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Genetic Effects of Blood Pressure Quantitative Trait 
Loci on Hypertension-Related Organ Damage: 

Evaluation Using Multiple Congenic Strains
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Junichi MASUDA4), and Toru NABIKA2)

On rat chromosome 1, quantitative trait loci (QTLs) for susceptibility to hypertension-related renal diseases

and cerebral stroke are identified in a cluster, some of which have been previously claimed to be independ-

ent of hypertension. In this study, we therefore attempted to excise genomic regions contributing to salt-

induced renal damage and cerebral stroke using five congenic rats for blood pressure QTL on chromosome

1, which were constructed between SHRSP/Izm and WKY/Izm. Male rats from the five strains with different

congenic segments of chromosome 1 were used in these experiments. All congenic strains harbored a frag-

ment derived from Wistar-Kyoto (WKY) rats in the background of stroke-prone spontaneously hypertensive

rat (SHRSP). Salt-loading was initiated using 1% NaCl in the drinking water when the rats were 12 week old.

Histopathological evaluation of glomerulosclerosis, measurement of urinary albumin excretion, cumulative

incidence of cerebral stroke and measurement of blood pressure were performed after 2 to 5 weeks of salt-

loading. Substantial differences in the severity of renal damage and the incidence of cerebral stroke were

observed among the five congenic strains. The cumulative incidence of cerebral stroke correlated well with

the basal blood pressures of the congenic strains measured before salt-loading (Pearson’s r=0.97,

p=0.006), suggesting a substantial influence of blood pressure on the incidence of stroke. In contrast, the

severity of glomerulosclerosis did not have a significant correlation with basal blood pressure. These

results suggest that a gene (or genes) contributing to salt-induced renal damage is located in this chromo-

somal region. (Hypertens Res 2008; 31: 1773–1779)
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Introduction

The stroke-prone spontaneously hypertensive rat (SHRSP) is
a genetic model for hypertension and hypertension-related
disorders such as cerebral stroke and renal failure (1–3). In
previous genetic studies using SHRSP and Wistar-Kyoto
(WKY) rats, we identified a potent quantitative trait locus

(QTL) for blood pressure on rat chromosome (Chr) 1 (4, 5),
which was then confirmed in congenic strains (6).

Interestingly, several QTLs for renal damage as well as
cerebral stroke and blood pressure were found clustering on
Chr 1 of different hypertensive strains (2, 7–13). Further-
more, some QTLs for renal damage and cerebral stroke were
claimed to be independent of high blood pressure, implying
the existence of a particular genetic susceptibility to those

From the 1)Central Laboratory of the University Hospital, 2)Department of Functional Pathology, 3)Laboratory of Surgical Pathology, and 4)Department of

Laboratory Medicine, Shimane University School of Medicine, Izumo, Japan.

This study was partly supported by a grant from Japan Science and Technology Agency.

Address for Reprints: Riruke Maruyama, M.D., Laboratory of Surgical Pathology, the University Hospital, Shimane University School of Medicine,

Izumo 693–8501, Japan. E-mail: hm5995@med.shimane-u.ac.jp

Received April 20, 2008; Accepted in revised form June 2, 2008.



1774 Hypertens Res Vol. 31, No. 9 (2008)

vascular disorders in this region (11, 14, 15). Accordingly, it
is of interest whether the QTLs for susceptibility to such dis-
orders can be separated from that for blood pressure.

In the present study, we employed five congenic strains
harboring different regions of the Chr-1 QTL to examine
whether any differences in the incidence of cerebral stroke or
the severity of renal damage were observed among the strains.
We found that the incidence of cerebral stroke correlated well
with blood pressure among the congenic strains, while the
severity of renal damage did not, suggesting an independent
genetic factor for renal damage in this region.

