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Abstract
To test the hypothesis that genetic factors can determine
susceptibility to hypertension-induced renal damage, we derived an experimental animal model in which two genetically different yet histocompatible kidneys are chronically and
simultaneously exposed to the same blood pressure profile
and metabolic environment within the same host. Kidneys
from normotensive Brown Norway rats were transplanted
into unilaterally nephrectomized spontaneously hypertensive
rats (SHR-RT1.N strain) that harbor the major histocompatibility complex of the Brown Norway strain. 25 d after
the induction of severe hypertension with deoxycorticosterone acetate and salt, proteinuria, impaired glomerular filtration rate, and extensive vascular and glomerular injury
were observed in the Brown Norway donor kidneys, but
not in the SHR-RT1.N kidneys. Control experiments demonstrated that the strain differences in kidney damage
could not be attributed to effects of transplantation-induced
renal injury, immunologic rejection phenomena, or preexisting strain differences in blood pressure. These studies (a)
demonstrate that the kidney of the normotensive Brown
Norway rat is inherently much more susceptible to hypertension-induced damage than is the kidney of the spontaneously hypertensive rat, and (b) establish the feasibility of using
organ-specific genome transplants to map genes expressed
in the kidney that determine susceptibility to hypertensioninduced renal injury in the rat. (J. Clin. Invest. 1997. 100:
1373–1382.) Key words: glomerulosclerosis • nephrosclerosis • genetics • kidney transplantation • congenic rat strains

Introduction
One of the key questions in hypertension research is why
nephrosclerosis occurs in some patients with high blood pressure, but not in others. Although the extent to which mild to
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moderate hypertension can initiate renal damage is unclear, it
is well-established that malignant hypertension can induce renal failure and that mild to moderate hypertension can accelerate the progression of renal disease (1–4). A number of environmental, disease, and treatment variables may affect the risk
for hypertension-induced or accelerated renal disease. It is
also widely believed, however, that genetic factors play an important role in susceptibility to hypertension-induced or accelerated renal damage (5–7). In humans, the evidence that genetic
factors might affect susceptibility to hypertension-induced or
accelerated renal injury is based largely on the finding of different rates of hypertension-associated kidney disease in individuals from different ethnic groups presumed to have been
exposed to comparable degrees of hypertension for similar periods of time (5–7). In animal models, genetic factors are also
suspected to affect susceptibility to hypertension-induced or
accelerated renal disease (7–11).
In a strict sense, differences in the degree or frequency of
renal damage associated with high blood pressure cannot be
traced to differences in genetic susceptibility to hypertensioninduced or accelerated renal injury unless one can rigorously
control for the chronic blood pressure load on the kidneys as
well as for the many other factors that can interact with hypertension to promote renal damage (e.g., dietary factors, hyperlipidemia, hyperglycemia, etc.). Moreover, it can often be difficult to discern whether hypertension is a determinant of renal
damage or a secondary consequence of intrinsic renal disease.
Given the complex nature of the pathogenesis of target organ
damage in hypertension and the difficulty of adjusting for the
multiple variables that can influence renal function and blood
pressure, the ultimate goal of mapping specific quantitative
trait loci (QTLs)1 that determine susceptibility to hypertension-induced or hypertension-accelerated renal injury remains
a daunting task.
Most studies designed to investigate the role of genetic factors in susceptibility to hypertension-induced renal disease
have typically involved a small number of blood pressure measurements obtained with indirect methods over relatively short
periods of time. In humans (12) and in rats (13, 14), blood
pressure fluctuates rapidly and undergoes diurnal variations,
and there is evidence to suggest that both the amplitude and
the frequency of the blood pressure fluctuations independently
contribute to the risk for target organ damage (12–14). To
date, no study has actually identified individuals with different

1. Abbreviations used in this paper: BN rat, Brown Norway rat;
DOCA, deoxycorticosterone acetate; H&E, hematoxylin and eosin;
PAS, periodic acid Schiff; QTL, quantitative trait loci; SHR, spontaneously hypertensive rat.
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degrees or rates of hypertension-induced renal damage who
have been chronically exposed to exactly the same blood pressure load within the same environment. Moreover, many studies
have not distinguished between the condition of renal damage
induced or accelerated by hypertension versus the condition of
hypertension secondary to renal damage.
To test the hypothesis that genetic factors can determine
susceptibility to hypertension-induced renal damage, we have
applied state-of-the-art kidney transplantation techniques in a
congenic strain of spontaneously hypertensive rat (SHR) to
derive a novel experimental model in which two genetically
different yet histocompatible kidneys are chronically and simultaneously exposed to the same blood pressure profile and
metabolic environment within the same host. In this model, we
(a) demonstrate that the kidney of the normotensive Brown
Norway (BN) rat is inherently much more susceptible to hypertension-induced damage than is the kidney of the SHR, and
(b) have established the feasibility of using organ-specific genome transplants to begin mapping QTLs expressed in the
kidney that determine susceptibility to hypertension-induced
renal damage in the rat.

