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Abstract
Activation of renal dopamine D1 (D1R) and angiotensin II type 1 receptors (AT1Rs) influences
the activity of proximal tubular sodium transporter Na,K-ATPase and maintains sodium
homeostasis and blood pressure. We reported recently that diminished D1R and exaggerated
AT1R functions are associated with hypertension in old Fischer 344 × Brown Norway F1 (FBN)
rats, and oxidative stress plays a central role in this phenomenon. Here we studied the mechanisms
of age-associated increase in oxidative stress on diminished D1R and exaggerated AT1R functions
in the renal proximal tubules of control and antioxidant Tempol-treated adult and old FBN rats.
Although D1R numbers and D1R agonist SKF38393-mediated stimulation of [35S]-GTPγS
binding (index of D1R activation) were lower, G protein– coupled receptor kinase 4 (kinase that
uncouples D1R) levels were higher in old FBN rats. Tempol treatment restored D1R numbers and
G protein coupling and reduced G protein– coupled receptor kinase 4 levels in old FBN rats.
Angiotensin II–mediated stimulation of [35S]-GTPγS binding and Na,K-ATPase activity were
higher in old FBN rats, which were also restored with Tempol treatment. We also measured renal
AT1R function in adult and old Fischer 344 (F344) rats, which, despite exhibiting an age-related
increase in oxidative stress and diminished renal D1R function, are normotensive. We found that
diuretic and natriuretic responses to candesartan (indices of AT1R function) were similar in F344
rats, a likely explanation for the absence of age-associated hypertension in these rats. Perhaps,
alterations in both D1R (diminished) and AT1R (exaggerated) functions are necessary for the
development of age-associated hypertension, as seen in old FBN rats.
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The counterregulatory modulation of sodium excretion by natriuretic dopamine and
antinatriuretic angiotensin II (Ang II) plays a vital role in regulating blood pressure.1
Dopamine exerts its natriuretic action primarily via activation of D1-like receptors
(composed of D1R and D5R subtypes) and contributes to ≈60% of sodium excretion during
increased sodium intake.2–4 In contrast, Ang II mediates its antinatriuretic effects via Ang II
type 1 receptors (AT1Rs), causing an increase in sodium reabsorption.5–7 Although
impairments in natriuretic and diuretic responses to D1-like receptor agonists are linked to
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hypertension in humans and rodents,8–14 altered functioning of AT1R has also been linked
to various forms of hypertension.15,16

Blood pressure increases with advancing age17–19 and may account for various
cardiovascular disorders in the aging population.18 A host of structural and functional
changes in the kidney accompanies the aging process, which is often associated with an
inability of the kidney to regulate sodium balance.20,21 Aging is also associated with
increase in oxidative stress22 and alterations in renal D1R23,24 and AT1R25 functions. In
hypertensive animal models, like spontaneously hypertensive and obese Zucker rats, which
also exhibit increased oxidative stress, altered renal D1R and AT1R functions have been
reported.9,26–29

We recently reported a causal role of oxidative stress in diminished D1R-mediated
natriuretic response, exaggerated AT1R-mediated antinatriuretic response, and high blood
pressure in old Fischer 344 × Brown Norway F1 (FBN) rats.30 However, the underlying
mechanisms for these oxidative stress-mediated effects on D1R and AT1R functions in old
FBN rats are not known. We hypothesized that age-associated increase in oxidative stress
impairs D1R and AT1R signaling in the renal proximal tubules (RPTs), thereby causing
diminished D1R and exaggerated AT1R functions contributing to high blood pressure in old
FBN rats. To test this hypothesis, we treated adult (3-month) and old (21-month) FBN rats
without (control) and with antioxidant Tempol and studied D1R and AT1R signaling
cascade in the RPTs of these rats using radioligand, Western blotting, and various
biochemical methodologies.

We also investigated age-related changes in renal AT1R function in response to candesartan
(AT1R antagonist) in adult (6-month) and old (24-month) Fischer 344 (F344) rats, another
rat aging model. This experiment was warranted to test our hypothesis, because, despite
exhibiting age-associated increase in oxidative stress and impaired renal D1R function, these
rats do not develop high blood pressure with aging.

