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Abstract

SHR lines differ in their susceptibility to hypertensive end-organ disease and may provide an
informative model of genetic risk of disease. Lines derived from the original SHR-B and SHR-C
clades are highly resistant to hypertensive end-organ disease, while lines derived from the SHR-A
clade were selected for stroke susceptibility and experience hypertensive renal disease. Here we
characterize the temporal development of progressive renal injury in SHR-A3 animals consuming
0.3% sodium in the diet and drinking water. SHR-A3 rats demonstrate albuminuria, glomerular
damage, tubulo-interstitial injury and renal fibrosis that emerge at 18 weeks of age and progress.
Mortality of SHR-A3 animals was 50% at 40 weeks of age, and animals surviving to this age had
reduced renal function. In contrast SHR-B2, which are 87% genetically identical to SHR-A3, are
substantially protected from renal injury and demonstrate only moderate changes in albuminuria
and renal histological injury over this time period. At 40 weeks of age, electron microscopy of the
renal glomerulus revealed severe podocyte effacement in SHR-A3, but slit diaphragm architecture
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in SHR-B2 at this age was well preserved. Renal injury traits in the F1 and F2 progeny of an
intercross between SHR-A3 and SHR-B2 were measured to determine heritability of renal injury
in this model. Heritability of albuminuria, glomerular injury and tubulo-interstitial injury were
estimated at 48.9, 66.5 and 58.6% respectively. We assessed the relationship between blood
pressure and renal injury measures in the F2 animals and found some correlation between these
variables that explain up to 26% of the trait variation. Quantitative trait locus (QTL) mapping was
performed using over 200 SNP markers distributed across the 13% of the genome that differs
between these two closely related lines. Mapping of albuminuria, tubulo-interstitial injury and
renal fibrosis failed to identify loci linked with disease susceptibility, suggesting a complex
inheritance of disease risk. We detected a single QTL conferring susceptibility to glomerular
injury that was confined to a small haplotype block at chromosome 14:70-76Mb.

Introduction

The spontaneously hypertensive rat was produced in Japan by selective breeding on the trait
of elevated blood pressure [1]. After fixation of the hypertensive trait, inbreeding was
continued within distinct clades, SHR-A, -B and -C. In SHR-A animals, frequent stroke was
observed and an effort was made to enrich this trait by selective breeding of SHR-A
animals. Within three generations of selection, early stroke occurred in most animals
consuming a typical high sodium and low potassium “Japanese” rodent diet [2, 3].
Proteinuria has been shown to be closely linked to stroke in this line [4]. The concurrence of
stroke susceptibility with proteinuria in the absence of selection for proteinuria suggests that
selection for stroke created genetic susceptibility for proteinuria, probably by a shared
disease mechanism.

In humans, familial risk of hypertensive renal disease has motivated population genetic
studies, culminating in recently completed genome-wide association studies (GWAS) [5-7].
However, in the general population, the amount of disease risk explained by GWAS is small
[8-10]. The investigation of progressive renal disease in rodent models provides the
possibility of excluding some of the complexities associated with genetic studies in human
populations including interactions between genes and the environment. Furthermore, the
existence of inbred strains reduces genetic heterogeneity that poses an analytical problem in
large human populations. Resources for genetic investigation of rat models of chronic
cardiovascular disease have increased and now include whole genome sequence and a rich
panel of single nucleotide polymorphisms (SNP) [11, 12]. However, a critical requirement
for these models is that they adequately reflect the features of human disease. This includes
a full range of pathologic features and independence from experimental conditions (diet
composition, salt intake, surgical modifications) that are atypical of the human population.

In the present study we have characterized proteinuria and renal injury in both injury-prone
and injury-resistant lines of the spontaneously hypertensive rat (SHR). We have quantitated
the emergence of renal injury longitudinally in the absence of dietary salt loading. We have
assessed proteinuria by measuring creatinine-indexed rat specific albumin in the urine and
we have used direct histological assessment of the glomerular and tubulo-interstitial
compartments and the emergence of renal fibrosis to assess renal tissue damage. We
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observed emergence of renal injury at 18 weeks of age and its progression across the
lifespan of SHR-A3 animals while only very limited injury occurred in SHR-B2 animals.
Given the strong divergence of these traits across the lines we have estimated the heritability
of injury traits to assess the role of genetic versus environmental factors in this difference.
We then applied high throughput SNP mapping across the 13% of the genome by which
these lines differ to map QTL linked to these renal injury traits.

