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Abstract: The genetic and molecular basis of developing high blood pressure and renal disease are not
well known. Resp18mutant Dahl salt-sensitive (SS-Resp18mutant) rats fed a 2% NaCl diet for six weeks
have high blood pressure, increased renal fibrosis, and decreased mean survival time. Impairment of
the dopaminergic system also leads to hypertension that involves renal and non-renal mechanisms.
Deletion of any of the five dopamine receptors may lead to salt-sensitive hypertension. Therefore,
we investigated the interaction between Resp18 and renal dopamine in SS-Resp18mutant and Dahl
salt-sensitive (SS) rats. We found that SS-Resp18mutant rats had vascular dysfunction, as evidenced by
a decrease in vasorelaxation in response to sodium nitroprusside. The pressure–natriuresis curve in
SS-Resp18mutant rats was shifted down and to the right of SS rats. SS-Resp18mutant rats had decreased
glomerular filtration rate and dopamine receptor subtypes, D1R and D5R. Renal dopamine levels were
decreased, but urinary dopamine levels were increased, which may be the consequence of increased
renal dopamine production, followed by secretion into the tubular lumen. The increased renal
dopamine production in SS-Resp18mutant rats in vivo was substantiated by the increased dopamine
production in renal proximal tubule cells treated with L-DOPA. Overall, our study provides evidence
that targeted disruption of the Resp18 locus in the SS rat dysregulates the renal dopaminergic system.

Keywords: Resp18; kidney; blood pressure; dopamine; Dahl salt-sensitive rats

1. Introduction

Hypertension is a multifactorial polygenic disease that is associated with a high risk
for cardiovascular disease and a major risk factor for stroke and renal disease [1–3]. It is
the leading cause of chronic kidney disease (CKD) that currently affects 15% of the US
population [4]. The onset and progression of hypertension and associated renal disease are
affected by genetic and environmental factors, such as an increase in dietary salt intake,
smoking, and alcohol consumption [5–9]. However, the genetic and molecular basis of
increased risk for developing high blood pressure and renal disease are not well known.
It is generally accepted that 30–50% of blood pressure abnormalities can be attributed to
genetic factors [10,11]. Thus, identifying genes/genetic loci that contribute to high blood
pressure is fundamental in understanding this complex disease.
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The Dahl salt-sensitive (SS) rat is one of the most extensively studied models of salt-
induced hypertension and renal injury [5,12–16]. Substitution mapping studies conducted
in SS rats led to the identification of genetic loci responsible for salt-induced hypertension
and renal disease [5,16–18]. One such study led to the identification of regulated endocrine-
specific protein-18 (Resp18) as a candidate gene for blood pressure regulation [17]. Resp18
was first identified by screening a rat neuro-intermediate pituitary cDNA library for tran-
scripts, the expression of which is regulated by dopaminergic agents in parallel with the
endogenous prohormone pro-opiomelanocortin [19]. Subsequently, deep RNA-sequencing
analysis detected Resp18 gene expression in renal proximal tubule cells [20].

Resp18, as a candidate gene for hypertension, was validated by generating an SS-
Resp18mutant rat on SS rat genetic background using a zinc-finger nuclease approach, tar-
geting exon 3 of the Resp18 gene [21]. This leads to a seven-base frameshift deletion of
bases in the SS-Resp18mutant rats and introduces a premature stop codon in mutant rats [21].
We reported that a high-salt diet (2% NaCl) increased both systolic and diastolic blood
pressures in SS-Resp18mutant rats to a greater extent than SS rats, which was associated
with a greater increase in renal fibrosis and urinary protein excretion [21]. Dopaminergic
agonists decrease the expression of Resp18, whereas dopaminergic antagonists increase
its expression, suggesting a molecular link between Resp18 and dopamine [19,22]. Apart
from its role as a neurotransmitter, dopamine mediates other essential physiological func-
tions, including the regulation of blood pressure, water and electrolyte balance, and renal
function [23–25]. Dopamine can be produced in the kidney, independently of the central
nervous system [24–27]. L-3-4-dihydroxyphenylalanine (L-DOPA) from the circulation
or glomerular filtrate is reabsorbed in renal proximal tubule cells, where it is converted
into dopamine by DOPA decarboxylase. Dopamine is then secreted into the renal tubular
lumen and basolateral space, where it inhibits ion transport [23–27].

We have shown that SS-Resp18mutant rats maintained on a high-salt diet had higher
blood pressure and urinary protein excretion and lower mean survival time than wild-type
SS rats [21]. Given that Resp18 is expressed in renal proximal tubule cells and its expression
changes in response to dopaminergic agents (D2-like receptor antagonist haloperidol
increases and the D2-like receptor agonist bromocriptine decreases Resp18 expression), it
is possible that Resp18 plays a crucial role in the regulation of salt-induced increase in
blood pressure and consequently, renal injury. The present study tests this hypothesis
by examining whether targeted disruption of the Resp18 gene in SS rats increases blood
pressure and causes impairment of renal function by abolishing/disrupting the renal
protective effect of the renal dopaminergic system.

2. Materials and Methods
2.1. Animals

SS-Resp18mutant rats were generated on the SS rat genetic background by using the
zinc-finger nuclease method, as previously detailed [21,28]. Male Dahl salt-sensitive/Mcw
(SS) and SS-Resp18mutant rats were bred, housed, and raised on a low-salt diet (0.3% NaCl;
Harlan Teklad diet 7034) until six weeks of age before switching them to a high-salt (2%
NaCl; Harlan Teklad diet 94217) diet for the remainder of the experimental protocol. All
animals were kept on a 12:12-h light-dark cycle in a climate-controlled room. Rat chow
and water were provided ad libitum. All animal research protocols were approved by the
Institutional Animal Care and Use Committee of the University of Toledo, in accordance
with the National Institutes of Health Guide for the Care and Use of Laboratory Animals.

2.2. Food and Water Intake

After six weeks on a high-salt diet, SS and SS-Resp18mutant rats were housed individ-
ually in a comprehensive laboratory animal monitoring system (CLAMS) for four days.
Food and water intakes of each rat were recorded in real-time, as routinely done.
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2.3. Vascular Myograph

After six weeks on a high-salt diet, SS and SS-Resp18mutant rats were euthanized by the
CO2 inhalation method. The second- and third-order mesenteric arteries were dissected and
placed in cold Krebs–Henseleit solution (KHS), pH 7.4. The segments, 2 mm in length, were
mounted in wire myograph chambers (Danish Myo Tech, model 610 M; JP-Trading I/S).
For isometric tension recording, two steel wires were introduced through the lumen of the
mounted arteries. The arteries were allowed to equilibrate in KHS for 15 min. The arterial
diameters were determined after stretching to their optimal lumen diameter based on the
internal circumference/wall tension. The vessels were then washed again with KHS and
allowed to equilibrate for 20 min. The concentration–response curve was first measured
for acetylcholine (ACh) (10−9 M to 10−4.5 M). Thereafter, the arteries were washed and
allowed to equilibrate in KHS for 20 min before the concentration–response curve for
sodium nitroprusside (SNP) (10−9 M to 10−4.5 M) was assessed.