Methods
Animals and animal care. Rats of the SHR-RT1.N congenic strain
(previously referred to as SHR.1N [15]) were obtained from a colony
maintained at the University of California, San Francisco, and served
as histocompatible recipients of kidneys from normotensive BN donors. The SHR-RT1.N congenic strain was originally derived at the
Czech Academy of Sciences in Prague (15) by transferring a piece of
chromosome 20 containing the MHC of the BN strain onto the genetic background of a progenitor strain of SHR (SHR/Ola) that descended from the SHR colony at the National Institutes of Health.
This transfer was accomplished using a backcross breeding and immunogenetic phenotyping protocol in which the MHC of the SHR
(RT1.K haplotype) was replaced with the MHC of the BN-Lx rat
(RT1.N haplotype). SHR-RT1.N animals of the N14F22 generation
were used in this study. Based on the number of backcross generations and a preliminary assessment of molecular markers within and
flanking the MHC (Tnfa, Hspa1, D20Arb548, D20Arn249, Prkacn2),
the size of the differential chromosome segment in the SHR-RT1.N
congenic strain is estimated to be z 31 cM.
BN rats were obtained from two different commercial suppliers;
Harlan Sprague Dawley Inc. (Indianapolis, IN) and Charles River
Laboratories (Wilmington, MA), to insure that the results were not
dependent on the source of the BN donor kidneys used in the transplantation experiments. SHR from Harlan Sprague Dawley Inc. were
also used in some experiments to confirm that the SHR-RT1.N congenic strain was not uniquely resistant to hypertension-induced renal
injury. All rats were cared for in accordance with the Principles of the
Guide for the Care and Use of Laboratory Animals (Department of
Health, Education, and Welfare). They were housed in a constanttemperature room with a 12-h light and 12-h dark cycle, and they had
free access to tap water with or without additional salt, and to Purina
Rodent Chow, except that food was restricted before surgery.
Experimental protocols. The basic experimental protocol involved transplantation of kidneys into unilaterally nephrectomized
recipients. This design allowed for measurement of blood pressure
and renal function, and assessment of renal histology in rats with one
transplanted kidney and one native kidney. To accelerate the development of hypertension and renal injury as described by Sesoko et al.
(16), the rats were treated with deoxycorticosterone acetate (DOCA,
by subcutaneous pellet, 100 mg/kg body wt), and were given a salt solution (1% NaCl and 0.2% KCl) to drink. Four groups of rats were
studied. In group 1, kidneys from BN donors (five females and one
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male) were transplanted into BN recipients (five females and one
male, respectively). This group served to demonstrate that the transplant procedure per se did not damage BN donor kidneys. We also
found, however, that BN rats were completely resistant to the development of DOCA-salt hypertension, and therefore, all subsequent
studies were performed using SHR or SHR-RT1.N rats as recipients.
In group 2, kidneys from SHR or SHR-RT1.N donors were transplanted into SHR or SHR-RT1.N recipients, respectively. This group
also was studied to insure that the transplant procedure did not damage donor kidneys or predispose them to hypertension-induced renal
injury. These experiments were performed in five males and three females. In group 3, kidneys from BN donors (five females and three
males) were transplanted into histocompatible SHR-RT1.N recipients (five females and three males, respectively). This group enabled
us to compare susceptibility of BN versus SHR-RT1.N kidneys within
the same hypertensive and metabolic environment. In group 4, kidneys from BN donors (six males) were transplanted into SHR-RT1.N
recipients (six males) that had been pretreated with triple antihypertensive therapy (200 mg hydralazine 1 50 mg hydrochlorothiazide 1
5 mg reserpine per liter of drinking water, as described by Bidani et
al. [17]) from weaning at 20–25 d of age. This treatment rendered the
SHR-RT1.N recipients normotensive before transplantation, and enabled us to test whether the relative resistance of SHR-RT1.N kidneys to hypertension-induced damage was dependent on prior exposure and adaptation of the SHR-RT1.N kidneys to hypertension.
Kidney transplantation. Donors and recipients were age-matched
(6–8 wk old at the time of transplantation unless stated otherwise),
and the recipients were unilaterally nephrectomized. The techniques
for harvesting and transplanting kidneys were described in detail previously (18). In brief, donors and recipients were anesthetized and
maintained on a surgical plane of anesthesia with Na pentobarbital
(initial dose z 45 mg/kg body wt, given via tail vein). The donor rat
was heparinized (100 mU in 0.1 ml, i.v.) and the left kidney was removed after it was flushed via the aorta with 5 ml of an ice-cold solution (150 mM NaCl and 200 mM mannitol, pH 6.4). The donor kidney
was kept in ice-cold flush solution while preparing the recipient: a
midline incision was made, and the left kidney was removed after
transecting the ureter near the hilum, the renal artery near its origin
(or distal to the inferior adrenal artery if it arose from the renal artery
rather than the aorta), and the renal vein near the kidney, leaving the
adrenal and spermatic/ovarian veins patent. With this method, the
circulation of both of the recipient’s adrenal glands remained intact.
The donor kidney was placed on an ice-cold cooling coil during anastomosis of the vessels; end-to-side of the donor kidney’s artery and
the recipient’s aorta, and end-to-end of the donor kidney’s and the recipient’s renal veins. The vessels were unclamped, and the cooling
coil was removed. After performing an end-to-end anastomosis of the
recipient’s and the donor kidney’s ureters, the abdominal wall was
closed with a continuous 6-0 prolene suture, the skin was closed with
interrupted 6-0 silk sutures, and the rat was put in a recovery cage
with access to food and water.
Blood pressure monitoring and induction of DOCA-salt hypertension. 7 to 14 d after transplant, the recipients were anesthetized (Na
pentobarbital, z 45 mg/kg body wt given via tail vein) and instrumented for continuous blood pressure monitoring by radiotelemetry
(13). After a 3–5-d recovery period, the recipients were housed individually in polycarbonate cages placed on radioreceivers connected
to a 486 microcomputer running the Dataquest Software Package
(Data Sciences International, Akron, OH). Pulsatile arterial blood
pressure and heart rate were recorded for a 5-s interval every 10 min
throughout the day and night for 1–2 wk. Then, except for two rats in
group 4, each rat was anesthetized (sodium pentobarbital; z 45 mg/
kg body wt given via tail vein), and a sustained delivery DOCA pellet
(Innovative Research; Sarasota, FL) was implanted subcutaneously.
After recovery, salt (1% NaCl 1 0.2% KCl) was added to the drinking water, and blood pressure monitoring was continued for 25 d.
Clearance studies. After 25 d of DOCA-salt treatment, split renal
function studies were performed using previously described clearance

