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Abstract
Background—This study determined whether transfer of the renin-gene from the Dahl salt
resistant (Dahl R) strain into the Dahl salt-sensitive (SS) genetic background restores the
relaxation of middle cerebral arteries (MCA) to different vasodilator stimuli in S/renRR renin
congenic [SS.SR –(D13N1 and Syt2)/Mcwi] (RGRR) rats maintained on low salt (0.4% NaCl)
diet.

Methods—Responses to vasodilator stimuli were evaluated in isolated MCA from SS (Dahl SS/
Jr/Hsd/MCWi), RGRR rats, and Dahl salt-resistant (R) rats.

Results—MCA from SS rats failed to dilate in response to acetylcholine (10−6 mol/L), hypoxia
(PO2 reduction to 40–45 mm Hg), and iloprost (10−11 g/ml). ACh- and hypoxia-induced dilations
were present in Dahl R rats and restored in RGRR rats. MCA from RGRR and SS constricted in
response to iloprost, while MCA from Dahl R rats dilated in response to iloprost. MCA from SS,
RGRR, and Dahl R rats exhibited similar dilations in response to cholera toxin (10−9 g/ml) and
dilated in response to the NO donor DEA-NONOate (10−5 mol/L).

Conclusions—1) restoration of normal regulation of the renin-angiotensin system restores
dilations to acetylcholine and hypoxia that are impaired in SS rats, 2) prostacyclin signaling is
impaired in SS and RGRR rats but intact in Dahl R rats, indicating that alleles other than the renin
gene affect vascular relaxation in response to this agonist; and 3), vascular smooth muscle
sensitivity to NO is preserved in SS and RGRR and is not responsible for impaired arterial
relaxation in response to ACh in SS rats.
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INTRODUCTION
Salt-sensitivity of blood pressure in normotensive humans is a cause for concern in light of
long-term follow-up studies showing that salt-sensitive subjects are more likely to develop
hypertension than salt-resistant individuals and also have a higher long-term mortality rate. 1
High salt diet itself can lead to impaired vascular relaxation, reduced NO availability, and
elevated superoxide levels in blood vessels, independent of an elevated blood pressure.2–7 In
arteries of Dahl salt-sensitive (SS) rats (a genetic model of human salt-sensitive
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hypertension),8–10 endothelial dysfunction, increased vascular oxidant stress, and impaired
vascular relaxation are present even when the animals are normotensive and maintained on
low salt diet.11

Similarities of phenotypic traits in SS rats and human patients with salt-sensitive
hypertension include low renin, salt sensitivity, and early end stage renal disease. 8, 12–16

The presence of low plasma renin in SS rats and in salt-sensitive forms of human
hypertension may have deeper pathophysiological significance than previously suspected.
There is growing evidence that angiotensin II (ANG II) plays an important role in
maintaining normal vascular relaxation mechanisms in resistance arteries of normotensive
animals. 5–7 The loss of vascular relaxation, impaired endothelial cell [Ca2+] signaling 17,
increased vascular oxidative stress 7, and reduced expression of Cu/Zn SOD in resistance
arteries 18 of animals fed a high salt (HS) diet can all be prevented by chronic i.v. infusion of
a subpressor dose of ANG II that prevents salt-induced ANG II suppression.

The chronically low plasma renin activity (PRA) in Dahl salt-sensitive (SS) rats maintained
on LS diet is due to an impaired ability of the animals to regulate their renin-angiotensin
system (RAS).8, 19, 20 In S/renRR congenic rats (RGRR), transfer of a region of
chromosome 13 containing the renin gene from the Dahl salt-resistant (Dahl R) strain into
the SS genetic background [SS.SR–(D13N1 and Syt2)/Mcwi] confers normal salt
sensitivity. 19, 20 RGRR congenic rats also exhibit a significantly higher PRA than SS rats
on LS diet due to the presence of the Dahl R renin allele. 19, 20