Studies were performed on male rats of the stroke-prone spontaneously hypertensive-A3
(SHR-A3, SHRSP/Bbb) line and the SHR-B2 line that is resistant to stroke. Across the
different parental ages examined we used a total of 83 SHR-A3 animals and 72 SHR-B2
animals. These lines have been maintained in our facility for several years and are housed
under controlled conditions in an AAALAC-approved animal facility and provided a
standard rodent chow diet (0.3% sodium, Purina, PicoLab Rodent Diet 20, #5053) and
drinking water ad libitum. No stroke-inducing dietary manipulations were employed.
Animals were studied at 18, 25 and 30 weeks of age. SHR-A3 animals were also studied at
40 weeks of age while older SHR-B2 animals were between 40 and 52 weeks of age. SHR-
A3 (males) and SHR-B2 (females) parental lines were crossed to generate an F1 progeny.
This progeny was further crossed to generate a freely segregating F2 progeny. All animal
use was prospectively reviewed and approved by the University’s Animal Welfare
Committee.

Blood pressure measurement

Blood pressure was measured in F2 animals by implanted telemetry (Data Sciences, St.
Paul, MN) as previously reported [13]. All telemetry implants were calibrated before and
after implantation by placing in a pressurized chamber at 37°C and measuring reported
pressure with the chamber held at 120, 160 and 200 mmHg. Animals were implanted at 16—
17 weeks of age and allowed to recover for 1-2 weeks before blood pressure recordings
were made. Blood pressure was measured by continuous sampling for 30 seconds every 30
minutes for 5-7 days. In addition blood pressure was measured in 10 SHR-A3 and 8 SHR-
B2 animals at 18 and 25 weeks of age.

Histological assessment of renal injury

Kidneys were harvested from isoflurane anesthetized rats by ventral laparotomy. Kidneys
were cut into radial segments by hand, fixed in 4% buffered formalin and paraffin embedded
using standard techniques. Five micron serial sections were stained with Periodic-Acid-
Schiff’s stain (PAS) for assessment of renal injury, and Picro-sirius red to evaluate the
extent of collagen accumulation. Injury scores were obtained by randomly sampling 20
glomeruli and 10 cortical tubular fields per animal. Scores were graded according to degree
of injury on a scale from 1-5. Glomerular injury was graded as follows: (0) no histologic
abnormality, (1) Mild mesangial thickening only, (2) Moderate mesangial expansion without
thickened capillary loops, (3) severe mesangial expansion, thickened capillary loops, or
segmental sclerosis, (4) global or >50% segmental sclerosis. Tubulo-interstitial disease was
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graded as (0) no injury, (1) mild patchy fibrosis, infiltrate <10 cells/high power field (hpf),
(2) mild to moderate fibrosis, patchy tubular atrophy, infiltrate >10 cells/hpf, (3) diffuse
tubular atrophy, moderate fibrosis, proteinaceous casts, diffuse interstitial infiltrate, (4)
severe interstitial fibrosis with strong diffuse cellular infiltrates or tubular atrophy. For
Picro-sirius stained samples, degree of fibrosis of individual stained sections viewed under
low power was scored from 1 to 5 (negligible evidence of fibrosis, mild patchy fibrosis,
moderate patchy fibrosis, patchy severe fibrosis and extensive severe fibrosis, respectively).

We assessed albuminuria as urinary albumin:creatinine ratio (WUACR). Urinary creatinine
concentrations were determined by HPLC in spot urine samples collected from parental, F1
and F2 animals at 25 weeks of age by direct puncture of the urinary bladder [14]. Urine
albumin was measured by an ELISA specific for rat serum albumin (Bethyl Labs,
Montgomery, TX).

Assessment of renal function

Genotyping

We measured serum BUN and serum creatinine as an indicator of renal function in older
animals. Blood was collected by aortic puncture in anesthetized laparotomized animals.
Serum was separated by coagulation and centrifugation. Serum creatinine was measured by
HPLC and BUN by clinical auto-analyzer (IDEXX VetTest® Chemistry Analyzer, IDEXX,
Westbrook, ME).