techniques (13). In brief, rats were anesthetized and maintained on a
surgical plane of anesthesia with Na pentobarbital (initial dose z 45
mg/kg body wt given via tail vein). The trachea was isolated and cut
to facilitate spontaneous respiration, and a femoral vein and artery
were cannulated for intravenous infusion of solutions, and for sampling arterial blood and measuring arterial blood pressure with a
pressure transducer connected to a polygraph. A midline abdominal
incision was made, and both ureters were cannulated. Then, a priming injection of inulin was given via the femoral vein catheter (2 ml
per kg body wt of 10 g % inulin dissolved in 150 mM NaCl). This injection was followed by a continuous intravenous infusion of inulin
(0.1 ml per min of 1.9 g % inulin dissolved in 150 mM NaCl). After a
1-h equilibration period, two consecutive 30-min clearance periods
were begun. Urine was collected separately from each kidney into
preweighed micro test tubes, and arterial blood samples were collected at the clearance midpoints. The blood was centrifuged, and the
plasma and urine were frozen until analyzed as described below.
Histologic studies. At the end of the second clearance period, the
kidneys were perfusion-fixed at the ambient pressure as described
previously (17). In brief, the kidneys were perfused with 150 mM
NaCl at 388C until the venous effluent cleared, followed by modified
Karnovsky’s fixative (2% wt/vol paraformaldehyde and 2.5% glutaraldehyde in 0.1 M cacodylate buffer, pH 7.4) for 10 min. Two transverse sections of the kidney through the papilla were post-fixed in
buffered formalin and embedded in paraffin. Sections (3–4 mm) were
stained with hematoxyln and eosin (H&E) and periodic acid Schiff
(PAS). Glomerular and vascular injury were quantitated separately
in both of the sections from each kidney as previously described (17).
All of the glomeruli in each section were counted and classified as
normal or abnormal. Abnormal glomeruli were separated into those
exhibiting (a) acute hypertensive injury (necrosis, thrombosis, microembolisms and capillary wall disruption); (b) segmental glomerular
sclerosis (collapsed capillary loops with mesangial matrix expansion);
and (c) ischemic injury (globally shrunk glomeruli with collapsed capillary loops). The percentages of glomeruli exhibiting each of these
three lesions were recorded. The total number of vascular profiles exhibiting evidence of acute hypertensive injury (fibrinoid necrosis, myointimal proliferation, fragmentation of internal elastic lamellae, and
aneurysmal dilatation) was counted in each section. The number of
such vascular profiles with injury was expressed per 100 glomeruli as
a vascular injury score to correct for any differences in the amount of
renal parenchyma present in sections from individual kidneys.
Analyses, calculations, and statistics. Inulin concentrations in urine
and plasma filtrates, and protein concentration in urine, were determined by spectrophotometry (17). Inulin clearance was calculated
and taken as the GFR. Protein excretion (mg per min per ml GFR)
was calculated and taken as an index of the integrity of the glomerular capillary barrier. Renal function values obtained during the two
clearance periods were averaged. All results (blood pressure, clearance, and histology) are expressed as means6SEMs. As appropriate,
paired t tests and ANOVA with Scheffe contrasts were used to assess
the statistical significance of differences in means (19). P values ,
0.05 were considered significant.

