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Sympathetic Regulation of the Renal Functions in 
Rats Reciprocally Congenic for Chromosome 1 Blood 

Pressure Quantitative Trait Locus

Tao WANG1), Toru NABIKA2), Yoshitomo NOTSU3), and Toshikazu TAKABATAKE1)

The role of the chromosome 1 blood pressure quantitative trait locus (QTL) on the sympathorenal interac-

tion was studied using congenic strains. The two reciprocal congenic strains, WKYpch1.0 and

SHRSPwch1.0, were respectively constructed by introgressing the stroke-prone spontaneously hyperten-

sive rat (SHRSP)–derived fragment for the QTL into a Wistar-Kyoto rat (WKY) and vice versa. The role of the

sympathetic nervous system in the kidney was evaluated by comparing the renal functions between dener-

vated and sham-operated kidneys under anesthesia. The denervation was performed by stripping the adven-

titia off and applying 10% phenol to the blood vessels at the left renal hilus. Polyfructosan was continuously

injected intravenously to determine the renal plasma flow and the glomerular filtration rate. A reciprocal and

significant alteration in the renal norepinephrine (NE) content was observed between WKY and WKYpch1.0

and between SHRSP and SHRSPwch1.0. Concomitantly, the renal vascular resistance differed significantly

between the congenic and the background parental strains. By contrast, no significant difference was

observed in the fractional excretion of sodium, an index of the tubular function. While the denervation elic-

ited a significant decrease of the renal NE content in all of the four strains studied, the significant effects

of the denervation on the renal functions were observed only in SHRSP and WKYpch1.0, both of which har-

bored the SHRSP-derived QTL fragment. These results indicated that the chromosome 1 blood pressure

QTL modulated the renal functions through the sympathetic nerve activity in the kidney. (Hypertens Res

2008; 31: 561–568)

Key Words: sympathetic nervous activity, renal function, congenic rats, stroke-prone spontaneously hyper-

tensive rat, blood pressure

Introduction

The sympathetic nervous system (SNS) plays a pivotal role in
the development as well as the maintenance of arterial hyper-
tension both in humans (1) and in laboratory model animals
(2). Among the functions controlled by the SNS, the regulation
of the water balance by the kidney is the most important when
the long term regulation of blood pressure (BP) is considered.

A number of studies have suggested the important role of
the SNS in the spontaneously hypertensive rat (SHR) and the
stroke-prone SHR (SHRSP); SHR have been shown to exhibit
elevated efferent renal sympathetic nerve activity (RSNA)
before hypertension is established (3). In addition, the renal
norepinephrine (NE) content has been reported to be 2 times
and 1.5 times greater in newborn (4) and adult SHR (5),
respectively, when compared with age- and sex-matched
Wistar-Kyoto rats (WKY). These observations suggest that
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the modulation of renal function by sympathetic hyperactivity
plays a key role in the establishment of hypertension in this
rat model. This hypothesis was further supported by the fact
that the renal denervation in young SHR delayed the develop-
ment of hypertension (6).

In previous studies, Nabika and colleagues showed that a
WKY-based congenic strain that harbored the SHRSP-
derived fragment of the BP quantitative trait locus (QTL) on
chromosome 1 (chr-1) showed exaggerated reactivity of the
SNS to a variety of environmental stresses (7–9). This obser-
vation implied that the SNS activity was influenced by a gene
or genes located in this QTL region, which might contribute
to the development of hypertension in SHRSP.

Based on this observation, in the present work, we extended
our study to the role of the SNS in renal functions in the con-
genic strains. For this purpose, we denervated the renal nerves
to evaluate the significance of the SNS in the regulation of
renal functions. Further, we used the reciprocal congenic
strains that harbored the mutually exchanged fragments of the
chr-1 QTL, which made it possible to show the functional role
of the target QTL independent of the genetic background.

We show here that the chr-1 QTL influenced the renal NE
content as well as parameters for the renal functions in the
reciprocal congenic rats. Further, the renal denervation elic-
ited discernible effects on the tubular function as well as the
renal vascular resistance (RVR) only in the strains that carried
the SHRSP-derived fragment of the chr-1 QTL, suggesting
the pivotal role of the QTL on the sympathetic regulation of
the renal functions.