SNP genotyping was performed using the Sequenom MassARRAY system [15]. PCR
product was amplified in multiplex reactions as previously described [13]. PCR
amplification was followed by an oligo extension reaction across the variable SNP
nucleotide. Mass spectrometry analysis of the extension reactions generated spectra that
were collected and SpectroCALLER software (Sequenom, Inc.) was used to automatically
assign the genotype calls. The PCR and oligo extension systems targeted a total of 234 SNPs
across 121 haplotype blocks that were not identical by descent (IBD) across SHR-A3 and
SHR-B2 [13]. Each animal was fully genotyped using 7 high level multiplex PCR and
extension reactions that yielded high quality genotype data for 203 of the 234 SNPs. Hardy-
Weinberg equilibrium was verified for each SNP using Chi square test.

Genetic mapping

Mapping of renal injury traits was performed using R/qtl with Haley Knott regression with
normalization of phenotypes by log transformation where appropriate [16, 17]. Physical map
positions of the SNP markers were adjusted to approximate cM positions by dividing the
physical position (in Mbp) by 2 [18]. Genome-wide significance was determined in R/qtl by
permutation (n=1000) of the phenotypes with respect to the genotypes [19].

Statistical analysis

Comparison of data obtained from individual SHR lines was made by ANOVA followed by
group difference testing using Scheffe’s test (two group) or Bonferroni’s correction
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(multiple group) as implemented in the package StatPlus (AnalystSoft, Inc, Vancouver, BC,
Canada.) Assessment of the relationship in individual F2 animals between blood pressure
and various measures of renal injury was made by regression analysis with a linear model.

Male SHR-A3 animals in our colony rarely survive beyond 45 weeks of age when raised on
a standard diet without stroke-inducing salt loading. Early mortality emerges before 40
weeks of age, occasionally as early as 25 weeks of age. We followed one cohort of 14 SHR-
A3 males specifically to determine survival and observed that only 7 animals survived until
40 weeks of age. In contrast, early mortality was not observed in SHR-B2. The cause of
early death in SHR-A3 on a normal sodium intake is not clear, but may include hypertensive
end-organ injury in extra-renal organs (e.g., stroke and heart failure.) Affected animals
showed much decreased mobility, reduced grooming, loss of body weight, dehydration and
rapid decline. Loss of renal function was present in animals surviving to 40 weeks as
reflected in significantly increased BUN and serum creatinine (Figure 1). Serum BUN at 40
wks was 27.1 £ 1.0 (mean £ SEM, n = 16) in SHR-A3 versus 21.0 £ 0.6 (n = 12, p=0.0001)
in SHR-B2. Serum BUN did not increase as SHR-B2 aged further (21.8 + 0.6 mg/dl, n =13,
mean age 51 wks, range = 44-64 weeks). This renal function data is likely skewed by
survival bias because SHR-A3 animals dying before 40 weeks may have experienced more
rapid decline in renal function, but could not be included in the analysis.

Assessment of albuminuria began at 18 weeks of age. Across the course of our
measurements, SHR-A3 levels of UACR were, on average, 6.7 fold greater than those in
SHR-B2 (range = 4.9 to 7.7 fold). At 18 weeks of age, SHR-AS3 rats already demonstrate
significantly elevated urine albumin excretion compared with SHR-B2 and this difference
increases with age (Figure 2a).

The emergence of injury observed in PAS stained kidney sections parallels the emergence of
albuminuria in SHR-A3 (Figure 3). Initially, renal injury is focal within the cortex and many
areas of the kidney demonstrate little histological evidence of damage. As animals age both
the extent and severity of injury increases. After 18 weeks of age in SHR-A3 there is a
progressive increase in glomerular damage and notable tubulo-interstitial injury with
proteinaceous casts within tubules, diffuse tubular atrophy, and inflammatory cell
infiltration (Figure 2b). At 18 weeks, no differences were observed in tubulo-interstitial
injury scores between SHR-A3 and SHR-B2. Tubulo-interstitial injury scores increased as
SHR-AS3 animals aged, reflecting worsening in both the degree and extent of tissue injury.
SHR-B2 animals appear protected from tubulo-interstitial injury, which did not increase as
the animals aged.