Methods
Animals

Adult (3-month) and old (21-month) male FBN rats raised by Harlan Laboratories
(Indianapolis, IN) were purchased from the National Institute on Aging (Bethesda, MD).
Adult (6-month) and old (24-month) male F344 rats raised by Taconic Farms, Inc (Hudson,
NY) were also purchased from the National Institute on Aging. The rats were housed in
plastic cages in the University of Houston animal care facility and were used as per the
National Institutes of Health guidelines and approved protocols by the Institutional Animal
Care and Use Committee. Animals had free access to standard rodent chow and drinking
water.

Tempol Supplementation in FBN Rats
FBN rats were randomly divided into 4 groups, namely, control and Tempol-treated adult
and old rats (adult control, adult Tempol, old control, and old Tempol). In the treated
groups, Tempol (Sigma-Aldrich; 1 mmol/L) was supplemented in drinking water for a
period of 3 to 4 weeks, whereas control rats received drinking water devoid of Tempol.
Water supplemented with Tempol was changed twice a day to minimize its oxidation.

In Vitro Biochemical Studies in FBN Rats
Preparation of RPTs—An in situ enzyme digestion procedure was used to prepare RPTs,
as described previously.31
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Preparation of Renal Proximal Tubular Membranes—RPTs were homogenized
using Wheaton homogenizer, and the membranes were prepared using a differential
centrifugation method, as described previously.31

Measurement of Dopamine D1R Numbers and D1R-G-Protein Coupling—
Radioligand [3H] SCH-23390, a selective D1 receptor antagonist, was used to determine
D1R numbers. Binding of D1R with G proteins was determined in response to the D1R
agonist SKF-38393. Both D1R numbers and D1R-G-protein coupling were measured on
renal proximal tubular membranes and have been described in detail previously.32

Measurement of Protein Kinase C Activity—Protein kinase C (PKC) activity was
measured in the RPTs (20 μg) using a commercially available kit (Enzo Life Sciences, Inc,
Butler Pike Plymouth Meeting, PA) according to the manufacturer’s instructions.

Measurement of D1R, G Protein–Coupled Receptor Kinases, Gα Subunits, and
AT1R Proteins in RPTs by Western Blotting—Specific antidopamine receptor D1
(1:500; Millipore, Billerica, MA), anti–G protein– coupled receptor kinase (GRK; GRK-2;
1:500; Santa Cruz Biotechnology, Santa Cruz, CA), anti–GRK-4 (1:250; Santa Cruz
Biotechnology), anti-Gαq/11 (1:1000; EMD, Darmstadt, Germany), anti–Gαi-1 (1:1000;
EMD), and antiangiotensin AT1R (1:200; Santa Cruz Biotechnology) antibodies were used
to detect respective proteins using standard Western blotting protocol. In renal proximal
tubular homogenates, β-actin (loading control) was detected using a specific anti–β-actin
(1:1000) antibody (Santa Cruz Biotechnology).

Measurement of Angiotensin AT1R Coupling With G Proteins—Binding of
angiotensin AT1R with G proteins in response to Ang II was determined on renal proximal
tubular membranes using the [35S]-GTPγS binding protocol described previously.33

Measurement of Ang II–Mediated Stimulation of Na,K-ATPase Activity—Ang II–
mediated stimulation of Na,K-ATPase (NKA) activity was determined in freshly isolated
RPTs, as described previously.34

Measurement of Protein in Urine—Bladder urine samples were diluted (1:100) with
deionized water, and protein levels were measured by the bicinchoninic acid method using
protein assay kit (Pierce, Rockford, IL) reagents and BSA as protein standards.

In Vivo Studies in F344 Rats
Blood pressure and renal AT1R function in response to candesartan in F344 rats were
measured using the same experimental protocol as in FBN rats and have been described
previously.30

Data Analysis
Data are presented as mean ± SEM. One-way ANOVA, followed by Newman-Keuls post
hoc test, was used to compare variations among the groups. Repeated-measures ANOVA,
followed by Dunnett post hoc test, was used to compare variations (from control) within the
group. Student t test was used wherever appropriate. Statistical analysis was carried out
using a software program (GraphPad Prism version 5; GraphPad Software, San Diego, CA).
The minimum level of significance was considered at P < 0.05.
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Results
Effect of Aging on Abundance of D1R and AT1R in RPTs of FBN Rats

There were no differences in the levels of D1R protein in renal proximal tubular
homogenates between control adult and control old rats, and they remained unchanged with
Tempol treatment (Table). There was an age-related decline in D1R numbers on the renal
proximal tubular membranes in control old compared with control adult rats. Treatment with
Tempol restored D1R numbers in old rats (Figure 1). There were no age-associated changes
in the levels of AT1R protein in both homogenates and membranes of RPTs, which also
remained unchanged with Tempol treatment (Table).