2.4. Glomerular Filtration Rate in Conscious Rats

Glomerular filtration rate (GFR) was measured in conscious SS and SS-Resp18mutant rats
via the transcutaneous clearance of fluorescein–isothiocyanate (FITC)–sinistrin, using a NIC-
Kidney device (Mannheim Pharma & Diagnostics GmbH, Mannheim, Germany) [29–31].
The rats were anesthetized for ~10 min (2% v/v isoflurane). Thereafter, the device was
turned on by connecting it to a rechargeable lithium battery and then attached to the back
of the rat using a double-sided adhesive tape; the device was protected with one layer
of adhesive gauze tape. After recording the baseline period for ~2–5 min, FITC-sinistrin
(5 mg/100 g dissolved in physiological saline solution) was injected into the tail vein. Each
rat was placed into an individual cage to minimize the risk of probe dislodgement. After a
2 h recording period, the device was carefully removed, and the data was analyzed using
NIC-Kidney device partner software (MPDlab v1.0, Mannheim Pharma & Diagnostics,
GmbH). All rats had ad libitum access to food and water except during the 2 h GFR
measurement period.

2.5. Immunohistochemistry of the Kidney

The kidneys were dissected from 12-week-old SS and SS-Resp18mutant rats maintained
on a high-salt diet starting at six weeks of age. The dissected kidneys were fixed in 10%
formalin and embedded in paraffin. The slides were deparaffinized in xylene washes and
rehydrated with graded series of ethanol. The kidney sections were then incubated in PBS
with 3% H2O2 for 10 min to inactivate endogenous peroxidase. The slides were washed
for 5 min in PBST (PBS + 1% Tween 20) and blocked with 3% bovine serum albumin in
PBST (blocking buffer) for 2 h at 4 ◦C. Rabbit anti-CD68 (1:100; Santa Cruz, Dallas, TX,
USA; SC-70760) was diluted in blocking buffer and incubated at 4 ◦C overnight. The slides
were washed three times for 30 min in PBST, and biotinylated goat anti-rabbit secondary
antibody (1:500, Abcam, Cambridge, UK; ab64256) was used for development with avidin-
biotinylated HRP complex (Vectastain ABC Elite kit; PK-6100; Vector Laboratories, Newark,
CA, USA), followed by counterstaining with hematoxylin and mounted for image capture.
For primary antibody control, the tissues were incubated with a blocking buffer without
the primary antibody. Once processed and prepared for imaging, the kidney slides were
viewed, and images were captured with a Nikon Ni-E motorized upright microscope
equipped with DS-QiMc camera and NIS-Element software. Twenty fields (0.56 mm2

each) were randomly selected from each renal cortex and outer medulla. The numbers of
immunolabelled cells were counted manually or by an automated counting method.

2.6. Measurement of Dopamine

Urinary dopamine concentrations were measured by the Neurochemistry Core at the
Vanderbilt University’s Center for Molecular Neuroscience Research. Dopamine concen-
trations in the renal cortex and cell culture medium were quantified using the HPLC-EC
method [32,33]. In brief, perchloric acid (HClO4) (0.25 N) was used for the lysis and sonica-
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tion of renal cortex samples. Subsequently, the samples were centrifuged at 14,000× g for
20 min at 4 ◦C. The supernatants were collected and filtered through a 0.22 µm filter, and the
pellets were saved for protein quantification. The filtered samples were then injected onto a
C18 column (3.2 × 150 mm, 3 µm particle size, Thermo Scientific, Waltham, MA, USA). The
reagents (54.3 mM sodium phosphate, 0.215 mM octyl sodium sulphate, 0.32 mM citric acid,
and 11% methanol (pH ~4.4)) were mixed to prepare the mobile phase. For the detection of
dopamine in the renal cortex and cell culture medium, the CoulArray coulometric array
detector (model 5600 A, ESA, Inc., Paris, France) was used, and the dopamine peaks were
seen on the chromatograms of the CoulArray software. The external dopamine standard
was used to determine the area under the curve of standard peaks using different concentra-
tions. Based on the established standard curve, dopamine concentrations in the renal cortex
of both groups were measured. Total protein was measured to normalize the dopamine
concentration in the renal cortex relative to the amount of protein in each sample.

2.7. Immunoblotting

At twelve weeks of age, after six weeks on a high-salt diet, the SS and SS-Resp18mutant

rats were euthanized, and the kidneys immediately snap-frozen. Total protein from the
kidney was isolated using TPER reagent (Thermofisher, USA), containing protease and
phosphatase inhibitor cocktail (Pierce, Appleton, WI, USA). Protein concentrations in the
lysates were measured using the BCA colorimetric method (Thermo Fisher, USA). From
each sample, 40 µg of protein was used for Western blot analysis. The following primary
antibodies were used: D1R (EMD Millipore, Burlington, MA, USA, #MAB5290), D5R
(EMD Millipore, #MAB5292), and GAPDH (Cell Signaling Technology, Danvers, MA, USA,
#14C10).

2.8. Sodium Measurement

At twelve weeks of age, after six weeks on a high-salt diet, the SS and SS-Resp18mutant

rats were individually placed in metabolic cages for 24 h urine collection [21]. The rats were
provided free access to drinking water. Urine sodium was measured using the enzymatic
sodium test kit (DZ114b-K) per the manufacturer’s instructions.

2.9. Isolation and Culture of Renal Proximal Tubule Cells and Dopamine Release Assay

Renal proximal tubule cells were isolated from renal cortical slices obtained from SS
and SS-Resp18mutant rats [34,35] and placed in primary culture media. Dopamine released
from the cultures of renal proximal tubule cells isolated from SS and SS-Resp18mutant rat
was assayed, as reported [32,33,36]. In brief, renal proximal tubule cell monolayers, seeded
into six-well plates, were washed and pre-incubated with and without reserpine, for 20 min
at 37 ◦C before L-DOPA was added into the wells. The monoamine oxidase inhibitor
pargyline (10 µM) and the catechol-O-methyltransferase inhibitor tolcapone (1 µM) were
added into the cell culture dish 20 min before the experiment to prevent the enzymatic
degradation of dopamine. After 20 min incubation, the renal proximal tubule cells were
incubated with L-DOPA (75 µM) in HBSS for 2 h at 37 ◦C; the concentration of dopamine
in the incubation media reached the maximum with 75 µM L-DOPA [36]. The media were
collected to measure dopamine concentrations at 0, 30, 60, and 120 min. The inhibitors
were present during the entire period of time. Twenty-five µL of 0.25 N HClO4 were added
to one ml of cell supernatant and stored at −80 ◦C. The amount of dopamine in the cell
supernatants was measured by HPLC-EC [32,33,36].