The cerebral circulation is not only exquisitely sensitive to vasoactive stimuli and crucially
important for regulating blood flow to the brain, but is also a key target for stroke in
hypertension and with elevated dietary salt intake.21, 22 Middle cerebral arteries of
normotensive SS rats fed LS diet exhibit impaired relaxation to different vasodilator stimuli
which can be restored by chronic i.v. infusion of a subpressor dose of ANG II (3 ng/kg/min).
11 This protective effect of ANG II infusion to restore vasodilator responses is similar to that
in Sprague-Dawley rats, where vascular relaxation mechanisms in salt-fed animals are
restored by chronic low dose ANG II infusion to prevent salt-induced ANG II suppression.
The goal of this study was to test the hypothesis that the low circulating ANG II levels in SS
rats fed low salt diet contribute to impaired vascular relaxation. This hypothesis was tested
by determining whether introgression of a smaller segment of chromosome 13 containing
the renin allele from the Dahl R rat (and lacking potential protective alleles from the Brown
Norway rat) restores normal vascular relaxation in middle cerebral arteries (MCA) of RGRR
congenic rats.

MATERIALS AND METHODS
General Procedures

SS rats (Dahl SS/Jr/Hsd/MCWi) rats, RGRR congenic rats ([SS.SR –(D13N1 and Syt2)/
Mcwi]) and Dahl salt-resistant (R) rats (10–12 weeks old at the time of the experiment, n=5–
11 animals/experimental group) were maintained in an AAALAC-accredited animal facility
and fed a LS diet (0.4% NaCl) (Dyets, Inc Bethlehem, PA) with tap water to drink ad
libitum. The Medical College of Wisconsin IACUC approved all experimental procedures.

Rats were anesthetized with sodium pentobarbital (30–50 mg/kg, i.p.) (Abbot Laboratories,
North Chicago, IL). The lower dose of pentobarbital was used to compensate for the
enhanced sensitivity of SS rats to anesthesia. A femoral artery was cannulated for the direct
measurement of arterial pressure. MCA were isolated and cannulated as described
previously.4, 11, 23, 24
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Intravascular pressure was maintained at 80 mm Hg and the arteries were perfused and
superfused with physiological salt solution (PSS) equilibrated with a 21% O2-5% CO2-74%
N2 gas mixture. The PSS used in these experiments had the following constituents (10−3

mol/L): 119 NaCl, 4.7 KCl, 1.17 MgSO4, 1.6 CaCl2, 1.18 NaH2PO4, 24 NaHCO3, 0.026
EDTA, and 5.5 dextrose. MCA that did not show active tone at rest, as confirmed by the
lack of a large dilation in response to Ca2+ free PSS, were not used in the study.

After the equilibration period, vessel diameters were measured before and during
simultaneous reduction of perfusate and superfusate O2 concentration by equilibrating the
PSS with a 0% O2-5% CO2-95% N2 gas mixture, which lowers luminal and tissue bath PO2
to ~35–45 mmHg.25 Responses to the endothelium-dependent dilator acetylcholine (ACh;
10−6 mol/L), the stable prostacyclin analogue iloprost (10−11 g/ml) (2.8×10−10 mol/L), the
Gsα-protein subunit activator cholera toxin (10−9 g/ml) (1.2×10−10 mol/L), and the NO
donor DEA-NONOate (10−5 mol/L) were also tested by adding these agents to the vessel
chamber. The roles of NO and cyclooxygenase metabolites in mediating the restored
relaxation of the arteries in response to ACh and reduced PO2 in RGRR were evaluated by
determining vessel responses to these vasodilator stimuli in the presence and absence of
nitroG-monomethyl-L-arginine (L-NMMA) (10−4 mol/L) or indomethacin (10−6 mol/L),
respectively.