Effect of Aging on Coupling of D1R and AT1R With G Proteins in Renal Proximal Tubular
Membranes of FBN Rats

Treatment of renal proximal tubular membranes with SKF-38393 increased [35S]-GTPγS
binding in control and Tempol-treated adult rats. However, the ability of SKF-38393 to
stimulate [35S]-GTPγS binding was attenuated in control old rats. Tempol treatment in old
rats restored SKF-38393–mediated [35S]-GTPγS binding (Figure 2A). Basal [35S]-GTPγS
binding was not different between control and Tempol-treated adult and old rats (in fmol/μg:
adult control, 0.26 ± 0.01; adult Tempol, 0.25 ± 0.01; old control, 0.23 ± 0.01; old Tempol,
0.24 ± 0.01). [35S]-GTPγS binding in response to Ang II increased in both control adult and
old rats, however, with a much higher degree in control old rats. Tempol treatment in old
rats reduced Ang II–mediated increase in [35S]-GTPγS binding to the levels seen in adult
rats (Figure 2B). Basal [35S]-GTPγS binding was not different between control and Tempol-
treated adult and old rats (in fmol/μg: adult control, 0.71 ± 0.06; adult Tempol, 0.61 ± 0.08;
old control, 0.51 ± 0.04; old Tempol, 0.51 ± 0.06).

Effect of Aging on PKC Activity in RPTs of FBN Rats
The PKC activity was not different between adult and old rats and remained unchanged with
Tempol treatment (Table).

Effect of Aging on Abundance of GRK-2 and GRK-4 Proteins in Renal Proximal Tubular
Homogenate of FBN Rats

The levels of GRK-2 protein were not different between adult and old rats and remained
unchanged with Tempol treatment (Table). However, whereas the levels of GRK-4 protein
increased in an age-dependent manner, treatment with Tempol reduced GRK4 levels in old
rats to the levels seen in adult rats (Figure 3A).

Effect of Aging on Abundance of Gα Subunits in Renal Proximal Tubular Membranes of
FBN Rats

With respect to Gαi-1 protein, there was a moderate but significant decrease in control old
compared with control adult rats, which remained unchanged with Tempol treatment
(Table). However, there were no age-associated changes in Gαq/11 protein levels between
control adult and control old rats, which remained unchanged with Tempol treatment
(Table).

Effect of Aging on Ang II–Mediated NKA Activity in RPTs of FBN Rats
Ang II (10−12 and 10−9 mol/L) stimulated NKA activity to a greater extent in control old
compared with control adult rats. Tempol treatment in old rats normalized Ang II–mediated
stimulation of NKA to levels seen in adult rats. Tempol treatment had no effect on Ang II–
induced stimulation of NKA in adult rats (Figure 4). The basal NKA activity (in nanomoles
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of Pi per milligram per minute) was not different between control adult (323.90 ± 20.33) and
control old (364.70 ± 31.96) rats.

Effect of Aging on Urinary Protein Excretion in FBN Rats
Urinary protein levels increase with age and are considered general markers of kidney
dysfunction. There was an age-related increase in the levels of urinary proteins, which
decreased with Tempol treatment in old rats. However, Tempol treatment did not affect the
levels of urinary proteins in adult rats (Table).

Effect of Aging on Blood Pressure and Renal AT1R Function in F344 Rats
Administration of candesartan significantly increased urine flow (Figure 5A) and sodium
excretion (Figure 5B) compared with basal activity in both adult and old F344 rats.
However, there were no significant differences in diuretic and natriuretic responses to
candesartan between adult and old rats (Figure 5A and 5B). Heart rate (in bpm: adult,
318.30 ± 7.57; old, 276.60 ± 22.67) and systolic, diastolic, and mean arterial pressures were
also not different between adult and old F344 rats (Figure 6).