2.10. RNA Isolation and Quantitative Real-Time-PCR

Total RNA was isolated from renal proximal tubule cells using Trizol Reagent (In-
vitrogen, Eugene, OR, USA), according to the manufacturer’s protocol. RNA purity and
concentration were determined by NanoDrop One (Thermofisher). One µg of DNase-
treated total RNA was used for first-strand complementary DNA synthesis using M-MLV
reverse transcriptase (Promega, Madison, WI, USA), per the manufacturer’s protocol.
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Quantitative PCR was performed in the Quantstudio 5 Real-Time PCR machine (Life
Technologies, Carlsbad, CA, USA), using Power SYBR Green PCR master mix (Invitro-
gen) and gene-specific primers for Resp18 (Resp18-RT-F; ATCCAGCGAAGATGCAGAGT,
Resp18-RT-R; ACCATCGTGGGCATTTATGT). The gene expression data were normalized
to Gapdh (Gapdh-RT-F; CAAGATGGTGAAGGTCCGTGTG, and Gapdh-RT-R; AGAGCCT-
GTGTCCATACTTTG). Gene expressions were calculated by the delta–delta Ct method and
expressed as fold-change relative to SS rats [21].

2.11. Statistical Analysis

Data are presented as mean ± standard error of the mean (SEM). Data were analyzed
by t-test or two-way ANOVA (Sidak test), as appropriate, with a p-value of <0.05, a
threshold for statistical significance.

3. Results

3.1. SS-Resp18mutant Rats Have Vascular Dysfunction and Reduced Glomerular Filtration
Rate (GFR)

To determine whether the increase in blood pressure observed in SS-Resp18mutant

rats [21] was associated with vascular dysfunction, vasoreactivity was measured in second-
and third-order mesenteric arteries mounted on a vascular bath [5]. Endothelium-dependent
vasorelaxation to acetylcholine (ACh) was assessed by adding increasing concentrations of
ACh (10−9 M to 10−4.5 M) to the bathing medium. ACh-induced vasorelaxation tended to
be decreased in SS-Resp18mutant compared with SS control rats but did not reach statistical
significance (Figure 1A). Similar to ACh, endothelium-independent vasorelaxation was
assessed by adding increasing concentrations of SNP (10−9 M to 10−4.5 M) to the bathing
medium. Endothelium-independent vasorelaxation induced by SNP was significantly
decreased in SS-Resp18mutant rats compared with SS rats (Figure 1B).
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Figure 1. SS-Resp18mutant rats have vascular dysfunction after six weeks of a high-salt diet:
Concentration–response curve to (A) acetylcholine (ACh) and (B) sodium nitroprusside (SNP) in
mesenteric arteries isolated from SS and SS-Resp18mutant rats (n = 4–6/group). Values are mean ±
SEM. p = 0.011, p = 0.002 vs. SS-Resp18mutant, two-way ANOVA (Sidak test).
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Next, we studied the effect of the high-salt diet on GFR in SS and SS-Resp18mutant rats.
With dietary salt causing an increase in vascular resistance, poor myogenic response, and
impairment in vascular relaxation, changes in renal hemodynamics and GFR associated
with salt-sensitive hypertension may occur [37,38]. Consistent with those reports, the
current studies detected lower GFR in conscious SS-Resp18mutant than conscious SS rats
(Figure 2).
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FITC-sinistrin. The clearance of FITC-sinistrin in conscious rats was measured via the fluorescence
detector NIC-kidney device placed on the rat’s back (n = 8). Data are mean ± SEM. p = 0.001 vs.
SS-Resp18mutant rats, t-test.

3.2. SS-Resp18mutant Rats Have Alteration in the Pressure–Natriuresis Response

SS-Resp18mutant rats had an increase in relative kidney weight relative to SS rats
(Figure 3A), without significant differences in food intake, water intake, and body weight,
in response to a high-salt diet (Figure 3B–D). The kidney plays a pivotal role in the long-
term regulation of blood pressure, in part, by the pressure–natriuresis mechanism that
connects renal perfusion pressure to the excretion of sodium and water [39]. SS-Resp18mutant

rats exhibited a downward and rightward shift in the relationship between blood pressure
and sodium excretion in response to a high-salt diet (Figure 3E), indicating impaired
pressure–natriuresis response in these mutant rats.
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weight is increased in SS-Resp18mutant rats: (A) relative kidney (kidney weight/body weight) (n =
9–11), (B) body weight (n = 9–11) (C) water intake (n = 4), and (D) food intake (n = 4) were measured
in both SS and SS-Resp18mutant rats six weeks after high-salt diet. (E) Relationship between sodium
excretion and blood pressure after six weeks on a high-salt diet. Data are mean ± SEM. p = 0.002, vs.
SS-Resp18mutant, t-test.

3.3. SS-Resp18mutant Rat Kidneys Exhibit an Increase in Macrophage Infiltration

As we have previously shown, SS-Resp18mutant rats have an increase in renal fibrosis in
response to high salt intake [21]. Monocytes/macrophages are involved in the pathogenesis
of both experimental and human renal diseases and are implicated in the induction of
renal injury and fibrosis [40,41]. In addition, macrophage cell infiltration mediates local
injury during the progression of CKD. Consistent with these reports, immunohistochemical
analysis showed an increase in CD68+ positive macrophage infiltration in the cortex and
outer medulla of SS-Resp18mutant rat kidneys compared with SS rat kidneys (Figure 4A,B).
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3.4. Dysregulation of Renal Dopaminergic System in SS-Resp18mutant Rats

With the reported expression of Resp18 in renal proximal tubule cells, the site of
dopamine production in the kidney [20], and with Resp18 gene expression regulated by
dopaminergic drugs [19], it is possible that targeted disruption of Resp18 interrupts the
renal dopaminergic system. To test this hypothesis, we measured intrarenal and urinary
dopamine concentrations in a high-salt diet-fed SS and SS-Resp18mutant rats. Following six
weeks of a high-salt diet, dopamine concentrations in the cortical slices of SS-Resp18mutant

rat kidneys were reduced (Figure 5A), but urinary dopamine concentrations were increased
in SS-Resp18mutant compared with SS rats (Figure 5B). The increase in urinary dopamine
concentration observed in the high-salt diet fed SS-Resp18mutant rats implies induction
of dopamine synthesis within the kidney in response to a high sodium intake. Renal
endogenous dopamine acts as a natriuretic hormone [23–27,42].
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Figure 5. SS-Resp18mutant rats have increased urinary dopamine: After six weeks of a high-salt diet,
dopamine concentration was measured in the kidney (n = 5/group) (A) and the urine (n = 7–8/group)
(B) of SS and SS-Resp18mutant rats. Data are mean ± SEM. p = 0.028, p = 0.0469 vs. SS-Resp18mutant rats,
t-test.

Dopamine exerts its anti-hypertensive effects, in part by occupation of D1-like dopamine
receptors, i.e., D1R and D5R [23–27]. Western blot analysis detected a significant reduction
in D1R and D5R protein expression in SS-Resp18mutant rat kidneys (Figure 6).
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Figure 6. SS-Resp18mutant rats have decreased renal D1-like receptor protein expression: SS and
SS-Resp18mutant rats were maintained on a high-salt diet for six weeks, and then the rat kidneys were
harvested. Kidney protein lysates were immunoblotted for (A) D1R and D5R protein in SS and
SS-Resp18mutant rats, and (B,C) respective expressions were quantified by densitometry (n = 6). Data
are mean ± SEM. p = 0.011, p = 0.0003, vs. SS-Resp18mutant rats, t-test.

