NCC activity expressed as peak natriuretic response
(AUNaV) to intravenous hydrochlorothiazide (HCTZ; 2 mg/kg bolus, 2 mg/kg hour
infusion), in vivo ENaC activity expressed as peak AUNaV to intravenous amiloride (2
mg/kg bolus, 2 mg/kg hour infusion); (B) representative immunoblots for NCC, pNCCT53
and total NCC expression, pNCCT53 expression, pPNCC/NCC ratio and FENa (%) in groups
of 3-month old male untreated DSS rats or groups of DSS rats that received a subcutaneous
(s.c.) infusion of saline/DMSO vehicle terazosin (Teraz) or propranolol (Pro) dissolved in
saline/DMSO during a 21-day HS diet. N=5/6 per group mean + SD. Treatment group
protein expression was compared to the same untreated HS group expression via individual
blots to avoid comparing separate immunoblots. MAP = mean arterial pressure, UNaV =
urinary sodium excretion, FENa = Fractional Excretion of Sodium. Protein expression is
shown as fold change with untreated DSS HS target protein expression for each individual
blot set to 1. Differences in peak natriuretic responses and MAP were determined using a
one-way ANOVA to assess differences between groups, and a Tukey post-hoc test was used
to evaluate variation among groups. Differences in untreated DSS HS and HS +
adrenoceptor antagonist target protein expression were determined using a student’s t test.
*P < 0.05 vs. respective DSS HS group.
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Figure 4. Impact of chronic adrenoceptor antagonism on NCC regulation in Dahl Salt-Sensitive
(DSS) hypertension.
(A) total WNK1 and WNK4 expression and respective immunoblots, (B) total SPAK and

OxSR1 expression and respective immunoblots and, (C) total pSPAK (S373)/pOxSR1
(S325) expression and pSPAK (T233)/pOxSR1 (T185) expression and respective
immunoblots in groups of 3-month old male s.c. saline/DMSO vehicle treated DSS rats or
groups of DSS rats that received a subcutaneous (s.c.) infusion of terazosin (Teraz) or
propranolol (Pro) dissolved in saline/DMSO during a 21-day high salt (HS, 4% NaCl) diet.
N=5/6 per group mean = SD. Treatment group protein expression was compared to the same
untreated HS group expression via individual blots to avoid comparing separate
immunoblots. Protein expression is shown as fold change with untreated DSS HS target
protein expression for each individual blot set to 1. Differences in untreated DSS HS and HS
+ adrenoceptor antagonist target protein expression were determined using a student’s t test.
*P < 0.05 vs. respective DSS HS group.
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Figure 5. Impact of chronic a1-adrenoceptor antagonism on established Dahl Salt-Sensitive

(DSS) hypertension.
(A) Mean arterial pressure (MAP; mmHg), in vivo NCC activity expressed as peak

natriuretic response (AUNaV) to intravenous hydrochlorothiazide (HCTZ; 2 mg/kg bolus, 2
mg/kg hour infusion), in vivo ENaC activity expressed as peak AUNaV to intravenous

amiloride (2 mg/kg bolus, 2 mg/kg hour infusion); (B) representative immunoblots for NCC,

pNCCT53 and total NCC expression, pPNCCT53 expression and pNCC/total NCC ratio in
groups of DSS rats fed a 42-day high salt (HS, 4% NaCl) diet that received a subcutaneous

(s.c.) infusion of saline/DMSO or terazosin/DMSO during days 21-42 of the 42-day HS diet.

N=5/6 per group mean + SD. MAP = mean arterial pressure, UNaV = urinary sodium
excretion. Protein expression is shown as fold change with HS + saline target protein

expression set to 1. Differences between treatment groups were determined using a student’s

t test, *P < 0.05 vs. saline group. # lane was not considered in quantification.
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Figure 6. Impact of chronic a1-adrenoceptor antagonism on NCC regulation in established Dahl
Salt-Sensitive (DSS) hypertension.

(A) total WNK1 and WNK4 expression and respective immunoblots, (B) total SPAK and
OxSR1 expression, and respective immunoblots and, (C) total pSPAK (S373)/pOxSR1
(S325) expression and pSPAK (T233)/pOxSR1 (T185) expression and respective
immunoblots in groups of DSS rats fed a 42-day HS diet that received a s.c. infusion of
vehicle (saline/DMSO) or terazosin/DMSO during days 21-42 of the 42-day HS diet. N=5/6
per group mean + SD. Protein expression is shown as fold change with HS + saline target
protein expression set to 1. Differences between treatment groups were determined using a
student’s t test, *P < 0.05 vs. saline group. # lane was not considered in quantification.
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