Methods

Animals

SHRSP and WKY rats of the Izumo colony were provided by
the Disease Model Cooperative Research Association
(Kyoto, Japan). The WKY-based congenic strain,
WKY.SHRSP-(D1Wox29–D1Arb21)/Izm (abbreviated as
WKYpch1.0 hereafter), was established by the transfer of the
chromosomal segment between D1Wox29 and D1Arb21 from
SHRSP onto the genetic background of WKY as previously
described (10). The SHRSP-based congenic rat,
SHRSP.WKY-(D1Wox29–D1Arb21)/Izm (abbreviated as
SHRSPwch1.0), was designed to possess the genomic com-
position corresponding to that of the WKYpch1.0 (11). It was
developed by reversing the donor and recipient strains in the
construction of the WKYpch1.0 and the introgressed segment
is smaller than that reported by Kato et al. (12). The congenic
region was about 40 cM, which covered the 100:1 confidence
interval for the BP QTL (13). To avoid double recombination
inside the congenic region, three to four markers in the target
region were monitored throughout the breeding process. Fur-
ther information about the strains is available at the website of
the National BioResource Project for the Rat (http://
www.anim.med.kyoto-u.ac.jp/nbr) (14). All procedures in

this study were reviewed and approved by the Ethics Com-
mittee for Animal Use and Care in Shimane University.

Surgical Procedures

Experiments were carried out on 6- to 8-week-old male rats.
At this age, hypertension is not yet established in SHRSP (15,
16). Anesthesia was induced by intraperitoneal injection of
thiopental sodium (110 mg/kg body weight; Ravonal,
Tanabe, Osaka, Japan), which was supplemented via the rec-
tum when needed during the experiment. The animals were
placed on a servo-regulated heating table to maintain their
body temperature at 37°C. A tracheotomy was performed to
facilitate spontaneous breathing. The right external jugular
vein was cannulated with a PE-50 polyethylene catheter (Clay
Adams, Parsippany, USA) and 10% polyfructosan (Inutest;
Fresenius, Linz, Austria) in 0.9% saline was continuously
infused at a rate of 4.5 ml/kg body weight/h. Another PE-50
catheter was placed in the right femoral artery for monitoring
arterial pressure and drawing blood samples.

The left kidney was exposed through a flank incision, dis-
sected free from the adhering tissue, and placed horizontally
in a Lucite cup. The kidney was loosely surrounded with
saline-soaked cotton, immobilized in agar and bathed in
warmed (37.5°C) mineral oil to prevent it from drying. The
pelvis was cannulated with a PE-10 catheter (Clay Adams) to
collect urine samples. A 25-gauge needle connected to a PE-
50 catheter was inserted into the left renal vein to obtain the
venous blood samples.

The left kidney was then denervated by cutting all visible
nerves entering the renal hilus, removing the adventitia from
the renal artery and vein, and applying 10% phenol in ethanol
to the vessels for 30 min. Intense care was taken to protect the
kidney and the adjacent tissue from the detrimental effects of
phenol. In the control animals, the sham-operation was
accomplished by leaving the left kidney innervated, and
saline instead of phenol was placed around the renal vessels.
The clearance study was started 1 h after surgery when the
physiological status of the rats became stable.

Determination of the Renal Functions

BP was monitored with a pressure transducer (Gould, Cleve-
land, USA). Urine was collected into preweighed tubes dur-
ing three 40-min experimental periods and the urine volume
(UV) was determined gravimetrically. Arterial and venous
blood samples were taken at the midpoint of each period.
Polyfructosan and electrolyte concentrations in the plasma
and the urine were measured by the anthrone method (17) and
by a flame photometer (Model 775; Hitachi, Tokyo, Japan),
respectively. Each measurement was made in duplicate. The
glomerular filtration rate (GFR) was derived from the poly-
fructosan clearance and other renal parameters were calcu-
lated as previously described in detail (18).
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Renal Norepinephrine Content

At the end of the experiment and 3.5 h after the initiation of
the denervation procedures, the operated left kidney was rap-
idly removed for the analysis of the NE content. The right
kidney was concomitantly harvested and used as a control.
Both kidneys were rapidly decapsuled, weighed and placed in
an ice-cold solution containing 0.4 Eq/L perchloric acid–
0.1% EDTA sodium metabisulfite. The kidney samples were
then stored at −70°C until measurement. For the NE measure-
ment, the samples were homogenized on ice and the protein
was removed by centrifugation. The supernatants were then
applied to a full-automatic catecholamine analyzer (HLC-
725CA II; Tosoh Inc., Tamaguchi, Japan) (19). The results
were represented as nmol/g kidney weight (g KW).