Methods

Animals

SHRSP/Izm rats were provided by the Disease Model Coop-
erative Research Association (Kyoto, Japan). A congenic
strain for the Chr-1 blood pressure QTL, SHRSP.WKY-
(D1Wox29-D1Arb21)/Izm (abbreviated as SHRSPwch1.0),
was constructed as previously described (16). Four additional
congenic strains harboring different chromosomal regions
were constructed from SHRSP.WKY-(Klk1-D1Rat116)/Izm
in the same way (6, 16); briefly, this congenic strain was
backcrossed with SHRSP, and the resulting F1 rats were inter-
crossed to obtain the F2 generation. Recombinant individuals
in the F2 generation were selected by typing simple sequence
markers located in the QTL (17), and homozygotes were
obtained through brother-sister mating. In the present study,
we employed four congenic strains, in addition to
SHRSPwch1.0, as indicated in Fig. 1; they were
SHRSP.WKY-(D1Rat44-D1Arb21)/Izm (SHRSPwch1.5),
SHRSP.WKY-(Apbb1-D1Arb21)/Izm (SHRSPwch1.8),
SHRSP.WKY-(D1Mgh5-D1Rat44)/Izm (SHRSPwch1.9),
and SHRSP.WKY-(D1Mgh5-D1Wox29)/Izm
(SHRSPwch1.11). Information about the strains is available
at the website of the National Bio-Resource Project for the
Rat (http://www.anim.med.kyoto-u.ac.jp/nbr/home.htm/).

Male rats at 12 weeks of age were used in all experiments.
All rats were fed with a “stroke-permissive” diet (Funabashi,
Funabashi, Japan) ad libitium. The experimental protocol was
approved by the local Ethics Committee for Animal Study of
Shimane University School of Medicine.

Salt-Loading

At 12 weeks of age, drinking water was changed to 1%
sodium chloride solution until the end of the experiments.
Blood pressure was measured with the tail-cuff method (BP-
98A, Softron Corp., Tokyo, Japan) before and after 2 weeks
of salt-loading.

Evaluation of Phenotypes

During salt-loading, symptoms of cerebral stroke were

assessed in individual rats every day. When paralysis, akine-
sia, spastic movements, urinary incontinence, and rapid loss
of body weight and grooming were observed, rats were diag-
nosed with cerebral stroke. After rats were sacrificed, the
brain was quickly removed and stained with 4% 2,3,5-triphe-
nyl-tetrazolium chloride to confirm infarcted regions. The
experiment was censored after 5 weeks of salt-loading.
Twenty to 35 rats from each strain were used in the experi-
ment. Evaluation of stroke latency was performed separately
from the evaluation of renal injury described below.

In the morphological study of the kidney, rats were sacri-
ficed after 4 weeks of salt-loading. Bilateral kidneys were
fixed in 10% PBS-buffered formalin, and axial slices were
embedded in paraffin for light microscopy. We examined 50
to 70 glomeruli in each rat to evaluate the severity of glomer-
uloscrelosis. Each glomerulus was classified into three cate-
gories, mild (<10%), moderate (10 to 70%) and severe
(>70%), according to the size of the sclerotic area. The num-
bers of glomeruli with moderate to severe changes were
counted by two independent pathologists. Percentages of
damaged glomeruli were calculated, and averaged values for
the observations by the two pathologists were used in the
analysis.

Measurement of urinary albumin was performed before and
after 2 weeks of salt-loading. Urine was collected in a meta-
bolic cage for 24 h. During the collection, rats were free to
access food and 1% salt solution ad libitum. Albumin was
quantified with an EIA kit (NEPHRAT II; Exocell, Philadel-
phia, USA).

Fig. 1. Genetic profiles of the five congenic strains. Shaded
columns indicate WKY-derived chromosomal fragments
introgressed into the SHRSP background. Vertical lines indi-
cate regions having recombination.



Ishikawa et al: Effects of Blood Pressure QTL on Organ Damage 1775

Statistical Analysis

Data are shown as the means±SD. The numbers of rats used
in each experiment are shown in the figures. ANOVA was
applied to examine the inter-strain difference of the measures.
The log-rank test was used in the analysis of the cumulative
stroke incidence with Bonferroni’s correction. Correlations
between the parameters were examined using Pearson’s r.