Results
Group 1. In BN recipients of BN donor kidneys, we determined the effects of DOCA-salt treatment on blood pressure,
and investigated whether the transplant procedure itself impaired renal function or structure. As shown in Fig. 1 A, the
BN rats were remarkably resistant to the effects of DOCA-salt
treatment on blood pressure. In fact, the overall averages of
systolic blood pressure before and during administration of
DOCA-salt were virtually identical: 12663 versus 12762 mmHg, respectively. Because it was not possible to induce DOCAsalt hypertension in BN rats, we could not use BN recipients to

investigate the susceptibility of transplanted SHR versus native BN kidneys to hypertension-induced damage. In fact, administration of DOCA-salt failed to increase blood pressure,
even in unilaterally nephrectomized BN rats. Therefore, sub-

Figure 1. Blood pressure, renal function, and renal histology in unilaterally nephrectomized BN recipients of BN donor kidneys (group
1; n 5 6, five females and one male). (A) Daily averages of systolic
blood pressure before and during administration of DOCA-salt. In
each rat, systolic blood pressure was sampled for 5 s every 10 min,
24 h a day. (B) GFRs and protein excretion rates of transplanted and
contralateral native BN kidneys. (C) Vascular and glomerular damage scores in transplanted and contralateral native BN kidneys. GN,
glomerular necrosis; GS, glomerular sclerosis; GI, glomerular ischemia; total, sum of the three individual glomerular damage scores.
See text for explanation of damage scoring. Black bars, transplanted
BN kidney; white bars, native BN kidney.
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sequent studies were performed using DOCA-salt–treated
SHR or SHR-RT1.N rats as recipients.
Although it was not possible to induce DOCA-salt hypertension in the BN recipients of BN donor kidneys, this group
could be used to study the effects of the transplant procedure
itself on the function and morphology of BN donor kidneys.
Studies of bilateral renal function and morphology showed no
differences between the transplanted BN kidneys and the contralateral native BN kidneys. The GFRs of the transplanted
kidneys, 2.260.5 ml/min per kg body wt were identical to the
GFRs of the contralateral native kidneys, 2.260.6 ml/min per
kg body wt (Fig. 1 B). In the transplanted and native kidneys,
rates of protein excretion were 0.960.3 and 0.860.1 mg/min
per ml GFR, respectively. Moreover, there was no histologic
evidence of damage in the transplanted kidneys; the vascular
and glomerular damage scores of the transplanted kidneys
were identical to those of the contralateral native kidneys (Fig.
1 C). These findings demonstrate that BN kidneys are not unusually susceptible to transplant-induced damage.
Group 2. In SHR (or SHR-RT1.N) recipients of SHR (or
SHR-RT1.N) donor kidneys, we found that the transplant procedure did not damage the transplanted kidneys or predispose
them to hypertension-induced injury. Fig. 2 A shows the daily
averages of systolic blood pressure in these transplant recipients before and during administration of DOCA-salt. The
overall averages of systolic blood pressure before and during
administration of DOCA-salt were 16262.8 and 19865.8
mmHg, respectively (P , 0.0002).
After 25 d of DOCA-salt treatment, the GFRs and protein
excretion rates of the transplanted and therefore denervated
kidneys (2.760.21 ml/min per kg body wt, and 0.960.3 mg/min
per ml GFR, respectively) were nearly the same as those of the
contralateral native kidneys with intact nerves (2.560.4 ml/min
per kg body wt, and 0.560.1 mg/min per ml GFR, respectively)
(Fig 2 B). These results indicate that despite exposure to severe hypertension, renal function in transplanted and therefore denervated kidneys was similar to that in the contralateral
native kidneys with intact renal nerves.
The average histologic damage scores for both transplanted and native kidneys are shown in Fig. 2 C. The transplanted and native kidneys were not significantly different
with respect to any of these damage scores, which also indicates that transplanting a kidney does not increase its susceptibility to hypertension-induced damage (note: the results obtained when transplanting a kidney from an SHR-RT1.N
donor into an SHR-RT1.N recipient were similar to those obtained when transplanting a kidney from a Harlan SHR donor
into a Harlan SHR recipient). In addition, the results of the
three female and five male recipients were combined because
no sexual dimorphism was obvious with respect to either blood
pressure or hypertensive damage. It is possible, however, that
with larger groups of males and females, differences might be
found. In some genetic models of hypertension including SHR,
blood pressure is higher in males than in females (20). In
DOCA-salt induced hypertension, however, the literature is
contradictory, with one report of no differences in blood pressure between male and female rats (21), and another report of
higher blood pressures in male than in female rats (22). Similarly, although male rats are more susceptible to some forms of
renal injury than are female rats (8), the literature on DOCAsalt–induced renal injury again is contradictory, with one report that male and female rats are equally susceptible (23), and
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Figure 2. Blood pressure, renal function, and renal histology in unilaterally nephrectomized SHR (or SHR-RT1.N) recipients of SHR
(or SHR-RT1.N) donor kidneys (group 2; n 5 8, five males and three
females). The results obtained from SHR and SHR-RT1.N rats have
been combined. See legend to Fig. 1 for panel descriptions and abbreviations. Black bars, transplanted SHR kidney; white bars, native
SHR kidney.