Discussion
In FBN rats, we have reported recently an age-related increase in oxidative stress and blood
pressure. Although natriuretic response to D1R activation was diminished (impaired renal
D1R function), increased natriuresis (exaggerated renal AT1R function) was observed in
response to candesartan in old FBN rats.30 We showed a causal link between oxidative
stress and age-associated changes in blood pressure and renal AT1R function, because
antioxidant Tempol treatment reduced blood pressure and restored AT1R function in old
FBN rats.30 Oxidative stress-mediated decline in renal D1R function with aging has also
been reported in normotensive old F344 rats, another widely used rat aging model.32 The
objective of the current study was to investigate biochemical mechanisms by which
oxidative stress may alter renal D1R and AT1R functions, leading to the development of
age-associated hypertension in FBN rats.

To examine the mechanism(s) of oxidative stress in age-related hypertension in FBN rats,
we treated adult and old rats with antioxidant Tempol in drinking water. Tempol intake was
slightly but significantly higher in old compared with adult FBN rats (in mL per rat per day:
adult Tempol, 26.3 ± 1.12; old Tempol, 30.99 ± 1.33). Tempol is a known antioxidant with
superoxide dismutase mimetic properties and has been used previously to reduce oxidative
stress and high blood pressure in spontaneously hypertensive rats.35 Recently, we have
shown that activation of D1R failed to increase sodium excretion in old FBN rats,
suggesting an age-associated defect in renal D1R function in these animals.30 To investigate
the mechanism(s) for impaired renal D1R function with aging in FBN rats, we measured the
levels of D1R and its associated signaling molecules in the RPTs of control and Tempol-
treated adult and old FBN rats. We found reduced D1R numbers on the renal proximal
tubular membranes of old FBN rats. The levels of D1R protein in RPTs, however, were not
different between adult and old FBN rats. These are interesting findings, because similar
observations have been reported in hypertensive obese Zucker rats, which also have
increased oxidative stress.28

G-protein coupling in response to D1R activation was reduced in old FBN rats. Antioxidant
Tempol treatment in old FBN rats restored D1R G-protein coupling. The uncoupling of D1R
from its G protein effector complex involves activation of GRKs.36–40 GRKs 2 to 6 have
been reported to cause D1R desensitization in heterologous expression systems.38–41

Previously, we have reported that age-associated increase in oxidative stress via PKC
activates proximal tubular GRK-2, resulting in D1R-G-protein uncoupling in normotensive
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old F344 rats.32 However, in these hypertensive old FBN rats, we did not find any changes
in the levels of either PKC or GRK-2, but GRK-4 levels were elevated in RPTs of old FBN
rats. Interestingly, we did not find any increase in GRK-4 levels in the RPTs of
normotensive old F344 rats (Figure 3B) despite an age-related increase in oxidative stress.32

We speculate that this could be because of strain-specific differences, as well as differences
in the degree of oxidative stress between these 2 rat aging models. Although PKC and
GRK-2 levels remained unchanged with Tempol treatment, GRK-4 levels were reduced in
RPTs of old FBN rats, suggesting oxidative stress-mediated changes in GRK-4 in these rats.

GRK-4 is considered more important than other GRKs (including GRK-2) in the
desensitization of D1R in RPTs.42 GRK-4 gene variants are also associated with salt-
sensitive hypertension43,44; however, we are not aware of any such report in FBN rats.
GRK-4 is reported to cause D1R G-protein uncoupling, resulting in reduced D1R
responsiveness.43 The cause for higher GRK-4 levels in RPTs of old FBN rats is not known.
We speculate that an age-associated increase in oxidative stress may have either a direct
effect on GRK-4 or via some protein interaction, other than PKC, activates GRK-4 in RPTs
of these rats, which warrants future investigation.

Furthermore, reduction of oxidative stress with Tempol in old FBN rats restored age-related
decline in D1R numbers and D1R G-protein coupling (an index of D1R activation),
suggesting a role for age-associated oxidative stress in impaired renal D1R function in old
FBN rats. These results in FBN rats are in agreement with our previous findings in
normotensive old F344 rats, where Tempol, while reducing oxidative stress, also restored
age-associated decline in D1R numbers and G-protein coupling.32