Spontaneous active tone during resting conditions, which generally averages around 50%,
was evaluated by measuring the diameter increase during maximal dilation with a Ca2+ free
relaxing solution containing the following constituents (10−3 mol/L): 92.0 NaCl, 4.7 KCl,
1.17 MgSO4, 20.0 MgCl2, 1.18 NaH2PO4, 24.0 NaHCO3, 0.026 EDTA, 2.0 EGTA, and 5.5
dextrose. Active tone (%) was calculated as [(Dmax-Drest)/Dmax]X100, where Dmax and Drest
are the maximum and resting diameters of the vessel, respectively.

Hypoxia-Induced Release of Cyclooxygenase Metabolites in RGRR Cerebral Arteries
To identify potential mediators of cyclooxygenase-dependent hypoxic dilation in RGRR
congenic rats and to compare these responses to previously published findings in SS rats,23

prostacyclin, thromboxane A2, and prostaglandin E2 release were measured before and
during exposure of RGRR cerebral arteries to reduced PO2 (5% O2-to match the perfusate
and superfusate PO2 reached in the cannulated vessel studies 25) as described previously.4,
23 Metabolites were measured in the Physiology Department Biochemical Assay Core
Facility, utilizing commercially available enzyme immunoassay kits (Cayman Chemical,
Ann Arbor, MI) for PGE2, the stable prostacyclin metabolite 6-keto-prostaglandin F1α
(PGF1α), and thromboxane B2 (TXB2), a stable metabolite of thromboxane A2.

Statistical Analysis
All data are summarized as mean ± SEM. Differences between two means within a group
(control vs. response to stimulus) or between two individual groups were assessed using a
paired or unpaired Student’s t-test, respectively. Differences among multiple groups in the
response to reduced PO2 or agonist application were assessed by ANOVA, with a post hoc
Student-Newman-Keuls test. A probability value of p<0.05 was considered to be statistically
significant.

RESULTS
General Characteristics of Experimental Groups

Table 1 summarizes the internal resting and maximum diameters and spontaneous active
tone (%) in MCA from the three groups. Resting internal diameter was significantly larger
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and active tone in MCA of Dahl R rats was significantly less than that in MCA of the SS and
RGRR rats. Vessel diameters and active tone were similar in SS and RGRR rats.

Responses to Vasodilator Stimuli in MCA of SS and RGRR Rats
MCA of RGRR and Dahl R rats dilated in response to acetylcholine (ACh) while MCA from
SS rats fed LS diet failed to relax in response to ACh (Figure 1A). ACh-induced dilation of
MCA in RGRR and Dahl R rats was eliminated by L-NMMA and unaffected by
indomethacin (Figure 1B), confirming that ACh-induced dilation is NO-dependent in the
RGRR congenic rats and Dahl R rats. L-NMMA caused a significant constriction of MCA
of RGRR (−10 ± 2.6 μm, n=5) and Dahl R rats (−22 ± 1.9 μm, n=6), but had no effect on
resting diameter of MCA from SS rats (−2 ± 2.2 μm, n=6), consistent with the hypothesis
that the reduced basal NO levels in SS rats fed LS diet are ameliorated by introgression of
the Dahl R renin allele. Indomethacin had no effect on resting diameter of MCA in any of
the groups (−1.6 ± 3.8 μm for SS, n=5; −1 ±4.8 μm or RGRR, n=6, and −5.8 ± 3.2 μm, n=5
for Dahl R). MCA from SS rats, RGRR rats, and Dahl R rats all dilated in response to DEA-
NONOate (Figure 1C), demonstrating that loss of NO sensitivity is not responsible for the
loss of dilation in response to ACh in SS rats. Vasodilatation in response to DEA-NONOate
was significantly less in MCA of Dahl R compared to SS and RGRR rats, presumably due to
the lower resting tone in vessels of the Dahl R rats.