another report that female rats are more susceptible than
males (24).
Group 3. To investigate susceptibility of BN kidneys to hypertension-induced damage, we studied DOCA-salt treated
SHR-RT1.N rats with transplanted kidneys from histocompatible BN donors. Fig. 3 A shows the systolic blood pressure of
SHR-RT1.N recipients of BN donor kidneys before and dur-

Figure 3. Blood pressure, renal function, and renal histology in unilaterally nephrectomized SHR-RT1.N recipients of BN donor kidneys (group 3; n 5 8, five females and three males). See legend to
Fig. 1 for panel descriptions and abbreviations. *P , 0.02 maximum,
BN kidney versus SHR-RT1.N kidney. Black bars, BN kidney; white
bars, SHR-RT1.N kidney.

ing DOCA-salt treatment. The overall averages of systolic
blood pressure in all eight recipients were 15664.1 and
20263.5 mmHg before and during DOCA-salt (P , 0.0001).
After 25 d of DOCA-salt treatment, BN donor kidneys had
significantly lower GFRs than did SHR-RT1.N native kidneys
(BN versus SHR-RT1.N, 0.760.2 versus 2.860.3 ml/min per

kg body wt, P , 0.001) (Fig. 3 B). Also, BN kidneys had higher
protein excretion rates than did SHR-RT1.N kidneys (BN versus SHR-RT1.N, 6.161.8 versus 1.460.8 mg/min per ml GFR,
P , 0.02) (Fig. 3 B). These data demonstrate greater functional damage in BN kidneys than in SHR-RT1.N kidneys.
Fig. 4 illustrates the typical and contrasting histology observed in the transplanted BN and the native SHR-RT1.N kidneys in these rats. Severe hypertensive damage was observed
in the BN kidneys. In contrast, the SHR-RT1.N kidneys exhibited minimal histologic injury despite being exposed to the
same degree of hypertension. The histologic pattern of damage was characteristic of malignant nephrosclerosis. Vascular
lesions of fibrinoid necrosis, myointimal proliferation (onionskinning), aneurysmal dilatation, and thrombosis were typically seen (Fig. 5). Glomerular capillaries showed similar evidence of severe hypertensive damage in the form of lesions of
fibrinoid necrosis and mesangiolysis, segmental sclerosis, and
ischemia (Fig. 6). There was no tubulointerstitial pathology
suggestive of graft rejection in any of these recipients, at a total
of 7–8 wk after transplant.
The averages of the vascular damage scores, the three separate glomerular damage scores (glomerular necrosis, glomerulosclerosis, and glomerular ischemia), and the total glomerular
damage scores (the sum of the three separate scores) for both
kidneys of these recipients are shown in Fig. 3 C. All of these
scores were 5–15-fold higher in the BN than in the SHRRT1.N kidneys, despite exposure to exactly the same blood
pressure profile and metabolic environment 24 h a day for several weeks. Thus, the BN kidney is much more susceptible to
hypertensive damage than is the SHR-RT1.N kidney.
Fig. 7 shows the ratios of the vascular and total glomerular
damage scores (left transplanted kidney/right native kidney)
for rats in group 2 and group 3. In the SHR-RT1.N recipients
of transplanted SHR-RT1.N kidneys, the ratios of vascular
and glomerular damage in the transplanted kidney to those in
the native kidney are z 1, indicating that the transplantation
procedure itself did not affect susceptibility to hypertensioninduced renal damage. In contrast, in the SHR-RT1.N recipients of transplanted BN kidneys, the ratios of vascular and
glomerular damage in the transplanted BN kidney to those in
the native kidney are z 10. This contrast illustrates that the
BN kidneys are remarkably more susceptible to hypertensioninduced damage than are the SHR-RT1.N kidneys.
Group 4. These experiments were designed to exclude another nongenetic explanation of the differential damage of
SHR and BN kidneys observed in group 3. It is possible that
exposing kidneys to a moderate degree of hypertension induces some form of adaptation that then protects the kidneys
from the subsequent severe hypertension induced by DOCAsalt. Thus, in group 3, the native SHR kidneys, but not the
transplanted BN kidneys, could have adapted to preexisting
hypertension, and therefore could have been protected from
the severe hypertension subsequently induced by DOCA-salt.
To exclude this possibility, SHR-RT1.N recipients in group 4
were given triple antihypertensive therapy to normalize their
blood pressure beginning at 20–25 d of age. At 10–11 wk of
age, they were used as recipients of BN kidneys from agematched donors. Antihypertensive therapy continued, radiotelemetric monitoring devices were implanted at 13–14 wk of
age, and blood pressure was monitored for one more week.
Then, triple therapy was discontinued and blood pressure was
monitored for two more weeks. At the end of this time, four of
Genetic Susceptibility to Hypertensive Renal Damage
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Figure 4. Survey views of the typical histological findings in the two genetically different but histocompatible kidneys in the same recipient.
(A) BN kidney, hematoxylin and eosin (H&E), 3160; (B) SHR-RT1.N kidney; PAS, 3160. The striking difference between the histology of the
two kidneys is readily apparent. The BN kidney shows the characteristic vascular and glomerular lesions of malignant nephrosclerosis. Segmental fibrinoid necrosis (arrow) of an interlobular artery is seen. Several glomeruli (arrowheads) show varying degrees of tuft necrosis; one glomerulus (asterisk) shows early ischemic change. In contrast, the SHR-RT.1N kidney shows virtually no pathology; the glomeruli are normal, the tubules are closely spaced, and the extraglomerular vessels are inconspicuous.
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Figure 6. Spectrum of glomerular pathology observed in the BN kidneys. (A) Acute hypertensive injury. The glomerulus is enlarged with necrosis of the tuft and mesangiolysis. The capillaries are filled with erythrocytes and fibrin. There is also loss of endothelial cells. A small crescent is
present (asterisk). H&E, 3600. (B) A glomerulus showing ischemic injury with tuft collapse and typical garland-like wrinkling and thickening of
the capillary walls. There is also loss of mesangial cells and matrix. PAS, 3600.