To understand the underlying mechanism of exaggerated renal AT1R function in
hypertensive old FBN rats,30 we measured levels of angiotensin AT1R protein and its
signaling components in the RPTs of these rats. The levels of AT1R protein did not change
in these animals. We attempted to determine AT1R numbers in RPTs of adult and old FBN
rats; however, we were not successful in carrying out this experiment despite making several
attempts and applying various protocols. Previously, increases in Gαi and Gαq/11 protein
expression have been attributed to increased renal AT1R responses in hypertensive obese
Zucker rats.16,27 However, we did not find any increases in the levels of these G proteins in
the RPTs of adult and old FBN rats. Rather, there was a modest decrease in Gαi-1 protein
levels, ruling out its involvement in higher AT1R responses in old FBN rats. We found an
increase in Ang II–mediated stimulation of AT1R-G-protein coupling, as well as NKA
activity in the RPTs of old FBN rats. Antioxidant Tempol treatment in old FBN rats
normalized the exaggerated response of Ang II on AT1R-G-protein coupling and NKA
activity to the levels seen in adult FBN rats, suggesting a role for oxidative stress in this
phenomenon.

Similar to D1R, AT1R is also desensitized by GRKs. As discussed above, GRK-4, and not
GRK-2, plays a major role in D1R desensitization, whereas the reverse is true for AT1R
desensitization.45 We found an increase in GRK-4 but not GRK-2 levels in the RPTs of old
FBN rats, which explains why only D1Rs and not AT1Rs are desensitized in the RPTs of old
FBN rats. The mechanism by which oxidative stress increases AT1R-G-protein coupling in
old FBN rats, how ever, remains to be established. It is likely that an age-associated increase
in oxidative stress modifies AT1R protein conformation, thereby increasing the affinity of
the receptor for Ang II, causing an increase in AT1R-G-protein coupling, as seen in old FBN
rats. Indirect evidence for this statement comes from studies that demonstrate that sulfhydryl
containing antioxidants N-acetylcysteine and dithiothreitol cause rapid and concentration-
dependent decreases in Ang II radio-ligand binding to AT1R and AT1R-mediated signaling
response in cultured vascular smooth muscle cells.46,47 Furthermore, in a similar study in
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HEK293 cells, antioxidant ascorbic acid decreases the binding affinity of the AT1R for Ang
II.48

We have always asked this question: why are old Fischer 344 rats normotensive despite
exhibiting increased oxidative stress and diminished renal D1R function? Perhaps the
answer lies in our findings in hypertensive old FBN rats exhibiting exaggerated AT1R and
diminished D1R functions (Reference 30 and the present study). It seems that exaggerated
AT1R and diminished D1R functions are akin to hypertensive phenotype. To test this, we
undertook a renal AT1R function study, in terms of the ability of candesartan to produce
diuresis and natriuresis, and measured blood pressure in adult and old F344 rats exactly the
same way as we did in FBN rats.30 Although candesartan-mediated natriuresis is considered
an index of renal AT1R function, the role of other receptor systems (eg, renal AT2R) in
mediating this effect cannot be ruled out.49–52 To our knowledge, a renal AT1R function
study in F344 rats has not been investigated before. We found that diuretic and natriuretic
responses to candesartan, as well as blood pressure, were not different between adult and old
F344 rats. This finding is in contrast to our recent report in FBN rats in which candesartan
produced exaggerated natriuresis.30 Taken together, these studies in old F344 and old FBN
rats suggest that perhaps impairment in both AT1R (exaggerated) and D1R (diminished)
functions is necessary for hypertensive phenotype in aging (Figure 7). This notion is
supported by studies in young rats and mice, as mentioned below.

In various hypertensive rat models, such as spontaneously hypertensive and obese Zucker
rats, the hypertensive phenotype is associated with both exaggerated renal AT1R and
diminished renal D1R functions.9,26–29 Genetic studies have also demonstrated that, in mice,
D1-like receptor (D1 and D5) gene knockout increases AT1R expression and causes a
hypertensive phenotype of mice.1,53 Conversely, ablation of the AT1R gene increases D1-
like receptor (D5) expression but results in lowering of blood pressure in mice.1,53 Thus, it
appears that the presence of both exaggerated AT1R and diminished D1R functions results
in a hypertensive phenotype, as seen in old FBN rats. The reason for normal AT1R function
in old F344 rats, while exhibiting diminished D1R function, is not known. F344 rats may
have developed some compensatory mechanisms so as to balance AT1R function during the
course of the aging process.

In addition to AT1R and D1R functions, we also measured general kidney function by
measuring urinary protein levels in adult and old FBN rats. Proteinuria is an index of kidney
dysfunction and a prognostic indicator of progressive kidney disease and poor
cardiovascular outcomes. Its role as an independent risk factor for loss of renal function is
well recognized.54 We found that there was an age-related increase in urinary protein levels,
which decreased with antioxidant Tempol treatment in old FBN rats, suggesting that
reduction of oxidative stress also improves general function of aging kidneys.