Results

Figure 2 shows blood pressures before and after 2 weeks of
salt-loading. “Basal” blood pressure before salt-loading was
significantly lower in all congenic strains, except
SHRSPwch1.8, than in SHRSP (by Dunnett’s post-hoc test).
This difference, however, disappeared after 2 weeks of salt-
loading. The significant increase in blood pressure by salt-
loading was observed in four of the congenic strains, while
the increase in SHRSPwch1.5 was not significant (p=0.16 by
the one-tail t-test). In fact, the difference in blood pressure
was rather small in SHRSPwch1.5 (7.5 mmHg) in compari-
son to other congenic strains (for example, 25 mmHg differ-
ence in SHRSPwch1.0). In SHRSP, a significant increase in
blood pressure was not observed after salt-loading. This was
most likely because they had already suffered cerebral stroke
at this time. These results indicated 1) that a chromosomal
region represented by SHRSPwch1.8 did not harbor a major
gene responsible for hypertension, and 2) that SHRSPwch1.5
was the only strain that did not show salt-sensitivity.

Another interesting observation was that SHRSPwch1.9
showed the lowest blood pressure among the congenic
strains; the congenic fragment of this strain included the chro-
mosomal area outside of the 100:1 confidence interval of the
original QTL that was covered by SHRSPwch1.0. This
implied that additional genes responsible for hypertension

were located outside the Chr-1 QTL, which was supported by
the observation that SHRSPwch1.11, covering the region out-
side the QTL (Fig. 1), had as low a blood pressure as that in
SHRSPwch1.0 (Fig. 2).

Figure 3 indicates the cumulative incidence of cerebral
stroke in the congenic strains. When compared with SHRSP,
the four congenic strains showed significantly greater stroke
latencies (p<0.0001 by the log rank test), except
SHRSPwch1.8, which showed a marginal significance
(p=0.008, the significance threshold became p<0.01 after
the Bonferroni’s correction).

Comparison among the congenic strains indicated no sig-
nificant difference between SHRSPwch1.0 and 1.5 (p=0.4 by
the log rank test) and SHRSPwch1.8 and 1.5 (p=0.05), and a
marginal difference between SHRSPwch1.8 and 1.0
(p=0.01) after Bonferroni’s correction (the significant thresh-
old; p<0.005). The differences between SHRSPwch1.8 and
1.9/1.11 were highly significant (p<0.0001).

Histopathological evaluation of glomerulosclerosis is sum-
marized in Fig. 4D. The number of sclerotic glomeruli was
low in the three congenic strains, SHRSPwch1.5, 1.9 and
1.11. By contrast, SHRSPwch1.0 and 1.8 showed signifi-
cantly greater numbers of sclerotic glomeruli when compared
with that in SHRSPwch1.9, the strain with the least glomeru-
losclerosis (by Dunnett’s post-hoc test). A large portion of
SHRSPwch1.8 died of cerebral stroke during salt-loading.
Accordingly, the value for this strain might be biased toward
the lower end because only the survivors after 4 weeks of salt-
loading were used in the evaluation. As no SHRSP were alive
after 4 weeks of salt-loading, data after 2 weeks of salt-load-
ing are indicated for this strain.

Figure 5A indicates urine volume and urinary albumin
before and after 2 weeks of salt-loading. Although, no signif-
icant differences among the strains were observed in these
parameters, SHRSPwch1.0 and 1.8 tended to have greater

Fig. 2. Blood pressure before and after 2 weeks of salt-load-
ing. Open and shaded columns indicate blood pressure
before and after salt-loading, respectively. Error bars repre-
sent the SD. *Significantly different from SP by the Dunnet’s
post-hoc test. †Significantly different from the blood pressure
before salt-loading by the one-tail t-test. Twenty to 37 rats
were used in each measurement, except for SHRSP where
eight were used.

Fig. 3. Cumulative incidence of stroke during salt-loading.
Statistical significance of the inter-strain difference was dis-
cussed in Results. Twenty to 37 rats of each strain were used
in the experiment.
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albumin excretion after 2 weeks of salt-loading. This was
consistent with the morphological evaluation of glomerular
damage as indicated in Fig. 5B. As such, the severity of glom-
erulosclerosis correlated well with urinary albumin excretion
after salt-loading.