these recipients were given DOCA-salt, and blood pressure
was monitored for 25 d. Two recipients were not given
DOCA-salt, and their blood pressures were monitored for an
additional 4 wk.
Fig. 8 A shows daily averages of systolic blood pressure in
the group 4 rats before and after transplantation and administration of DOCA-salt. Antihypertensive therapy effectively
normalized blood pressure before DOCA-salt treatment. The
overall average systolic blood pressure for all six recipients was
122.464.6 mmHg during antihypertensive therapy. During the
2-wk period after antihypertensive therapy was discontinued,
overall average systolic blood pressure increased to 142.864.8
mmHg in all six recipients (P , 0.05). In the four recipients
then given DOCA-salt, overall average systolic blood pressure
increased further to 186.968.5 mmHg (P , 0.001).
Clearance studies were performed after 25 d of DOCAsalt, and the results were almost identical to those of group 3
rats not pretreated with antihypertensive agents. The GFRs of
the transplanted BN kidneys were significantly lower than
those of SHR-RT1.N kidneys (BN versus SHR-RT1.N,
0.9460.6 versus 2.7561.3 ml/min per kg body wt, P , 0.02)
(Fig. 8 B). Urinary excretion of protein was significantly
greater in the BN kidneys than in the SHR-RT1.N kidneys
(BN versus SHR-RT1.N, 10.364.4 versus 0.660.1 mg/min per
ml GFR, P , 0.05). Moreover, as can be seen in Fig. 8 C, the

histologic results were almost identical to those of group 3, in
that all histologic damage scores were 5–15-fold greater in BN
kidneys than in SHR-RT1.N kidneys.
In the two recipients not given DOCA-salt, there was no
histologic evidence of vascular damage in either the transplanted BN kidney or the contralateral native SHR-RT1.N
kidney, despite 6 wk of exposure to moderate hypertension in
the recipients (163–164 mmHg). Glomerular damage, however, was more severe in the BN kidney than in the SHRRT1.N kidney: 16% versus , 1% for the total glomerular
damage scores. Thus, prolonged exposure to even moderate
hypertension can produce differential glomerular damage in
BN versus SHR kidneys, but exposure to severe DOCA-salt–
induced hypertension is required to produce, in 25 d, the characteristic vascular lesions of malignant nephrosclerosis. Finally,
at z 2.5 mo after transplant, there was no histologic evidence
of graft rejection in either of these recipients.