The present study provides a mechanism for impairment in renal D1R and AT1R functions,
which may have been responsible for a hypertensive phenotype observed in old FBN rats.
Age-associated oxidative stress in FBN rats may play a central role in this phenomenon.

Perspectives
It is estimated that, by 2030, ≈70 million people in the United states would be ≥65 years of
age. Therefore, the number of elderly with high blood pressure and associated diseases
would rise, thereby increasing the economic burden associated with health care for this
population group in the United States. Hence, studies are needed to better understand the
etiology of hypertension so as to develop superior therapeutic strategies to control high
blood pressure in aging. The present study delineates the mechanism by which an age-
associated increase in oxidative stress alters the functioning of D1R and AT1R, 2 key renal
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receptors involved in sodium homeostasis and blood pressure regulation. Therapeutic
targeting of these receptors, separately, is in use in the clinic to control blood pressure in
hypertensive patients. Our findings from the present and previous30 studies in FBN rats are
clinically relevant as targeting both D1R and AT1R; preferably using antioxidants could
result in a better management of age-related high blood pressure in the elderly.
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Figure 1.
Antioxidant Tempol restores age-associated decline in dopamine D1 receptor (D1R)
numbers in old Fischer 344 × Brown Norway F1 (FBN) rats. Dopamine D1R numbers were
measured on the renal proximal tubular membranes using radio-ligand binding assay (details
in the Methods section). Results are mean ± SEM (n = 3–5 rats in each group).
*Significantly different from control adult rats at P < 0.05. ###Significantly different from
control old rats at P < 0.001 (1-way ANOVA followed by Newman-Keuls post hoc test).
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Figure 2.
A, Antioxidant Tempol restores age-related decline in SKF-38393–mediated [35S]-GTPγS
binding (an index of D1 receptor [D1R] G-protein coupling) in old Fischer 344 × Brown
Norway F1 (FBN) rats. [35S]-GTPγS binding in the absence and presence of D1R agonist
SKF-38393 (10−6 mol/L) was measured on the renal proximal tubular membranes, as
described in the Methods section. Results are mean ± SEM (n = 8 –9 rats in each group).
*Significantly different from adult control rats at P < 0.05. #Significantly different from old
control rats at P < 0.05 (1-way ANOVA followed by Newman-Keuls post hoc test). B,
Antioxidant Tempol restores age-associated elevated angiotensin II (Ang II)–mediated
[35S]-GTPγS binding (an index of Ang II type 1 receptor [AT1R] G-protein coupling] in old
FBN rats. [35S]-GTPγS binding in the absence and presence of Ang II (10−6 mol/L) was
measured on the renal proximal tubular membranes, as described in the Methods section.
Results are mean ± SEM (n = 6–7 rats in each group). *Significantly different from adult
control rats at P < 0.05. #Significantly different from old control rats at P < 0.05 (1-way
ANOVA followed by Newman-Keuls post hoc test).
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Figure 3.
A, Aging increases the levels of G protein– coupled receptor kinase (GRK) 4 protein in
Fischer 344 × Brown Norway F1 (FBN) rats. Tempol treatment decreases the age-related
increase in GRK-4 protein levels in old FBN rats. GRK-4 protein levels were measured in
the renal proximal tubules (RPTs) using standard Western blotting techniques (details in the
Methods section). The same blot was stripped off and probed for β-actin. Right,
Representative blots of GRK-4 and β-actin. In lanes from left to right are adult control, adult
Tempol, old control, and old Tempol. Left, Bars are ratios of the densities between GRK-4
and β-actin protein bands. Results are mean ± SEM (n = 4 –5 rats in each group).
*Significantly different from adult control rats at P < 0.05. #Significantly different from old
control rats at P < 0.05 (1-way ANOVA followed by Newman-Keuls post hoc test). B,
There are no age-related changes in the levels of GRK-4 protein in F344 rats. GRK-4
protein levels were measured in RPTs using standard Western blotting techniques (details in
the Methods section). Right, Representative blot of GRK-4 (left lane, adult; right lane,
old). Left, Bars represent the densities of the GRK-4 band in adult and old rats. Results are
mean ± SEM (n = 3 rats in each group).
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Figure 4.
Antioxidant Tempol restores age-associated exaggerated angiotensin II (Ang II)–mediated
response on Na,K-ATPase (NKA) in old Fischer 344 × Brown Norway F1 (FBN) rats. NKA
activity was measured in the freshly isolated renal proximal tubules (RPTs) by a
colorimetric assay as described in the Methods section. Results are mean ± SEM (n = 4 –10
rats in each group). **Significantly different from adult control rats using 1-way ANOVA
followed by Newman-Keuls post hoc test at P < 0.01. Significantly different from old
control rats using 1-way ANOVA followed by Newman-Keuls post hoc test (#P < 0.05, ##P
< 0.01).
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Figure 5.
A, There are no age-associated changes in diuretic response (urine flow) to candesartan in
F344 rats. Urine flow in response to angiotensin II type 1 receptor (AT1R) antagonist
candesartan (10 μg/kg IV bolus) was determined in adult and old F344 rats, as described in
the Methods section. C represents the average of two 30-minute control periods where saline
only was infused. D1 through D4 represent drug infusion periods (each 30 minutes) after
candesartan was administered as a bolus dose. Results are mean ± SEM (n = 5–7 rats).
Significantly different from C (basal) using repeated-measures ANOVA followed by the
Dunnett post hoc test (**P < 0.01 and *P < 0.05). B, There are no age-associated changes in
natriuretic response to candesartan in F344 rats. Urinary sodium excretion (UNaV) in
response to AT1R antagonist candesartan (10 μg/kg IV bolus) was determined in adult and
old F344 rats, as described in the Methods section. C represents the average of two 30-
minute control periods where saline only was infused. D1 through D4 represent drug
infusion periods (each 30 minutes) after candesartan was administered as a bolus dose.
Results are mean ± SEM (n = 5–7 rats). Significantly different from C (basal) using
repeated-measures ANOVA followed by the Dunnett post hoc test (**P < 0.01).
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Figure 6.
There are no age-associated changes in blood pressure in F344 rats. Blood pressure (systolic,
diastolic, and mean arterial) was measured in anesthetized adult and old F344 rats, as
described in the Methods section. Results are mean ± SEM (n = 6–7 rats).