Figure 2 summarizes the responses of MCA to reduced PO2 (40–45 mm Hg) (A), iloprost
(B), and cholera toxin (C) in SS, RGRR, and Dahl R rats. MCA from RGRR rats and Dahl R
rats dilated in response to reduced PO2, in contrast to the lack of hypoxic dilation in SS rats.
MCA from SS rats also exhibited a paradoxical constriction in response to iloprost, a stable
analogue of prostacyclin, the primary mediator of hypoxic dilation in MCA of Sprague-
Dawley rats.26 Interestingly iloprost-induced dilation, which was present in Dahl R rats, was
not restored in MCA of RGRR. However, MCA from SS rats, RGRR rats, and Dahl R rats
all relaxed in response to stimulation of the α subunit of the Gs protein with cholera toxin.

The dilation of MCA in response to reduced PO2 in RGRR and Dahl R rats was eliminated
by indomethacin and unaffected by L-NMMA (Figure 3). The failure of RGRR MCA to
dilate in response to iloprost suggests that a cyclooxygenase metabolite of arachidonic acid
other than PGI2 mediates hypoxic dilation in RGRR. The latter conclusion is supported by
the observation that PGE2 release doubled during exposure to reduced PO2 in cerebral
arteries of RGRR while PGI2 release was unchanged and thromboxane release tended to
decrease (Figure 4).

DISCUSSION
Previous studies have shown that the vasodilator responses to hypoxia and acetylcholine that
are absent in SS rats fed LS diet are restored in consomic SS.13BN rats, in which the entire
chromosome 13 from the Brown Norway rat containing the BN renin allele is introgressed
into the SS genetic background.23, 24 RGRR rats have a smaller piece of chromosome 13
containing a functioning renin gene from the historical control strain for the Dahl SS rat (the
Dahl salt-resistant rat) introgressed into the SS genetic background. This gene transfer not
only narrows the chromosomal region that is transferred to the SS genetic background to the
proximity of the Dahl R renin gene, but also eliminates any unique protective effects of BN
alleles other than the renin gene that could contribute to the restoration of vascular
relaxation mechanisms previously reported in the SS.13BN consomic rats. Thus, the
restoration of vasodilator responses to ACh- (Figure 1) and reduced PO2 (Figure 2) in MCA
of RGRR rats provides additional evidence supporting the hypothesis that restoring normal
regulation of the renin-angiotensin system (RAS) preserves vascular relaxation in response
to these vasodilator stimuli.
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As previously reported, 11, 23, 24 MCA from SS rats fed LS diet exhibited a paradoxical
constriction in response to iloprost (Figure 2), a stable prostacyclin analog that generally
mediates relaxation of MCA by binding to the prostacyclin receptor (IP).26 Surprisingly,
introgression of the Dahl R renin gene into the SS genetic background did not restore
vasodilator responses to iloprost in MCA of RGRR, even though Dahl R MCA dilated in
response to iloprost (Figure 2). This observation contrasts with findings in Sprague-Dawley
rats fed HS diet, where low dose ANG II infusion restores vasodilator responses and cAMP
generation in response to iloprost. 4–6 This finding was unexpected, because prostacyclin
normally relaxes MCA and is the primary mediator of hypoxic dilation in MCA of Sprague-
Dawley rats. 26 Our finding that prostacyclin release does not increase in response to
reduced PO2 in cerebral arteries of RGRR contrasts with those of previous studies 23

showing that prostacyclin release increases in response to hypoxia in cerebral arteries of SS
rats fed low salt diet, even though the vessels are apparently insensitive to the vasodilator
effects of this metabolite. This difference in the arachidonic acid metabolite release in SS
and RGRR rats during hypoxia presumably reflects strain differences between the SS and
RGRR rats.