The NE turnover rate was calculated according to the
method originally described by Brodie et al. (20) and used
more recently by Caplea et al. (5).

Statistical Analysis

Values are expressed as the mean±SEM. Student’s t-test was
used for sham vs. denervation comparisons for each of the
four strains. Analysis of variance, with Scheffe’s post-hoc test
applied when appropriate, was performed for the comparison
of the four strains under the sham-treated conditions. Statistic
analysis was conducted with StatView (SAS Institute Inc.,
Cary, USA). Values of p<0.05 were considered to be statisti-
cally significant.

Results

In both the sham-operated and the denervated groups, the
ages and hematocrit levels were not significantly different
among the four rat strains (Table 1). The hematocrit was sta-

ble throughout the experiment. The kidney weight and the
body weight were comparable between the rats with a com-
mon genetic background, while both weights were signifi-
cantly smaller in the two SHRSP-based strains than in WKY.
The ratio of the kidney weight to the body weight, however,
was not significantly different among the strains.

Mean blood pressure (MBP) was not affected by the uni-
lateral renal denervation (Table 1). Further, no significant
difference in MBP was observed between SHRSP and
SHRSPwch1.0, nor between WKY and WKYpch1.0 at the
ages used in this study. By contrast, the MBP was signifi-
cantly higher in the two SHRSP-based strains than in the
WKY-based strains even at this age (Table 1).

As illustrated in Fig. 1A, the NE content in the sham-oper-
ated kidney was greater in SHRSP than in WKY, which was
consistent with previous reports (21). The renal NE contents
in the two reciprocal congenic strains were between those in
SHRSP and WKY. The difference was statistically significant
both between SHRSPwch1.0 and SHRSP, and between
WKYpch1.0 and WKY. This observation clearly indicated
that the chr-1 QTL had a substantial effect on the renal NE
content. The NE level in the sham-operated left kidneys was
comparable with that in the right ones, indicating that this
experimental manipulation per se did not affect the RSNA
(data not shown). To estimate the effects of anesthesia, the
renal NE contents were determined in the rats euthanized with
carbon dioxide. The results from kidneys harvested immedi-
ately after euthanasia confirmed the inter-strain difference in
the renal NE content (179.3±13.6, 108.5±5.1, 88.6±7.3 and
61.0±3.2 nmol/g KW in the SHRSP, SHRSPwch1.0,
WKYpch1.0 and WKY, respectively; n=5).

 Figure 1 summarizes the parameters for the renal function
in the four strains of rats with or without denervation. Under
the innervated condition (see open columns in Fig. 1), signif-
icant differences between WKY and SHRSP were observed

Table 1. Physiological Characteristics of the Rats Used in the Experiment

SHRSP SHRSPwch1.0 WKYpch1.0 WKY

Sham DN Sham DN Sham DN Sham DN

Age (weeks) 6.8±0.4 6.8±0.3 6.9±0.3 7.0±0.3 7.1±0.3 7.1±0.4 7.2±0.2 7.3±0.2
Hct (%)

Before-exp 46±0.9 44±1.3 46±0.5 47±0.6 43±0.8 43±0.6 44±0.9 44±0.8
During-exp 46±0.3 46±1.3 47±0.2 48±0.5 43±1.2 44±0.9 45±1.2 45±1.1

BW (g) 152±15* 157±14 152±13* 153±7 179±12 171±14 197±11 198±5
KW (mg) 670±50* 720±70 640±40* 660±20 750±40 740±50 830±40 820±30
KW/BW (mg/g) 4.4±0.2 4.6±0.1 4.2±0.1 4.3±0.1 4.2±0.1 4.4±0.1 4.2±0.1 4.2±0.1
MBP (mmHg)