Chugh et al. Page 16

Hypertension. Author manuscript; available in PMC 2013 May 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 7.
Alterations in both renal D1 receptor (D1R) (diminished) and renal angiotensin II type 1
receptor (AT1R) (exaggerated) functions are required for the development of age-related
hypertension.
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Table

Levels of Urinary Protein and Various Components in AT1R and D1R Signaling Cascades in Adult and Old
FBN Rats Treated Without/With Antioxidant Tempol

Parameters Adult Control Adult Tempol Old Control Old Tempol

D1R protein, density units 39.02 ± 3.55 36.6 ± 4.31 39.59 ± 4.63 39.08 ± 4.36

AT1R protein in homogenates, density units 0.53 ± 0.08 0.65 ± 0.2 0.61 ± 0.1 0.57 ± 0.06

AT1R protein in membranes, density units 1397 ± 48.95 1389 ± 70.12 1304 ± 85.3 1281 ± 75.08

PKC activity, relative kinase activity per mg of protein 3.79 ± 0.11 3.94 ± 0.59 4.1 ± 0.16 4.1 ± 0.67

GRK-2 protein, density units 42.29 ± 1.22 38.22 ± 1.85 42.25 ± 3.5 42.77 ± 3.63

Gαi-1 protein, density units 1690 ± 31.18 1720 ± 75.36 1491 ± 46.2* 1556 ± 61.66

Gαq/11 protein, density units 1657 ± 45.93 1592 ± 116 1516 ± 133 1582 ± 71.23

Protein in urine, μg/μL 15.63 ± 4.36 9.44 ± 1.03 29.81 ± 8.61* 7.32 ± 0.88†

Results are mean ± SEM. AT1R indicates angiotensin II type 1 receptor; D1R, dopamine D1 receptor; FBN, Fischer 344 × Brown Norway F1;
PKC, protein kinase C; GRK, G protein– coupled receptor kinase.

*
Data are significantly different from adult control rats at P < 0.05.

†
Data are significantly different from old control rats at P < 0.05 (1-way ANOVA followed by Newman-Keuls post hoc test).
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