The different amounts of salt intake among the strains
might affect their blood pressure and the severity of renal
damage. However, intake of salt water did not differ signifi-
cantly among the congenic strains when estimated with the
urine volume for 24 h (closed columns in the lower panel of
Fig. 5A). Under the ordinary situation, urine volume was
expected to be matched to intake volume (18).

Correlations of various parameters with basal blood pres-
sure are summarized in Fig. 6. Stroke was indicated as the
cumulative incidence of cerebral stroke after 5 weeks of salt-
loading. This parameter for stroke susceptibility showed a
good correlation with basal blood pressure (r=0.97,
p=0.006), while no significant correlation with basal blood
pressure was observed on blood pressure after salt-loading,
the severity of glomerulosclerosis, or urinary albumin excre-
tion after salt-loading. Of note, SHRSPwch1.0 showed the
most severe glomerular damage as well as albuminuria when

compared with other strains in spite of its modest hyperten-
sion, suggesting additional genetic factors for renal damage
independent of high blood pressure.

Discussion

In this study, the effects of blood pressure on renal damage
and cerebral stroke were evaluated in five congenic strains for
blood pressure QTL on Chr 1. We hypothesized that, when
additional genetic factors for such organ damage were located
in this chromosomal region, it was possible to find dissocia-
tion between the severity of organ damage and blood pres-
sure. If, on the other hand, blood pressure is a major
determinant for organ damage, a good correlation between
blood pressure and the severity of organ damage is expected.

In fact, the results indicate a good correlation between
cumulative stroke incidence and basal blood pressure, sug-
gesting a major role of blood pressure on cerebral stroke in
these congenic strains. By contrast, the renal damage evalu-
ated by the severity of glomerulosclerosis and albuminuria
did not show a significant correlation with blood pressure,
implying that additional genetic factors independent of blood

Fig. 4. Histological evaluation of glomerulosclerosis. A–C: Typical histology of a glomerulus with mild, moderate and severe
sclerotic change, respectively. D: Prevalence of glomeruli with moderate to severe sclerosis was indicated with columns. Error
bars represent the SD. The evaluation was performed after 4 weeks of salt-loading in the five congenic strains and after 2 weeks
of salt-loading in SHRSP. Twelve to 41 rats were used in the evaluation. Because of the difference in salt-loading duration, SP
was not included in the statistical examination. *Significantly different from SHRSPwch1.9 by the Dunnett’s post-hoc test.
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pressure located in this chromosomal region.
Rubattu et al. reported a QTL for the latency of salt-

induced stroke on Chr 1, which overlaps with the congenic
region we examined in this study (11). As they used SHRSP
and SHR of the Heidelberg colony in the construction of F2

and congenic strains, and as they observed no significant dif-
ference in blood pressure of these two strains, the QTL they
identified on Chr 1 seemed to influence the stroke-latency
independently of blood pressure (11). This observation was
further confirmed with the study on congenic strains (14). On
the contrary, the present observation suggested that blood
pressure was a major determinant of stroke susceptibility in
the congenic strains examined. This discrepancy may be due
to the difference in the colonies (Izumo vs. Heidelberg), or in
the pairs of rats (SHRSP and WKY vs. SHRSP and SHR)
used in the two studies. The congenic strains we constructed
had WKY-derived fragments on the SHRSP background, and
therefore were expected to show a greater variance in blood
pressure among the congenic strains. This large variance in
blood pressure might eclipse additional genetic influences on
stroke susceptibility.