Glomerular injury reflected a similar overall pattern to tubulo-interstitial injury with no
difference apparent between SHR-A3 and SHR-B2 at 18 weeks of age (Figure 2c).
Glomerular injury scores increased over time in SHR-A3 and diverged from SHR-B2 after
25 weeks of age with extensive and severe injury observed in SHR-A3 while most glomeruli
reflected sparse injury with only rare examples of increased matrix accumulation and loss of
capillary loops in SHR-B2 (Figure 3). Renal fibrosis, assessed in Picro-sirius red-stained
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sections of renal tissue, showed a similar pattern of age-related progression in SHR-A3
(Figure 2d). Fibrosis scores in 18 week old SHR-A3 and SHR-B2 were indistinguishable,
but diverged at 25 weeks of age, with SHR-A3 rapidly attaining high levels of epithelial
replacement.

Electron microscopy was used to characterize injury to glomerular structures in 40 week old
SHR-A3 and SHR-B2 (Figure 4). SHR-B2 revealed good preservation of glomerular
integrity with intact foot processes and normal glomerular basement membranes. In contrast
the capillary basement membranes of SHR-A3 showed thickening and wrinkling and nearly
complete effacement of foot processes. Foam cells were prominent in SHR-A3 and absent in
SHR-B2.

The strong divergence of renal injury traits in SHR-A3 and SHR-B2 suggested a genetic
basis. This causation is supported by the reported genealogy of the lines in which selection
for end-organ damage distinguishes SHR-A lines from SHR-B and SHR-C lines [2, 3]. To
estimate the contributions of genes and environment to injury traits in SHR-A3 and SHR-B2
we measured renal injury in the male F1 (n=21) and F2 (n=205) progeny of an intercross
between the parental lines. Since all F1 animals are genetically identical, trait variance in
this progeny will reflect environmental, but not genetic effects on the trait. In contrast, the
free segregation of alleles in the F2 progeny allows both genetic and environmental
contributions to trait variance across individuals. Broad heritability is the portion of total
phenotypic variance attributable to genetic variance and can be estimated from the F1
(environmental) and F2 (genetic plus environmental) trait variance. We found evidence of
heritability of albuminuria, glomerular and tubulo-interstitial injury traits (Table 1).

Given this evidence of a role for genes in determining different susceptibility to renal injury
in our lines, we performed quantitative trait locus (QTL) mapping in the F2 progeny using a
panel of over 200 SNP markers tagging the 13% of the genome of the parental lines that
does not arise from a common ancestor [13]. QTL mapping was performed independently
for albuminuria, glomerular injury, tubulo-interstitial injury and fibrosis. No QTL’s were
detected for albuminuria, tubulo-interstitial injury or fibrosis. This indicated that no single
locus of large effect on these traits exists and suggests that traits may be determined by the
effects of inheritance of multiple alleles at independent loci. We identified a statistically
significant genome-wide LOD peak for glomerular injury on chromosome 14. The QTL
maps to a narrow haplotype block in which the two lines are descended from different
ancestors. This block extends from approximately chr14:70-76Mbases. The genes located in
the chr 14 QTL comprise a discrete haplotype block of different descent. These genes are
indicated in Table 2. The capacity of alleles at this glomerular injury locus to influence
blood pressure was examined in an additive genetic model by regression analysis. No
relationship between inheritance of SHR-A3 alleles at this locus and blood pressure was
observed (R = 0.001, p = 0.992, n = 205).

One potential driver of renal injury in this intercross is blood pressure. We have previously
reported that at 18 weeks of age, prior to the emergence of histological evidence of renal
injury, there is a significant difference in blood pressure between the parental strains [13].
We have confirmed this difference in a further group of 8 animals of each SHR line and
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extended this observation to 25 weeks of age at which time blood pressure levels in SHR-A3
increase further while SHR-B2 is not different from 18 weeks of age (Table 3). We
previously mapped a locus with a major effect on blood pressure to chromosome 17 [13]. In
the present study, we did not find a renal injury QTL in this BP locus. This raises the
question of what is the relationship between blood pressure and renal injury in SHR. We
examined this relationship by performing regression analysis on individual measures of
blood pressure and injury in the F2 progeny. Table 4 shows that these relationships,
although generally statistically significant, are not very strong. Coefficients of determination
(R?) from 0.02 to 0.26 indicate that most of the variation in renal injury cannot be explained
by it’s relationship to blood pressure.