Before-exp 146±7*,† 141±7*,† 143±4*,† 144±3*,† 119±3 118±4 118±2 119±2
During-exp 143±6*,† 138±8*,† 138±3*,† 137±3*,† 115±2 112±4 117±2 115±2

n 6 6 7 7 7 7 6 6

Values are mean±SEM. Sham, the sham-operated rats; DN, the denervated rats; Hct, hematocrit; before-exp, the value measured just
before the experiment started; during-exp, the average during the experiment period; BW and KW, body and kidney weight, respec-
tively; MBP, mean blood pressure. *p<0.05 vs. WKY sham group. †p<0.05 vs. WKYpch1.0 sham group.
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in renal blood flow (RBF), RVR, filtration fraction (FF) and
UV (§ in Fig. 1), which was consistent with previous reports

(22). No difference in urinary sodium excretion (UNaV) or
fractional excretion of sodium (FENa) was observed between

Fig. 1. The renal NE content and renal functional parameters in the reciprocal congenic and the parental strains with and with-
out renal denervation. The columns and the vertical bars represent the mean and the standard error of the mean. The open and
shaded columns represent the sham-operated and denervated kidney, respectively. RBF, renal blood flow; RVR, renal vascular
resistance; GFR, glomerular filtration rate; FF, filtration fraction; UNaV, urinary sodium excretion; UV, urine volume; FENa,
fractional excretion of sodium; SP, SHRSP; SPwch1.0, SHRSPwch1.0. See text for the abbreviations of the strains. *p<0.05,
significantly different from the corresponding sham-operated control. §p<0.05, sham-operated SHRSP vs. sham-operated WKY.
†p<0.05, sham-operated SHRSPwch1.0 vs. sham-operated SHRSP. ¶p<0.05, sham-operated WKYpch1.0 vs. sham-operated
WKY.
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the two parental strains, indicating that the sodium handling
in SHRSP was comparable with that in WKY under the inner-
vated condition.

The exchange of the chr-1 QTL region between the parental
strains elicited significant reciprocal changes in RBF, RVR
and FF († and ¶ in Fig. 1). By contrast, GFR and UV were sig-
nificantly different only between SHRSP and SHRSPwch1.0.
Since no significant difference in GFR was observed between
the two parental strains, the physiological importance of the
greater GFR in SHRSPwch1.0 is not clear at the moment.

Under the denervation (shaded columns in Fig. 1), the renal
NE content was significantly reduced in all four strains (Fig.
1A). As such, the calculated NE turnover rates were
42.5±6.1, 14.6±2.8, 17.5±3.3 and 6.9±0.8 nmol/g KW/h for
SHRSP, SHRSPwch1.0, WKYpch1.0 and WKY, respec-
tively. Between the innervated and the denervated conditions,
however, significant changes of RBF, RVR, FF, UV, UNaV
and FENa were observed only in SHRSP and WKYpch1.0
(✽ in Fig. 1). The denervation did not cause significant
changes in GFR in any of the four rat strains. The patterns of
response to the sympathetic denervation in the studied strains
are summarized in Table 2.

Discussion

In this communication, we conducted a comprehensive study
to evaluate the effects of the chr-1 QTL region on renal func-
tions in the reciprocal congenic strains between SHRSP and
WKY. This extended our previous observation on adult WKY
and WKYpch1.0 substantially (22) by indicating that, even in
the early developing stage of hypertension, the alteration of
the renal response to the sympathetic regulation was largely
dependent on the target QTL region and not on the genetic
background of the rats.

To avoid secondary BP effects, including the renal sclerosis
found in adult SHRSP (23, 24), we employed relatively
young rats in the experiment. However, due to the technical
difficulties posed by the small body sizes of very young rats,
we used rats of 6 to 8 weeks of age. At this age, SHRSP rap-
idly develop hypertension (15, 16). Accordingly, a significant
difference in BP was observed between the SHRSP-based and

the WKY-based strains, while BP was not different between
the two SHRSP-based strains nor between the two WKY-
based strains. Consequently, the effects of different BP could
at least be excluded when making comparisons between
SHRSP and SHRSPwch1.0 and between WKY and
WKYpch1.0 under our experimental conditions (Table 1). In
this study, we therefore focused on the reciprocal changes in
phenotypes observed between the two pairs of strains, WKY
vs. WKYpch1.0 and SHRSP vs. SHRSPwch1.0.