In contrast to cerebral stroke, blood pressure did not have a
clear influence on renal damage. Figure 6 indicates that the
severity of glomerulosclerosis and albuminuria after salt-
loading was not correlated significantly with basal blood
pressure. Blood pressure after 2 weeks of salt-loading was not
correlated significantly with the severity of the renal damage

either (data not shown). Of note, SHRSPwch1.0 showed the
most severe renal damage when evaluated both with the mor-
phology and albuminuria, although its blood pressure was in
the median of those in the five congenic strains (indicated
also in Fig. 4B). SHRSPwch1.5, on the other hand, showed a
lower incidence of glomerulosclerosis and a lower level of
albuminuria even though its blood pressure was comparable
with that of SHRSPwch1.0. SHRSPwch1.0 might have an
additional susceptibility gene for salt-induced renal damage.
If this is the case, the WKY-fragment between D1Wox29 and
D1Rat44 includes the responsible gene(s). In this regard, it is
interesting that a QTL named “Rf-2” for albuminuria was
identified in Fawn-Hooded Hypertensive (FHH) rats, which
was in the middle of the questionable region (15). Later, Ran-
gel-Filho et al. identified a strong candidate for this QTL,
Rab38, which had a null mutation in FHH (19). However, as
this mutation was found only in substrains of the Long-Evans
rat (20), albuminuria observed in SHRSPwch1.0 might not be
due to this gene. Furthermore, the situation was more compli-
cated than expected since SHRSPwch1.9 was resistant to salt-
induced renal damage even though this strain had the WKY-
fragment of the questionable region (Fig. 1). It may be neces-
sary to assume that there are additional genes protective
against the renal damage in the WKY-fragment of the region
between D1Mgh5 and D1Wox29. Alternatively, further
reduction in blood pressure in this strain might protect against
the progression of renal damage in spite of sharing the sus-

Fig. 5. Urinary albumin excretion. A: Urine volume (lower) and urinary albumin excretion (upper) for 24 h before (open col-
umns) and after (closed columns) 2 weeks of salt-loading are shown. Error bars indicate SD. Six to 9 rats of each strain were
used, except SHRSPwch1.8 for which two were used. Shaded columns for SHRSP show the values after 1 week of salt-loading.
B: Correlation between the severity of albuminuria and glomerulosclerosis. u-Alb, urinary albumin.
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ceptibility gene(s) for this type of damage. Further investiga-
tion is warranted on the precise locus responsible for the renal
damage observed in SHRSPwch1.0.

Radiotelemetry can monitor blood pressure continuously in
rats moving freely, and thus has become a standard method to
estimate blood pressure. However, it is sometimes practically
difficult to obtain telemetry data from sufficient numbers of
rats because of the cost. In this study, we therefore applied the
conventional tail-cuff method carefully. An apparatus that
gave less stress to rats was employed (21), a skilled investiga-
tor took measurements at least five times to obtain reliable
values, and more than 20 rats of each strain were used in the
experiment. A good correlation between the blood pressure

measured with the indirect and the direct method was
reported in a previous study (21). Therefore, it is an important
future issue to evaluate the blood pressure of all congenic
strains with radiotelemetry under unrestrained conditions.

QTL analyses and studies on congenic rats have identified
the susceptibility loci for renal damage located on Chr 1 in
FHH (18), Munich Wistar Froemter rats (7), Sabra Hyperten-
sive rats (SBH) (9), Dahl salt-sensitive rats (8), SHR (22) and
SHRSP (2). However, these regions did not overlap with the
region examined in the present study except for the “Rf-2”
locus discussed above (15) and a large consomic region
examined in SBH (9). At the moment, it is quite difficult
to deduce candidate genes for the renal damage in
SHRSPwch1.0 because of the lack of information on the eti-
ology. Thus, the susceptibility to renal damage may be due to
exaggerated salt-appetite, rapid and large increases in blood
pressure induced by salt-loading or inadequate responsive-
ness of the kidney to salt-loading. Further studies to identify
the mechanisms of salt-induced renal damage in
SHRSPwch1.0 are warranted.

Finally, SHRSPwch1.0 may be useful as an experimental
model for chronic kidney disease (CKD). As SHR is known
to be quite resistant to salt-induced renal damage (3), and as
SHRSP suffers from cerebral stroke in the early stage of salt-
loading, this congenic strain in combination with a “salt-resis-
tant” strain, SHRSPwch1.5, may provide a unique experi-
mental tool for studies on the pathophysiology and
application of therapeutics for CKD.
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