The present study shows that introgression of the area of chromosome 13 carrying the Dahl
R renin allele is insufficient to restore iloprost-induced dilation in MCA from RGRR rats
even though iloprost dilates MCA from Dahl R rats. This finding is consistent with previous
studies demonstrating that MCA from Brown Norway rats dilate in response to iloprost,
while those from SS.13BN consomic rats do not. Taken together, those findings suggest that
factors in the SS genetic background other than the renin gene contribute to impaired
vascular relaxation in response to iloprost in SS rats. In this regard, it is important to note
that MCA of SS.13BN rats do relax in response to the stable prostaglandin E2 analogue
butaprost 23, which is consistent with the restored ability of MCA from RGRR to dilate in
response to reduced PO2 and the increase in PGE2 release by cerebral arteries of RGRR
during exposure to reduced PO2 in our experiments.

The observation that MCA from SS and RGRR rats both dilate in response to Gsα protein
activation with cholera toxin (Figure 2) indicates that G sα protein signaling is intact in SS
rats. This is an important new finding, because the Gsα protein has an essential role in
linking the binding of the PGI2 receptor to its downstream signaling events, including
activation of adenylyl cyclase. However this finding was unexpected because vasodilator
responses to cholera toxin are impaired in MCA of Sprague-Dawley rats fed high salt diet,
but can be restored by chronic i.v. infusion of a low dose of ANG II to prevent salt-induced
ANG II suppression 17, 27, 28 or by returning the salt-fed rats to a low salt diet. 18 In the
present study, the lack of iloprost-induced dilation in both SS rats and RGRR rats in the face
of intact Gsα signaling suggests that the structure, function or expression of the PGI2
receptor itself is altered in both strains of rats.

Given the lack of vascular relaxation in response to Iloprost in MCA of RGRR rats and the
observation that alternate compensatory mechanisms of vasodilatation can emerge when the
normal mechanisms of vascular relaxation are blocked or lost, 29–32 it was important to
determine whether cyclooxygenase metabolites of arachidonic acid still contribute to
hypoxic dilation in MCA from RGRR rats. The present study shows that hypoxic dilation of
MCA from RGRR as well as Dahl R rats is eliminated by indomethacin and unaffected by
L-NMMA (Figure 3), and that PGE2 release increases in response to reduced PO2 in
cerebral arteries of RGRR rats (Figure 4). Taken together, these findings demonstrate that
the restored vasodilation to reduced PO2 in MCA from RGRR is still mediated by a
cyclooxygenase metabolite of arachidonic acid (most likely PGE2), rather than NO.
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There is growing evidence that ANG II suppression and reduced interaction of ANG II with
its AT1 receptor contribute to impaired vascular relaxation in Sprague-Dawley rats fed HS
diet. 4–6, 33 A previous study showed that impaired vascular relaxation in SS rats fed LS diet
can be restored by low dose ANG II infusion as well as restoration of normal RAS function
by introgression of Brown Norway chromosome 13 (carrying the BN renin allele) into the
SS genetic background11. The protective action of low dose ANG II infusion to restore
vasodilator responses in salt-fed rats, 5 the ability of normal circulating ANG II levels to
maintain vascular relaxation mechanisms in resistance arteries of Sprague-Dawley rats fed
normal rodent chow,33 and the restoration of vascular relaxation in SS.13BN consomic rats
by introgression of a normally functioning BN renin allele via chromosomal substitution11

can all be inhibited by chronic AT1 receptor blockade with losartan. Taken together, those
findings suggest that tonic activation of the AT1 receptor by normal circulating levels of
ANG II plays an important role in maintaining vascular relaxation mechanisms under
normal physiological conditions. The present study showing that substitution of the Dahl R
renin allele into the SS genetic background restores vasodilator responses in MCA of the
RGRR congenic rats which have significantly higher PRA than SS rats fed low salt diet 19

provides further support for the hypothesis that the impaired vasodilator responses in SS rats
fed LS diet are most likely related to their inability to regulate their RAS normally.