Restricted D1R availability may limit dopamine action and cause a compensatory
increase in renal dopamine production followed by secretion into the tubular lumen,
and thus an increase in urinary dopamine (Figure 5B) and a decrease in renal dopamine
in SS-Resp18mutant rats (Figure 5A). To test this hypothesis, we measured Resp18 gene
expression in primary cultures of renal proximal tubule cells from SS and SS-Resp18mutant

kidney cortical slices as well as dopamine content at their culture media. At the basal
level, Resp18 expression was significantly lower in renal proximal tubule cells isolated
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from SS-Resp18mutant compared with SS rats (Figure 7A). L-DOPA increased Resp18 gene
expression, reaching a peak at 30 min of treatment (Figure 7B,C) and decreasing to the basal
level at 60–120 min in SS rat renal proximal tubule cells (Figure 7B). By contrast, Resp18
expression remained higher than the basal level at 30 to 120 min in renal proximal tubule
cells from SS-Resp18mutant rats (Figure 7C). Moreover, we observed a steady-state increase
in dopamine release into the incubation media in renal proximal tubule cells from both
control and mutant rats (Figure 7D–G) with higher levels in Resp18mutant than SS rat renal
proximal tubule cells.
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Figure 7. Renal proximal tubule (RPT) cells isolated from the SS-Resp18mutant rats have increased
dopamine production: (A) Resp18 mRNA expression levels in RPT cells from SS and SS-Resp18mutant

rats (n = 4). (B,C) Resp18 mRNA expression levels were measured in RPT cells treated with L-DOPA
(75 µM) in the presence of the monoamine oxidase inhibitor pargyline (10 µM) and the catechol-
O-methyltransferase inhibitor tolcapone (1 µM). (B) SS rats and (C) SS-Resp18mutant rats (n = 8–9).
Dopamine levels were measured in RPT cells from SS and SS-Resp18mutant rats before (D) and after
the L-DOPA treatment (E) 30 min (n = 9), (F) 60 min (n = 9), and (G) 120 min (n = 9). Data are mean
± SEM. p = 0.0143, p = 0.0410, vs. 0 min, two-way ANOVA (Sidak test) and p = 0.000, p = 0.035, vs.
SS-Resp18mutant t-test.

4. Discussion

We have previously shown that SS-Resp18mutant rats maintained on a high-salt diet
for six weeks displayed a hypertensive phenotype with increased renal fibrosis and uri-
nary protein excretion [21]. The current studies demonstrated that these mutant rats had
increased vascular resistance, as shown by reduced response to a vasodilating agent, such
as SNP. We also observed that SS-Resp18mutant rats have a pressure–natriuresis defect, as
they exhibited a shift in pressure–natriuresis curve downward and to the right of SS rats,
indicating that these mutant rats excrete less sodium even at higher blood pressure than SS
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rats. However, time-course measurements of renal sodium handling could have provided
additional insights on the mutant rats’ pressure–natriuresis response that were potentially
missed by the endpoint measurement. Nevertheless, the current studies also showed
that these mutant rats have reduced GFR and increased macrophage infiltration in their
kidneys. Furthermore, these mutant rats had a decrease in renal dopamine concentration
and an increase in urinary dopamine excretion, in parallel with a significant reduction in
their renal D1R and D5R protein levels. Together, these studies suggest the dysregulated
D1-like receptors in SS-Resp18mutant rat kidneys. Although D1-like receptor responses were
not further investigated in vivo, the findings in the current study support the hypothesis
that targeted disruption of the Resp18 gene leads to a rise in blood pressure, accompa-
nied by a decrease in GFR and natriuretic function, involving dysregulation of the renal
dopaminergic system, relative to that observed in the SS rats [24]. Pressure–natriuresis
occurs when sodium excretion is increased secondarily to the increase in blood pressure
and renal perfusion pressure [7,43]. A defect in the pressure–natriuresis response can lead
to hypertension [7,43]. The current study showed impairment in the pressure–natriuresis
response in SS-Resp18mutant rats, as demonstrated by a significant increase in blood pressure
and lower sodium excretion when compared with SS controls. Thus, the decline in GFR in
SS-Resp18mutant relative to SS control rats on the high-salt diet could be part of the impaired
pressure–natriuresis response [44].

The slopes of the pressure–natriuresis response in Dahl SS and Dahl salt-resistant rats
are similar but that of the former is shifted to the right of the latter following exposure to a
high-salt diet [45]. This resetting is not related to renal cortical and papillary blood flow or
renal interstitial pressure but rather due to increased renal tubular sodium transport [45].
In the current study, we observed that the pressure–natriuresis response in SS-Resp18mutant

rats was shifted down and to the right of SS rats, which was associated with impaired
vasorelaxation response to SNP. Moreover, it has been shown in humans that fenoldopam, a
D1-like dopamine receptor agonist, relaxes the vascular smooth muscle in vitro [46]. Hence,
we contemplate that loss of Resp18 in SS rats negatively affects the myogenic response
primarily through a smooth muscle cell-dependent manner, as evident with the vascular
myograph findings. In addition, it is possible that the decrease in GFR observed in the
SS-Resp18mutant rats could be due to vasoconstriction of the afferent arterioles, which may,
initially, serve to protect the kidney from hydrostatic pressure damage [47,48].

The increase in perfusion pressure and impaired renal myogenic response in SS-
Resp18mutant rats could have led to renal injury [48,49], as evidenced by the increase in
renal fibrosis, urinary protein excretion [21], and macrophage infiltration [50]. The renal
inflammation in SS rats, however, may be independent of the increase in blood pressure [51].
Taken together, our findings suggest that the Resp18 gene is critical in maintaining an
appropriate kidney function and blood pressure in an SS rat model for hypertension.
Resp18 is expressed in renal proximal tubule cells [20], where L-DOPA is converted into
dopamine, independent of the central nervous system [25,26,52]. Resp18 gene expression is
regulated by dopaminergic agents; the D2-like receptor agonist bromocriptine decreases
Resp18 mRNA levels, whereas the D2-like receptor antagonist haloperidol increases Resp18
mRNA levels [19]. In the current study, we found that dopamine concentrations were lower
in renal cortical slices of SS-Resp18mutant than in SS rats. However, the urinary dopamine
concentrations were higher in the mutant rats, indicating an increase in the secretion of
dopamine into their tubular lumens. In normotensive humans and rodents, renal dopamine
production is increased in response to high-salt intake [23–27,42]. Dahl SS rats actually
have reduced urinary dopamine production with salt loading [53]. Dopamine in the kidney
plays a significant role in regulating renal sodium excretion [23–27,53–57]. Dopamine
decreases renal tubular sodium reabsorption by inhibiting sodium cotransporters, ion
channels, sodium pump, and sodium exchangers, such as NHE3, in renal proximal tubule
cells [23–27,53–57]. Dopamine’s anti-hypertensive effects are carried out through the
stimulation of the five dopamine receptor subtypes, including D1R and D5R [23–27,53–57].
The present study found reduced expression of D1R and D5R in SS-Resp18mutant rat kidneys.
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D1R and D5R are expressed in almost all segments of the nephron, including the proximal
tubule, as well as in the tunica media of the arterioles [23–27,53,55,56,58]. Disruption of
the D5R (Drd5) gene in mice causes hypertension that is aggravated by increased salt
intake [59]. More interestingly, D5R deficient mice [59] also exhibit a rightward shift in the
pressure–natriuresis response similar to that observed in SS-Resp18mutant rats. Additionally,
the downregulation of D1R has been shown to adversely affect renal function, thus playing
a vital role in the pathogenesis of hypertension [60,61]. The inflammation in SS-Resp18mutant