The major findings of the study were: 1) the congenic trans-
fer of the QTL region influenced the renal NE content, RBF,
RVR, FF and UV; and 2) the effects of the denervation on the
renal parameters were observed only in SHRSP and
WKYpch1.0, both of which bear the SHRSP-fragment of the
chr-1 QTL region.

The renal NE content was greater in SHRSP than WKY,
which was consistent with the previous findings (21). Our
study clearly illustrated a major effect of the chr-1 QTL on
this phenotype, which was independent of the genetic back-
ground. This contrasted well with the case of BP per se; in the
adult congenic strains, BP was only marginally different
between WKYpch1.0 and WKY (7, 22), but was significantly
lower in SHRSPwch1.0 compared to SHRSP (11, 12). This
means that BP is a more “remote” phenotype under more
complex control by a number of genetic and environmental
factors. This in turn suggests that the renal NE content may be
a good intermediate phenotype for the chr-1 QTL (10).

The renal NE content represented the density and/or the
activity of the sympathetic nerves in the kidney. In this study,
we obtained the kidney samples for NE measurement approx-
imately 3.5 h after the denervation (i.e., at the end of the phys-
iological experiment under the denervated condition). Under
this condition, the denervation elicited significant decreases
of the NE levels in all four of the strains compared to the level
of the sham-operated controls. Caplea et al. showed in their
recent communication that the chemical denervation caused a
time-dependent log-linear reduction of the renal NE content
up to 6 h, which could be used to calculate the NE turnover
rate (5). Based on their work, the NE turnover rates were pro-
visionally calculated in the present study. Although we did
not confirm the linearity of the reduction in our experiments,

Table 2. Effects of the Denervation on the Renal Vascular and Tubular Functions

SHRSP SHRSPwch1.0 WKYpch1.0 WKY

Chr-1 QTL SHRSP WKY SHRSP WKY

Genetic background SHRSP SHRSP WKY WKY

MBP no change no change no change no change
RVR ↓ no change ↓ no change
GFR no change no change no change no change
FENa ↑ no change ↑ no change

Increase (↑), decrease (↓) and no change in each parameter due to the denervation are indicated. SHRSP, stroke-prone spontaneously
hypertensive rat; WKY, Wistar-Kyoto rat; chr-1, chromosome 1; QTL, quantitative trait locus; MBP, mean blood pressure; RVR, renal
vascular resisitance; GFR, glomerular filtration rate; FENa, urinary sodium excretion.
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the estimates for SHRSP and WKY were in good agreement
with those reported previously (16, 21). These results sug-
gested that RSNA was different among the four strains (25).
The idea that RSNA differed among the strains was further
supported by the findings of Iigaya et al., who observed an
elevated neuronal activity in the rostral ventrolateral medulla,
the sympathetic center, of WKYpch1.0 when compared with
WKY (26). Further, Yamazato et al. actually indicated that
RSNA was greater in WKYpch1.0 than WKY (9). These
observations together with our results suggest the genetic
influence of the chr-1 QTL on RSNA.

Recent reports have indicated that the augmented super-
oxide production in the brain stem might be responsible for
the activation of the SNS and contribute to the elevation of BP
in SHRSP (27–29). It would be of interest to measure the oxi-
dative stress and the NADPH oxidase activity in the brain
stem of the reciprocal congenic strains studied in the present
report.

The difference in RVR probably reflected the difference of
the SNS activity among the strains; NE is a potent vasocon-
strictor and has been shown to be involved in the increased
RVR in SHR (30). Further, the aggravated renal vasoconstric-
tion is suggested to be a key pathomechanism for the develop-
ment of hypertension in SHR (31, 32) and SHRSP (33).
Consistent with these reports, the RVR was greater in SHRSP
and SHRSPwch1.0, both of which were phenotypically
hypertensive, than in WKYpch1.0 and WKY. Although the
BP was similar between the two pairs of strains at the age
used in the study, the RVR was 36±3% lower in
SHRSPwch1.0 than in SHRSP, while it was 17±2% higher in
WKYpch1.0 than in WKY. This difference in RVR at this age
might contribute to the BP difference observed in the older
rats (7, 11, 22). These observations again suggested the com-
plex makeup of the phenotype of BP in these strains.