SS rats are a widely used genetic model of salt-sensitive hypertension in humans. As noted
above, long-term follow-up studies have shown that salt-sensitive subjects not only have an
increased chance of eventually developing hypertension compared to salt-resistant
individuals, but also have higher long-term mortality rate, even if they do not develop
hypertension.1 A recent review article by Widlansky et al.34 cited a number of clinical
studies suggesting that endothelial dysfunction and increased oxidative stress may be
predictive of future adverse cardiovascular events (including death) in patient populations.
The present study and others suggest that marked endothelial dysfunction 11, 24 (Figure 1)
and increased vascular oxidant stress related to a chronic reduction in PRA and low levels of
circulating ANG II is present in normotensive SS rats in the absence of an elevated dietary
salt intake.11 Taken together these findings suggest that the SS rat and congenic strains
based on this strain may be a valuable genetic model to gain an increased understanding of
vascular dysfunction in salt-sensitive individuals. If observations implicating chronic
suppression of the RAS to vascular oxidant stress, and endothelial dysfunction in SS rats can
be translated to humans, it raises the possibility of a previously overlooked problem in low
renin forms of hypertension, namely the possible existence of impaired endothelial function
and increased vascular oxidative stress even in the absence of elevated dietary salt intake or
increases in arterial blood pressure.
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Figure 1.
(A) Responses to 10−6 mol/L acetylcholine (ACh) in MCA from SS, RGRR, and Dahl R
rats. Asterisk denotes a significant difference in the response in MCA from SS rats vs.
RGRR and Dahl R rats. (B) Effect of the cyclooxygenase (COX) inhibitor indomethacin
(Indo) (1O−6 mol/L), the NOS inhibitor L-NMMA (1O−4 mol/L) and combined COX and
NOS inhibition with Indo +L-NMMA on response to ACh in MCA from RGRR rats (solid
bars) and Dahl R rats (open bars) fed low salt diet. Asterisk denotes a significant difference
from response in the absence of any inhibitor (P<0.05). (C) Responses to DEA-NONOate
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(10 μM) in MCA from SS, RGRR, and Dahl R rats fed low salt diet. Asterisk denotes a
significant difference from the response in MCA from SS and RGRR rats. All data are
presented as mean change (Δ) in diameter (μm) ± SEM from resting control diameter for 6–
10 rats/group.
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Figure 2.
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Response of MCA to (A) reduced PO2 ; *-P<0.05 vs. SS; #-P<0.05 vs. RGRR; (B) iloprost,
*-P<0.05 vs. SS; and (C) cholera toxin in MCA from SS and RGRR rats fed low salt diet.
Data are presented as mean change (Δ) in diameter (μm) ± SEM for 6–9 rats/group.
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Figure 3.
Response to reduced PO2 in MCA from RGRR (solid bars) and Dahl R rats (open bars) on
low salt diet in the presence or absence of the COX inhibitor indomethacin (Indo), the NOS
inhibitor L-NMMA, or both inhibitors. Asterisk denotes a significant difference from control
values measured in the absence of any inhibitor. Data are presented as mean change (Δ) in
diameter (μm) ± SEM for 5–10 rats/group.
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Figure 4.
Effect of reduced PO2 on prostacyclin (assessed as 6-keto PGF1α), thromboxane A2
(assessed as TXB2) and PGE2 production in cerebral arteries of RGRR rats. Data are
expressed as mean % of the control (21% O2) value ± SEM following reduction of O2
concentration from 21% O2 to 5% O2 (3–6 measurements per group).
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Table 1

Vessel Diameters and Active Tone in MCA of SS, RGRR and Dahl R Rats

SS RGRR Dahl R

Resting ID of MCA (μm) 110 ± 5 (12) 112 ± 8 (8) 143±3 (17) *

Maximum ID of MCA (μm) 222 ± 9 (12) 228 ± 14 (8) 201±4 (17)

Active Tone (%) 50 ± 3 (12) 51 ± 1 (8) 29±2 (17) *

ID-Inner Diameter; MCA-Middle Cerebral Artery; Active Tone: spontaneous resting tone (%) in the absence of any agonists. Data summarized as
mean ± SEM; (n)—number of animals;

*
Significantly different from SS and RGRR rats, P <0.05.
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