rat kidneys may also be related to dopamine receptors’ dysfunction.
The dopamine release assay in the current study demonstrated an increase in dopamine

secretion into the culture medium of renal proximal tubule cells isolated from SS-Resp18mutant,
as compared with SS rats. However, unlike SS renal proximal tubule cells, the expression
of Resp18 remained upregulated 120 min after L-DOPA treatment. By contrast, the Resp18
expression in SS renal proximal tubule cells peaked at 30 min and fell to basal levels 60
to 120 min post-treatment. This shows a tight negative feedback relationship between
Resp18 gene expression and dopamine production in renal proximal tubule cells. Our
findings are also in agreement with published reports on the negative regulation of Resp18
gene expression by dopamine agonists and its positive regulation by dopamine antag-
onists [19]. It is well stablished that a correlation exists between the dietary intake of
sodium and renal dopamine production/excretion in both humans and laboratory an-
imals [23–27,42,53–55,62,63]. Consistent with these reports, dopamine production was
persistently greater in the renal proximal tubules from SS-Resp18mutant rats than SS rats, as
reflected by the increase in urinary dopamine excretion and increased levels in the culture
media of isolated renal proximal tubule cells. Nevertheless, the natriuresis with salt loading
was less in SS-Resp18mutant than SS rats, suggesting impaired renal dopamine receptors’
function in these rats. Therefore, the hypertensive phenotype observed in SS-Resp18mutant

rats is likely caused by the dysregulated renal dopaminergic system. Further studies are
required to extend our current understanding of the role of this novel endocrine protein
Resp18 in renal dopaminergic receptor function and signaling.

5. Conclusions

Overall, the current study highlighted the physiological relevance of Resp18 in regu-
lating blood pressure homeostasis and renal function using a novel global SS-Resp18mutant

rat model maintained on a high-salt diet. The current study showed that a high salt intake
increased vascular resistance, decreased GFR, and caused a downward and rightward-shift
in the pressure–natriuresis response curve in SS-Resp18mutant rats, relative to SS rat controls.
However, the current study is limited by the lack of studies on the time course of the
pressure–natriuresis response, which could have provided additional insights on the role
of the renal dopaminergic system in the regulation of sodium balance in SS-Resp18mutant

rats. Resp18 mutation caused dysregulation in the renal dopaminergic system, further
unraveling a previously unrecognized physiological role of Resp18, an emerging endocrine
protein, in regulating blood pressure homeostasis and renal function.

Author Contributions: U.M.A., E.A., F.A., H.W. and V.K., researched data; U.M.A., E.A. and S.K.
planned and organized experiments, collected, and analyzed data. U.M.A. and S.K. drafted the
original manuscript. Y.S., S.M.N. and P.A.J. contributed to the critical review and editing of the
manuscript. S.K., directed the work, including its conception and study design, analyzed data, led
scientific discussions, and drafted/edited the manuscript. All authors have read and agreed to the
published version of the manuscript.

Funding: A portion of this work was supported by a start-up fund from the University of Toledo
College of Medicine and Life Sciences and support from the American Heart Association Scientist
Development Grant 16SDG27700030 to S.K. The work was also partially funded by the National
Institutes of Health R01 DK054254 and R01 HL112248 to S.M.N. and by R01 DK039308, DK119652,
and HL074940 to P.A.J.



Biomedicines 2023, 11, 111 13 of 15

Institutional Review Board Statement: The study was approved by the Institutional Animal Care
and Use Committee of the University of Toledo in accordance with the National Institutes of Health
Guide for the Care and Use of Laboratory Animals.

Data Availability Statement: Not applicable.

Acknowledgments: The authors acknowledge the Vanderbilt Neuroscience Core for measuring the
urinary dopamine levels in our samples.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Kelly, D.M.; Rothwell, P.M. Does Chronic Kidney Disease Predict Stroke Risk Independent of Blood Pressure?: A Systematic

Review and Meta-Regression. Stroke 2019, 50, 3085–3092. [CrossRef] [PubMed]
2. Diener, H.C.; Hankey, G.J. Primary and Secondary Prevention of Ischemic Stroke and Cerebral Hemorrhage: JACC Focus Seminar.

J. Am. Coll. Cardiol. 2020, 75, 1804–1818. [CrossRef] [PubMed]
3. Maïer, B.; Kubis, N. Hypertension and Its Impact on Stroke Recovery: From a Vascular to a Parenchymal Overview. Neural Plast.

2019, 2019, 6843895. [CrossRef] [PubMed]
4. Saran, R.; Robinson, B.; Abbott, K.C.; Agodoa, L.Y.C.; Bhave, N.; Bragg-Gresham, J.; Balkrishnan, R.; Dietrich, X.; Eckard, A.;

Eggers, P.W.; et al. UA Renal Data System 2017 Annual Data Report: Epidemiology of Kidney Disease in the United States. Am. J.
Kidney Dis. 2018, 71, A7. [CrossRef]

5. Kumarasamy, S.; Waghulde, H.; Gopalakrishnan, K.; Mell, B.; Morgan, E.; Joe, B. Mutation within the hinge region of the
transcription factor Nr2f2 attenuates salt-sensitive hypertension. Nat. Commun. 2015, 6, 6252. [CrossRef] [PubMed]

6. Cook, N.R.; Appel, L.J.; Whelton, P.K. Lower levels of sodium intake and reduced cardiovascular risk. Circulation 2014, 129,
981–989. [CrossRef] [PubMed]

7. Sanada, H.; Jones, J.E.; Jose, P.A. Genetics of salt-sensitive hypertension. Curr. Hypertens. Rep. 2011, 13, 55–66. [CrossRef]
8. Hall, J.E.; Granger, J.P.; do Carmo, J.M.; da Silva, A.A.; Dubinion, J.; George, E.; Hamza, S.; Speed, J.; Hall, M.E. Hypertension:

Physiology and pathophysiology. Compr. Physiol. 2012, 2, 2393–2442.
9. Migdal, K.U.; Babcock, M.C.; Robinson, A.T.; Watso, J.C.; Wenner, M.M.; Stocker, S.D.; Farquhar, W.B. The impact of high dietary

sodium consumption on blood pressure variability in healthy, young adults. Am. J. Hypertens. 2020, 33, 422–429. [CrossRef]
10. Hottenga, J.J.; Boomsma, D.I.; Kupper, N.; Posthuma, D.; Snieder, H.; Willemsen, G.; de Geus, E.J. Heritability and stability of

resting blood pressure. Twin Res. Hum. Genet. 2005, 8, 499–508. [CrossRef]
11. Cecelja, M.; Keehn, L.; Ye, L.; Spector, T.D.; Hughes, A.D.; Chowienczyk, P. Genetic aetiology of blood pressure relates to aortic

stiffness with bi-directional causality: Evidence from heritability, blood pressure polymorphisms, and Mendelian randomization.
Eur. Heart J. 2020, 41, 3314–3322. [CrossRef] [PubMed]

12. Haque, M.Z.; Ares, G.R.; Caceres, P.S.; Ortiz, P.A. High salt differentially regulates surface NKCC2 expression in thick ascending
limbs of dahl salt-sensitive and salt-resistant rats. Am. J. Physiol. Renal Physiol. 2011, 300, F1096–F1104. [CrossRef] [PubMed]

13. Wade, B.; Petrova, G.; Mattson, D.L. Role of immune factors in angiotensin II-induced hypertension and renal damage in dahl
salt-sensitive rats. Am. J. Physiol. Regul. Integr. Comp. Physiol. 2018, 314, R323–R333. [CrossRef] [PubMed]

14. Huang, B.; Cheng, Y.; Usa, K.; Liu, Y.; Baker, M.A.; Mattson, D.L.; He, Y.; Wang, N.; Liang, M. Renal tumor necrosis factor
contributes to hypertension in Dahl salt-sensitive rats. Sci. Rep. 2016, 6, 21960. [CrossRef]

15. Chen, C.C.; Geurts, A.M.; Jacob, H.J.; Fan, F.; Roman, R.J. Heterozygous knockout of transforming growth factor-β1 protects Dahl
S rats against high salt-induced renal injury. Physiol. Genomics 2013, 45, 110–118. [CrossRef]

16. Rapp, J.P. Genetic analysis of inherited hypertension in the rat. Physiol. Rev. 2000, 80, 135–172. [CrossRef]
17. Garrett, M.R.; Meng, H.; Rapp, J.P.; Joe, B. Locating a blood pressure quantitative trait locus within 117 Kb on the rat genome:

Substitution mapping and renal expression analysis. Hypertension 2005, 45, 451–459. [CrossRef]
18. Mattson, D.L.; Dwinell, M.R.; Greene, A.S.; Kwitek, A.E.; Roman, R.J.; Jacob, H.J.; Cowley, A.W., Jr. Chromosome substitution

reveals the genetic basis of Dahl salt-sensitive hypertension and renal disease. Am. J. Physiol. Renal Physiol. 2008, 295, F837–F842.
[CrossRef]

19. Darlington, D.N.; Mains, R.E.; Eipper, B.A. Location of neurons that express regulated endocrine-specific protein-18 in the rat
diencephalon. Neuroscience 1996, 71, 477–488. [CrossRef]

20. Lee, J.W.; Chou, C.L.; Knepper, M.A. Deep sequencing in microdissected renal tubules identifies nephron segment-specific
transcriptomes. J. Am. Soc. Nephrol. 2015, 26, 2669–2677. [CrossRef]

21. Kumarasamy, S.; Waghulde, H.; Cheng, X.; Haller, S.T.; Mell, B.; Abhijith, B.; Ashraf, U.M.; Atari, E.; Joe, B. Targeted disruption
of regulated endocrine-specific protein (Resp18) in Dahl SS/Mcw rats aggravates salt-induced hypertension and renal injury.
Physiol. Genomics 2018, 50, 369–375. [CrossRef] [PubMed]

22. Schiller, M.R.; Mains, R.E.; Eipper, B.A. A novel neuroendocrine intracellular signaling pathway. Mol. Endocrinol. 1997, 11,
1846–1857. [CrossRef] [PubMed]

23. Armando, I.; Konkalmatt, P.; Felder, R.A.; Jose, P.A. The renal dopaminergic system: Novel diagnostic and therapeutic approaches
in hypertension and kidney disease. Transl. Res. 2015, 165, 505–511. [CrossRef] [PubMed]

http://doi.org/10.1161/STROKEAHA.119.025442
http://www.ncbi.nlm.nih.gov/pubmed/31594463
http://doi.org/10.1016/j.jacc.2019.12.072
http://www.ncbi.nlm.nih.gov/pubmed/32299593
http://doi.org/10.1155/2019/6843895
http://www.ncbi.nlm.nih.gov/pubmed/31737062
http://doi.org/10.1053/j.ajkd.2018.01.002
http://doi.org/10.1038/ncomms7252
http://www.ncbi.nlm.nih.gov/pubmed/25687237
http://doi.org/10.1161/CIRCULATIONAHA.113.006032
http://www.ncbi.nlm.nih.gov/pubmed/24415713
http://doi.org/10.1007/s11906-010-0167-6
http://doi.org/10.1093/ajh/hpaa014
http://doi.org/10.1375/twin.8.5.499
http://doi.org/10.1093/eurheartj/ehaa238
http://www.ncbi.nlm.nih.gov/pubmed/32357239
http://doi.org/10.1152/ajprenal.00600.2010
http://www.ncbi.nlm.nih.gov/pubmed/21307126
http://doi.org/10.1152/ajpregu.00044.2017
http://www.ncbi.nlm.nih.gov/pubmed/29118017
http://doi.org/10.1038/srep21960
http://doi.org/10.1152/physiolgenomics.00119.2012
http://doi.org/10.1152/physrev.2000.80.1.135
http://doi.org/10.1161/01.HYP.0000154678.64340.7f
http://doi.org/10.1152/ajprenal.90341.2008
http://doi.org/10.1016/0306-4522(95)00458-0
http://doi.org/10.1681/ASN.2014111067
http://doi.org/10.1152/physiolgenomics.00008.2018
http://www.ncbi.nlm.nih.gov/pubmed/29570433
http://doi.org/10.1210/mend.11.12.0024
http://www.ncbi.nlm.nih.gov/pubmed/9369452
http://doi.org/10.1016/j.trsl.2014.07.006
http://www.ncbi.nlm.nih.gov/pubmed/25134060


Biomedicines 2023, 11, 111 14 of 15

24. Asghar, M.; Tayebati, S.K.; Lokhandwala, M.F.; Hussain, T. Potential dopamine-1 receptor stimulation in hypertension manage-
ment. Curr. Hypertens. Rep. 2011, 13, 294–302. [CrossRef]

25. Harris, R.C.; Zhang, M.Z. Dopamine, the kidney, and hypertension. Curr. Hypertens. Rep. 2012, 14, 138–143. [CrossRef]
26. Zhang, M.Z.; Yao, B.; Wang, S.; Fan, X.; Wu, G.; Yang, H.; Yin, H.; Yang, S.; Harris, R.C. Intrarenal dopamine deficiency leads to

hypertension and decreased longevity in mice. J. Clin. Invest. 2011, 121, 2845–2854. [CrossRef]
27. Chugh, G.; Pokkunuri, I.; Asghar, M. Renal dopamine and angiotensin II receptor signaling in age-related hypertension. Am. J.