Discussion
To investigate the role of genetic factors in the pathogenesis
of hypertension-induced renal damage, we have studied a
novel experimental model of SHR in which two genetically
different yet histocompatible kidneys are chronically and simultaneously exposed to the same blood pressure profile and

Figure 5. Vascular pathology in BN kidneys. (A) Fibrinoid necrosis involving interlobular artery and an afferent arteriole. PAS 3300 (B) Vascular myointimal hyperplasia with an onionskin, concentric laminated thickening of the wall of a small artery with severe narrowing of the lumen.
Adjacent glomerulus shows ischemic injury. PAS, 3300.
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Figure 7. The ratios of hypertension-induced vascular and glomerular damage in the left transplanted kidney/right native kidney are
shown for groups 2 and 3: unilaterally nephrectomized SHR recipients of SHR donor kidneys (SHR/SHR) and unilaterally nephrectomized SHR-RT1.N recipients of BN donor kidneys (BN/SHRRT1.N). See text for explanation of damage scoring. *P , 0.0001
maximum versus SHR/SHR ratios. Black bars, BN/SHR-RT1.N (n 5
8); white bars, SHR/SHR (n 5 8).

metabolic environment within the same host. In this model, we
have found that kidneys from BN rats are much more susceptible to hypertension-induced damage than are those from SHR.
The greater damage in BN kidneys versus SHR kidneys could
not be attributed to strain differences in transplantation-induced
injury, immunologic rejection phenomena, or preexisting strain
differences in blood pressure. These findings provide direct
support for the hypothesis that genetic factors can determine
susceptibility to hypertension-induced renal damage.
In contrast to studies in which susceptibility to hypertension-induced renal damage has been assessed in genetically
different individuals that have been assumed to have identical
24-h blood pressure profiles, the current model guarantees
that the genetically different kidneys are exposed to the same
pressure load over a prolonged period of time. Thus, the
model enables us to test for differences in genetic susceptibility
to hypertension-induced renal damage despite the large variations in blood pressure that typically occur over both short and
long periods of time (12–14). To illustrate the importance of
this feature of the model, it is instructive to note the extent to
which blood pressure fluctuates in an SHR. Fig. 9 shows the
continuous systolic blood pressure tracing for one of the SHRRT1.N recipients of a BN donor kidney before and during administration of DOCA-salt. It can be seen that systolic blood
pressure undergoes diurnal variation, and that it fluctuates
rapidly; fluctuations of 100 mmHg are not uncommon. We
have observed similar blood pressure fluctuations in SHR that
have not undergone renal transplantation. These observations
underscore the limitations of conventional blood pressure
measurements for investigating the genetic determinants of
hypertension-induced target organ damage. Clearly, differences in susceptibility to hypertension-induced organ damage
cannot be attributed to genetic factors unless one can strictly
control for the enormous variations in blood pressure that occur both within and between individuals (12–14).
The validity of the current model is critically dependent on
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Figure 8. Blood pressure, renal function, and renal histology in unilaterally nephrectomized SHR-RT1.N recipients of BN donor kidneys (group 4; n 5 4 males). The SHR-RT1.N recipients were pretreated with antihypertensive therapy to render them normotensive
before transplantation. See legend to Fig. 1 for panel descriptions and
abbreviations. *P , 0.05 maximum, BN kidney versus SHR-RT1.N
kidney. Black bars, BN kidney; white bars, SHR-RT1.N kidney.

the ability to transplant rat kidneys without impairing renal
function. Transplantation of BN donor kidneys into BN recipients, or SHR donor kidneys into SHR recipients, did not affect
GFR, urinary excretion of protein, or renal morphology. Furthermore, we have shown previously that our transplantation
technique does not impair or alter renal function or renal mor-

Figure 9. Systolic blood pressure in a unilaterally nephrectomized
SHR-RT1.N recipient of a BN donor kidney, before and during administration of DOCA-salt. Each point on this tracing represents the
average systolic blood pressure during a 5-s interval, sampled every
10 min, 24 h a day. Note the extreme lability of systolic blood pressure.

phology in normotensive or hypertensive strains of rats (18,
25–28). Specifically, the renal plasma flows and the GFRs of
kidneys transplanted into unilaterally nephrectomized recipients are indistinguishable from those of the contralateral native kidneys in the same animals. Thus, it is unlikely that strain
differences in transplantation-induced renal damage could account for the differential susceptibility of SHR and BN kidneys to hypertension-induced injury.
In the current cross-transplant studies, we avoided the
problem of immunologic rejection by using only donors and
recipients that harbor the same MHC. Microscopic analysis of
BN kidneys transplanted into SHR-RT1.N recipients showed
no evidence of immunologic rejection or damage. Despite the
undoubted presence of minor histocompatibility antigens on
the BN donor kidney, there was no tubulointerstitial pathology suggestive of rejection at 7–8 wk after transplantation in
any of the rats. In many of these rats, severe hypertensive damage could have obscured subtle histologic evidence of rejection. In the BN kidneys transplanted into histocompatible
SHR-RT1.N that were not given DOCA-salt, however, hypertensive damage was very mild and confined to glomeruli, and
there was no histologic evidence of rejection at 2.5 mo after
transplantation. Thus, at least within the time frame of these
experiments, the SHR-RT1.N recipients did not mount an immunologic response to minor histocompatibility antigens on
the BN kidney vigorous enough to confound interpretation of
the results.
To investigate whether the relative resistance of SHRRT1.N kidneys to hypertension-induced damage was dependent on prior exposure and adapation of the kidneys to high
blood pressure, we prevented the development of hypertension in SHR-RT1.N rats before transplantation. Strain differences in susceptibility to hypertension-induced renal damage
were not altered by rendering the SHR-RT1.N rats normotensive before study. The results in congenic SHR pretreated with
antihypertensive agents (group 4) were nearly identical to the