The kidney participates in the genesis of hypertension
through the excessive retention of water and sodium due to
the enhanced tubular reabsorption (34). In this study, how-
ever, no inter-strain difference was identified in either UNaV
or FENa under the innervated condition. Instead, the denerva-
tion elicited significant increases in UNaV and FENa only in
SHRSP and WKYpch1.0, suggesting that the sympathetic
drive of the sodium reabsorption in the renal tubules was
greater in the strains carrying the SHRSP-derived fragment of
the QTL. The effect of the renal denervation in SHRSP was
consistent with the previous observation in SHR (35), and the
lack of natriuresis after the acute denervation in WKY also
echoed previous studies (22, 36, 37). Such a difference in the
tubular responsiveness to the denervation could not be
explained fully by the greater RSNA in SHRSP and the con-
genic strain, because WKYpch1.0 did not necessarily show a
greater RSNA than SHRSPwch1.0. The fact that multiple sys-
tems coordinately regulate the tubular function (38) implies
that the chr-1 QTL modulated the relative importance of the
SNS in the regulatory systems of the tubular function. Alter-
natively, a currently unknown system in the WKY may com-

pensate for the acute withdrawal of neural control and
account for the unaltered tubular function in the denervated
WKY and SHRSPwch1.0. Exactly the same “lack of
response” to the denervation was observed in RVR (Fig. 1C),
and at present we are limited to interpreting these identical
phenomena in the same way.

If the levels of renal sodium absorption were identical
under the innervated condition, how did renal sodium contrib-
ute to the difference in BP among the four strains studied?
There are two possible interpretations. 1) Renal sodium did
not make any bona fide contribution. In the QTL region, the
genes responsible for hypertension and for the tubular respon-
siveness are separately located. 2) The anesthesia may have
affected the neural influence on the renal hemodynamics, as
the renal NE contents were higher in the unanesthetized rats
than in the anesthetized ones. Conscious rats may have
greater sympathetic tone due to a variety of environmental
stresses, which may induce larger sodium reabsorption and
later result in hypertension in the adult rats. Although the lat-
ter hypothesis is an attractive explanation for the difference in
BP between SHRSP and SHRSPwch1.0, it can not provide a
satisfactory explanation for the marginal BP difference
between WKY and WKYpch1.0. Additional genetic compo-
nents in the background genome may be essential to obtain an
unequivocal increase of BP in WKYpch1.0. Regarding the
complexity of the BP regulation in vivo, it will be necessary to
carefully evaluate the intermediate phenotypes before reach-
ing a conclusion.

As the congenic region is still quite large and expected to
contain hundreds of genes, it is extremely difficult to select
the “right” candidate genes. The present findings should pro-
vide an important clue to selecting proper candidate genes in
the region. In this respect, a group of genes potentially affect-
ing the structure and/or the activity of the SNS, such as Calca,
Arix, Homer-2 and Arrb1, would be interesting candidates.
Nevertheless, it is important that the present study proposed a
target organ through the physiological study of congenic rats.
When comprehensive transcriptome analyses are planned, it
is important to select proper target organs and proper devel-
opment stages to study, which is not always an easy task in
hypertension (39). This ambiguity of the primary target
organs may hamper proper interpretations of comprehensive
transcriptome analysis (40). In this regard, the present study
provides useful information by suggesting that the organs
involved in the SNS are good targets for transcriptome analy-
sis.

A combination of two strategies is essential to track down
the genes responsible for hypertension: 1) the use of a series
of congenic substrains that carry a smaller segment of the
QTL region, and 2) the exploration of the intermediate pheno-
types in the congenic strains. Applying this methodology, a
region of 12.8 cM on chr-1 that is responsible for impaired
autoregulation of RBF in a hypertensive rat was recently
located (41). Future studies using the chr-1 congenic sub-
strains and focusing on the sympathorenal interaction may
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thus be of help in the search for causative genes of hyperten-
sion.
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