Physiol. Renal Physiol. 2013, 304, F1–F7. [CrossRef]
28. Geurts, A.M.; Cost, G.J.; Remy, S.; Cui, X.; Tesson, L.; Usal, C.; Menoret, S.; Jacob, H.J.; Anegon, I.; Buelow, R. Generation of

gene-specific mutated rats using zinc-finger nucleases. Methods Mol. Biol. 2010, 597, 211–225.
29. Ellery, S.J.; Cai, X.; Walker, D.D.; Dickinson, H.; Kett, M.M. Transcutaneous measurement of glomerular filtration rate in small

rodents: Through the skin for the win? Nephrology 2015, 20, 117–123. [CrossRef]
30. Schock-Kusch, D.; Xie, Q.; Shulhevich, Y.; Hesser, J.; Stsepankou, D.; Sadick, M.; Koenig, S.; Hoecklin, F.; Pill, J.; Gretz, N.

Transcutaneous assessment of renal function in conscious rats with a device for measuring FITC-sinistrin disappearance curves.
Kidney Int. 2011, 79, 1254–1258. [CrossRef]

31. Schock-Kusch, D.; Sadick, M.; Henninger, N.; Kraenzlin, B.; Claus, G.; Kloetzer, H.M.; Weiss, C.; Pill, J.; Gretz, N. Transcutaneous
measurement of glomerular filtration rate using FITC-sinistrin in rats. Nephrol. Dial. Transplant. 2009, 24, 2997–3001. [CrossRef]
[PubMed]

32. Das, S.C.; Althobaiti, Y.S.; Alshehri, F.S.; Sari, Y. Binge ethanol withdrawal: Effects on post-withdrawal ethanol intake, glutamate-
glutamine cycle and monoamine tissue content in p rat model. Behav. Brain Res. 2016, 303, 120–125. [CrossRef] [PubMed]

33. Almalki, A.H.; Das, S.C.; Alshehri, F.S.; Althobaiti, Y.S.; Sari, Y. Effects of sequential ethanol exposure and repeated high-dose
methamphetamine on striatal and hippocampal dopamine, serotonin and glutamate tissue content in wistar rats. Neurosc. Lett.
2018, 665, 61–66. [CrossRef]

34. Liu, J.; Yan, Y.; Liu, L.; Xie, Z.; Malhotra, D.; Joe, B.; Shapiro, J.I. Impairment of Na/K-ATPase signaling in renal proximal tubule
contributes to Dahl salt-sensitive hypertension. J. Biol. Chem. 2011, 286, 22806–22813. [CrossRef]

35. Gopalakrishnan, K.; Kumarasamy, S.; Yan, Y.; Liu, J.; Kalinoski, A.; Kothandapani, A.; Farms, P.; Joe, B. Increased expression of
rififylin in a < 330 Kb congenic strain is linked to impaired endosomal recycling in proximal tubules. Front. Genet. 2012, 3, 138.

36. Maurel, A.; Spreux-Varoquaux, O.; Amenta, F.; Tayebati, S.K.; Tomassoni, D.; Seguelas, M.H.; Parini, A.; Pizzinat, N. Vesicular
monoamine transporter 1 mediates dopamine secretion in rat proximal tubular cells. Am. J. Physiol. Renal Physiol. 2007, 292,
F1592–F1598. [CrossRef]

37. Roman, R.J. Abnormal renal hemodynamics and pressure-natriuresis relationship in Dahl salt-sensitive rats. Am. J. Physiol. 1986,
251, F57–F65. [CrossRef]

38. Fink, G.D.; Takeshita, A.; Mark, A.L.; Brody, M.J. Determinants of renal vascular resistance in the Dahl strain of genetically
hypertensive rat. Hypertension 1980, 2, 274–280. [CrossRef]

39. Cowley, A.W.; Roman, R.J.; Fenoy, F.J.; Mattson, D.L. Effect of renal medullary circulation on arterial pressure. J. Hypertens. Suppl.
1992, 10, S187–S193. [CrossRef]

40. Duffield, J.S. Macrophages and immunologic inflammation of the kidney. Semin. Nephrol. 2010, 30, 234–254. [CrossRef]
41. Cao, Q.; Harris, D.C.; Wang, Y. Macrophages in kidney injury, inflammation, and fibrosis. Physiology 2015, 30, 183–194. [CrossRef]

[PubMed]
42. Oates, N.S.; Ball, S.G.; Perkins, C.M.; Lee, M.R. Plasma and urine dopamine in man given sodium chloride in the diet. Clin. Sci.

1979, 56, 261–264. [CrossRef] [PubMed]
43. Ivy, J.R.; Bailey, M.A. Pressure natriuresis and the renal control of arterial blood pressure. J. Physiol. 2014, 592, 3955–3967.

[CrossRef] [PubMed]
44. Pechman, K.R.; De Miguel, C.; Lund, H.; Leonard, E.C.; Basile, D.P.; Mattson, D.L. Recovery from renal ischemia-reperfusion

injury is associated with altered renal hemodynamics, blunted pressure natriuresis, and sodium-sensitive hypertension. Am. J.
Physiol. Regul. Integr. Comp. Physiol. 2009, 297, R1358–R1363. [CrossRef] [PubMed]

45. Roman, R.J.; Kaldunski, M. Pressure natriuresis and cortical and papillary blood flow in inbred Dahl rats. Am. J. Physiol. 1991,
261 Pt 2, R595–R602. [CrossRef]

46. Hughes, A.D.; Sever, P.S. Action of fenoldopam, a selective dopamine (DA1) receptor agonist, on isolated human arteries. Blood
Vessels 1989, 26, 119–127.

47. Hayashi, K.; Epstein, M.; Saruta, T. Altered myogenic responsiveness of the renal microvasculature in experimental hypertension.
J. Hypertens. 1996, 14, 1387–1401. [CrossRef]

48. Ge, Y.; Fan, F.; Didion, S.P.; Roman, R.J. Impaired myogenic response of the afferent arteriole contributes to the increased
susceptibility to renal disease in Milan normotensive rats. Physiol. Rep. 2017, 5, e13089. [CrossRef]

49. Feng, W.; Guan, Z.; Xing, D.; Li, X.; Ying, W.Z.; Remedies, C.E.; Inscho, E.W.; Sanders, P.W. Avian erythroblastosis virus E26
oncogene homolog-1 (ETS-1) plays a role in renal microvascular pathophysiology in the Dahl salt-sensitive rat. Kidney Int. 2020,
97, 528–537. [CrossRef]