results in congenic SHR not pretreated with antihypertensive
agents (group 3). Except for the period of time from birth to
weaning, the blood pressure exposures of both BN and SHRRT1.N kidneys in group 4 were similar before transplantation
and identical afterwards. The BN kidneys were exposed to
normotensive blood pressure levels from birth to 3–4 wk after
transplantation. The SHR-RT1.N kidneys were also maintained in a normotensive environment for the same period of
time except for the 20–25-d interval from birth to weaning,
when blood pressure is only slightly elevated in the SHR (29).
Both BN and SHR-RT1.N kidneys were also exposed to an
identical level of moderate hypertension for 2 wk when antihypertensive therapy was discontinued, and both BN and SHRRT1.N kidneys were exposed to an identical level of severe hypertension during DOCA-salt treatment. Therefore, unless
protective adaptation of the SHR-RT1.N kidneys to hypertension occurs before weaning and cannot be reversed by a 10–
11-wk exposure to normotensive levels of blood pressure,
these observations exclude the possibility that the strain differences in susceptibility to hypertension-induced renal damage
are simply secondary to the strain differences in blood pressure prior to transplantation.
We conclude that genetic factors underlie the marked
difference in susceptibility to hypertension-induced renal damage between the SHR and BN strains; the BN strain is genetically susceptible, whereas the SHR strain is genetically resistant to hypertension-induced renal injury. The genes that
determine this differential susceptibility to hypertensioninduced renal damage are unknown. Recent genetic studies in
two other strains of hypertensive rats, however, suggest that
QTLs influencing the risk for target organ damage may exist
on rat chromosome 1. In a linkage study in the Fawn Hooded
hypertensive rat, Brown et al. (30) identified two regions of
chromosome 1 that contain genes influencing susceptibility to
renal failure. At least one of the chromosome regions identified by Brown et al. (30) appears to overlap with a segment of
chromosome 1 that has recently been reported to contain a
gene influencing susceptibility to stroke in the stroke-prone
SHR (31). Taken together, these observations raise the possibility that rat chromosome 1 contains QTLs that increase the
risk for hypertension-induced vascular injury in a variety of organs, including the brain and the kidney.
By studying a novel animal model with two kidneys that
are genetically different except in the vicinity of the MHC on
rat chromosome 20, we have established that the BN rat is inherently more susceptible to hypertension-induced renal damage than is the SHR. In addition to providing direct evidence
of a role for genetic factors in the pathogenesis of hypertension-induced renal injury, the current studies establish the feasibility of using organ-specific genome transplants to map
QTLs influencing susceptibility to hypertension-induced target
organ damage. By performing renal cross-transplants between
congenic strains of SHR that differ in single chromosome regions, it should be possible to selectively transfer individual
chromosome segments from the BN rat into the kidney of the
SHR. This strategy will allow for the creation of SHR with two
kidneys that are genetically identical except for defined chromosome segments, and will enable us to investigate directly
the role of specific chromosome regions in the pathogenesis of
hypertension-induced renal damage in the rat.
Finally, in addition to demonstrating genetic differences
between the SHR and BN strains with respect to susceptibility
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to hypertensive renal damage, our results also demonstrate genetic differences between these strains with respect to the
blood pressure response to DOCA-salt treatment. The SHR is
responsive, whereas the BN rat is not. The BN rat, however, is
not unique in being unresponsive. Systolic blood pressures of
three other rat strains are relatively low after several weeks of
DOCA-salt treatment: Wistar Furth, 12365 mmHg at 5 wk
and only 13662 mmHg at 10 wk (32); Dahl salt resistant,
13166 mmHg at 4 wk (33); and Long Evans, 13363 mmHg at
4 wk (34). Interestingly, of these strains that are resistant to
DOCA-salt, the Dahl salt resistant rat also is resistant to twokidney one-clip Goldblatt hypertension (33), whereas the
Wistar Furth is susceptible (32). All of these strain differences
emphasize the importance of genetics in hypertension.
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