Discussion

While it is clear that susceptibility to renal injury in hypertensive humans has a significant
genetic component, progress in identifying the underlying genetic variation and defining the
functional mechanisms that flow from such variation has been limited, with one notable
exception in individuals with African ancestry [21]. Relevant animal models provide an
opportunity to increase understanding of how natural allelic variation creates susceptibility
to renal disease. Our previous work has shown the very close genetic relationship between
injury-prone SHR-A3 and resistant SHR-B2 arising from inbreeding and shared ancestry.
Our genetic analysis of the extent of identity by descent across these lines indicates that
genetic variation contributing to renal injury susceptibility is likely determined in the 13% of
the genome that is not shared identical by descent across these two SHR lines [13]. The
involvement of genetic factors in hypertensive end-organ injury the SHR-A3 rat has been
indicated in prior experiments in which salt loading was performed [22, 23]. In order to fully
exploit this as a model for human disease it is necessary to understand its dependence on salt
loading and how renal injury develops over time when salt intake more closely resembles
that of the human diet. Our findings demonstrate that while consuming a diet containing
0.3% sodium, SHR-A3 shows a progressive course of renal injury beginning around 18
weeks of age and leading by age 40 weeks to severe renal injury and proteinuria. In contrast,
SHR-B2 is highly resistant to these injuries. Thus, these two SHR lines provide a contrasting
outcome of renal disease in hypertension that may provide insight into human genetic
susceptibility to the same disease.

An important question is whether the renal injury experienced by the SHR-A3 line
resembles injury in human hypertensives. Our first observation is that the time course is
slowly progressing in relation to age, similar to that observed in humans with progressive
hypertensive renal disease. The renal injury experienced by SHR-A3 manifests all of the
features of progressive renal injury in hypertensive humans. Disease begins with focal
lesions leaving much of the tissue unaffected. As it progresses, the extent of injury increases,
however, there are areas of tissue in which normal architecture is well preserved in most
animals, even at 40 wks of age. Glomerular damage initially resembles focal segmental
glomerulosclerosis, but often proceeds to global sclerosis. Loss of glomerular integrity
produces the common observation of proteinaceous casts in Bowman’s capsule and in the
tubular lumens of SHR-A3, while luminal protein casts were uncommon in SHR-B2.
Electron microscopy reveals extensive effacement of podocyte end foot processes in
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diseased SHR-A3 glomeruli, indicating loss of the glomerular slit diaphragm function that is
consistent with the nephrotic levels of proteinuria observed in this line, and a common
feature of focal segmental glomerulosclerosis in humans. Glomerular capillary basement
membranes in SHR-A3 were thickened and wrinkled and there was extensive vacuolation of
visceral epithelial cells. Lipid droplet-filled foam cells were also observed in SHR-A3
glomerulus, but not in SHR-B2. These cells have been previously described in glomerular
injury, and have been linked to lipid-induced glomerular injury [24-27].

Extensive evidence of injury in the tubulo-interstitial compartment was observed in SHR-
A3, but not in SHR-B2. This includes the presence of apoptotic tubular epithelial cells and
infiltration of the interstitial compartment with inflammatory cells. Picrosirius red staining
provides a simple assessment of replacement of functional renal tissue with fibrous scar.
Here again, the injury-prone line revealed more rapid accumulation of fibrous material. The
use of a non-linear nominal scale to assess fibrosis indicates that some fibrosis also occurs in
SHR-B2. However, the two strains strongly contrast in this trait after 18 weeks of age.

Vascular injury was not observed in either SHR line, however, adaptive thickening of the
arteriolar smooth muscle was observed as expected in hypertensive animals. This pattern is
also typical of benign progressive nephrosclerosis in hypertensive humans. In contrast,
malignant hypertensive nephrosclerosis in humans as well as renal injury in salt-loaded
SHR-AS3 rats [22] is associated with hyalinosis of the vascular wall, which was never
observed in our animals.