50. Evans, L.C.; Petrova, G.; Kurth, T.; Yang, C.; Bukowy, J.D.; Mattson, D.L.; Cowley, A.W., Jr. Increased perfusion pressure drives
renal T-cell infiltration in the Dahl salt-sensitive rat. Hypertension 2017, 70, 543–551. [CrossRef]

http://doi.org/10.1007/s11906-011-0211-1
http://doi.org/10.1007/s11906-012-0253-z
http://doi.org/10.1172/JCI57324
http://doi.org/10.1152/ajprenal.00441.2012
http://doi.org/10.1111/nep.12363
http://doi.org/10.1038/ki.2011.31
http://doi.org/10.1093/ndt/gfp225
http://www.ncbi.nlm.nih.gov/pubmed/19461009
http://doi.org/10.1016/j.bbr.2016.01.052
http://www.ncbi.nlm.nih.gov/pubmed/26821293
http://doi.org/10.1016/j.neulet.2017.11.043
http://doi.org/10.1074/jbc.M111.246249
http://doi.org/10.1152/ajprenal.00514.2006
http://doi.org/10.1152/ajprenal.1986.251.1.F57
http://doi.org/10.1161/01.HYP.2.3.274
http://doi.org/10.1097/00004872-199212000-00021
http://doi.org/10.1016/j.semnephrol.2010.03.003
http://doi.org/10.1152/physiol.00046.2014
http://www.ncbi.nlm.nih.gov/pubmed/25933819
http://doi.org/10.1042/cs0560261
http://www.ncbi.nlm.nih.gov/pubmed/477209
http://doi.org/10.1113/jphysiol.2014.271676
http://www.ncbi.nlm.nih.gov/pubmed/25107929
http://doi.org/10.1152/ajpregu.91022.2008
http://www.ncbi.nlm.nih.gov/pubmed/19710386
http://doi.org/10.1152/ajpregu.1991.261.3.R595
http://doi.org/10.1097/00004872-199612000-00002
http://doi.org/10.14814/phy2.13089
http://doi.org/10.1016/j.kint.2019.09.025
http://doi.org/10.1161/HYPERTENSIONAHA.117.09208


Biomedicines 2023, 11, 111 15 of 15

51. Banek, C.T.; Gauthier, M.M.; Van Helden, D.A.; Fink, G.D.; Osborn, J.W. Renal Inflammation in DOCA-Salt Hypertension.
Hypertension 2019, 73, 1079–1086. [CrossRef]

52. Jiang, X.; Zhang, Y.; Yang, Y.; Yang, J.; Asico, L.D.; Chen, W.; Felder, R.A.; Armando, I.; Jose, P.A.; Yang, Z. Gastrin stimulates renal
dopamine production by increasing the renal tubular uptake of l-DOPA. Am. J. Physiol. Endocrinol. Metab. 2017, 312, E1–E10.
[CrossRef] [PubMed]

53. Hussain, T.; Lokhandwala, M.F. Renal dopamine receptors and hypertension. Exp. Biol. Med. 2003, 228, 134–142. [CrossRef]
54. Zeng, C.; Sanada, H.; Watanabe, H.; Eisner, G.M.; Felder, R.A.; Jose, P.A. Functional genomics of the dopaminergic system in

hypertension. Physiol. Genomics 2004, 19, 233–246. [CrossRef] [PubMed]
55. Kuchel, O.; Racz, K.; Debinski, W.; Falardeau, P.; Buu, N.T. Contrasting dopaminergic patterns in two fomrs of genetic hyperten-

sion. Clin. Exp. Hypertens. 1987, 9, 987–1008.
56. Banday, A.A.; Lokhandwala, M.F. Dopamine receptors and hypertension. Curr. Hypertens. Rep. 2008, 10, 268–275. [CrossRef]
57. Felder, R.A.; Seikaly, M.G.; Cody, P.; Eisner, G.M.; Jose, P.A. Attenuated renal response to dopaminergic drugs in spontaneously

hypertensive rats. Hypertension 1990, 15, 560–569. [CrossRef]
58. Zheng, S.; Yu, P.; Zeng, C.; Wang, Z.; Yang, Z.; Andrews, P.M.; Felder, R.A.; Jose, P.A. Galpha12- and galpha13-protein subunit

linkage of D5 dopamine receptors in the nephron. Hypertension 2003, 41, 604–610. [CrossRef]
59. Wang, X.; Luo, Y.; Escano, C.S.; Yang, Z.; Asico, L.; Li, H.; Jones, J.E.; Armando, I.; Lu, Q.; Sibley, D.R.; et al. Upregulation of renal

sodium transporters in D5 dopamine receptor-deficient mice. Hypertension 2010, 55, 1431–1437. [CrossRef]
60. Zhang, H.; Sun, Z.Q.; Liu, S.S.; Yang, L.N. Association between GRK4 and DRD1 gene polymorphisms and hypertension: A

meta-analysis. Clin. Interv. Aging 2016, 11, 17–27. [CrossRef]
61. Albrecht, F.E.; Drago, J.; Felder, R.A.; Printz, M.P.; Eisner, G.M.; Robillard, J.E.; Sibley, D.R.; Westphal, H.J.; Jose, P.A. Role of the

D1A dopamine receptor in the pathogenesis of genetic hypertension. J. Clin. Invest. 1996, 97, 2283–2288. [CrossRef]
62. Goldstein, D.S.; Stull, R.; Eisenhofer, G.; Gill, J.R., Jr. Urinary excretion of dihydroxyphenylalanine and dopamine during

alterations of dietary salt intake in humans. Clin. Sci. 1989, 76, 517–522. [CrossRef]
63. Carey, R.M.; Van Loon, G.R.; Baines, A.D.; Ortt, E.M. Decreased plasma and urinary dopamine during dietary sodium depletion

in man. J. Clin. Endocrinol. Metab. 1981, 52, 903–909. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1161/HYPERTENSIONAHA.119.12762
http://doi.org/10.1152/ajpendo.00116.2016
http://www.ncbi.nlm.nih.gov/pubmed/27780818
http://doi.org/10.1177/153537020322800202
http://doi.org/10.1152/physiolgenomics.00127.2004
http://www.ncbi.nlm.nih.gov/pubmed/15548830
http://doi.org/10.1007/s11906-008-0051-9
http://doi.org/10.1161/01.HYP.15.6.560
http://doi.org/10.1161/01.HYP.0000057422.75590.D7
http://doi.org/10.1161/HYPERTENSIONAHA.109.148643
http://doi.org/10.2147/CIA.S94510
http://doi.org/10.1172/JCI118670
http://doi.org/10.1042/cs0760517
http://doi.org/10.1210/jcem-52-5-903

	Introduction 
	Materials and Methods 
	Animals 
	Food and Water Intake 
	Vascular Myograph 
	Glomerular Filtration Rate in Conscious Rats 
	Immunohistochemistry of the Kidney 
	Measurement of Dopamine 
	Immunoblotting 
	Sodium Measurement 
	Isolation and Culture of Renal Proximal Tubule Cells and Dopamine Release Assay 
	RNA Isolation and Quantitative Real-Time-PCR 
	Statistical Analysis 

	Results 
	SS-Resp18mutant Rats Have Vascular Dysfunction and Reduced Glomerular Filtration Rate (GFR) 
	SS-Resp18mutant Rats Have Alteration in the Pressure–Natriuresis Response 
	SS-Resp18mutant Rat Kidneys Exhibit an Increase in Macrophage Infiltration 
	Dysregulation of Renal Dopaminergic System in SS-Resp18mutant Rats 

	Discussion 
	Conclusions 
	References