Having established the features of renal injury in our SHR lines, we have examined whether
it is possible to attribute these differences to genetic effects acting in these lines. Estimates
of heritability (Table 1) indicate that a substantial portion of renal injury trait variation
appears to arise from genetic factors. However, we did not find evidence that fibrosis was
genetically determined. The genetic architecture of renal injury susceptibility in these lines
is not clear. Although the trait of stroke susceptibility was rapidly fixed in three generations,
it is not known if this involved selection for a single gene locus of large effect or whether
selection led to the accumulation of multiple genetic variants to produce stroke
susceptibility. It is likely, given the concurrence of loss of renal function and increased risk
of stroke in human subjects [28, 29] and the fact that renal injury and stroke appear to be
linked in SHR-A3 [4], that genetic susceptibility to stroke and renal disease may arise from
an overlapping set of susceptibility alleles in this rat model. Earlier mapping efforts of renal
and stroke traits in the presence of salt loading indicated polygenic inheritance in SHR-A3
[22, 30].

We used QTL mapping to determine whether we could map a major locus contributing to
individual measures of renal injury. We mapped each injury measure independently because
it is not clear whether, for example, susceptibility to tubulo-interstitial injury and
albuminuria arise from the same genetic variation. Our mapping relied on a panel of SNP
markers selected to tag the 13% of the genome that can segregate in crosses among the two
lines. SNP markers offer important advantages over microsatellite genotyping including
high-level automation of sample handling and automation of quality control in both
genotype calling and allelic discrimination. Bar coding of DNA sample trays provides
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another opportunity to reduce human errors that can arise in handling large numbers of
samples assayed across multiple genotyping assays. Using this method, with the same
markers in this same cross, we have been able to identify loci accounting for most of the
differences in blood pressure and serum immunoglobulin levels across the parental lines [13,
31]. However, our mapping studies of renal injury indicate that we could map only genetic
variation affecting glomerular injury susceptibility. The failure to map QTL for other
heritable injury traits indicates that genetic susceptibility may arise from more than one
locus, a feature that is also shared with genetic susceptibility to hypertensive renal disease in
the general population. Depending on the number of QTL and whether genetic effects at
these loci are additive or interact in more complex ways, a much larger cohort of F2 animals
than the >200 animals used here may be required to map genomic loci containing
susceptibility alleles.

We used telemetry to assess blood pressure in the F2 animals from which renal injury scores
were obtained. This allows the relationship between blood pressure and renal injury to be
examined. Table 4 shows that there were robust correlations between blood pressure and
several measures of renal injury, except glomerular injury. However, the coefficients of
determination (R2) were small, indicating that other factors had a strong effect on renal
injury. Table 2 provides a list of genes located in the chr 14 glomerular injury locus whose
renal expression we have previously determined across our two lines. Among genes located
within this narrowly defined QTL, fibroblast growth factor binding protein (Fgfbpl) has
clear connections to glomerular damage and hypertension. Tomaszewki and colleagues have
demonstrated expression of this gene in the human glomerulus and have reported that its
glomerular expression is altered in the presence of hypertension [32]. Further work is
required to evaluate the possible role of Fgfbpl in glomerular injury in this rat model.

One prior effort has been reported to map renal injury loci between SHR-A3 and an injury-
resistant SHR line [22]. In this report, renal injury was accelerated by providing a high
sodium intake. In this report, tissue injury was scored as a single composite of vascular and
renal parenchymal (glomerular and tubulo-interstitial) damage. Albumin excretion was not
examined. Salt loading complicates the experimental model because it provides an
opportunity to create gene by environment interactions that are not essential for emergence
of disease, but which add further complexity to the underlying genetic susceptibility. Salt
loading does create more rapid and extreme differences in trait expression across the lines
that may assist mapping, but changes in blood pressure from salt loading also need to be
fully considered. Of the three injury QTL’s mapped in this previously reported study, none
were detected in the present study. Injury-resistant SHR animals have also been crossed with
salt-loaded Dahl salt-sensitive rats to investigate the genetics of renal injury. This indicated
that alleles from the injury-resistant SHR/N line contribute to both renal injury susceptibility
and resistance, depending on the injury parameter under consideration [33, 34]. This
underscores the complex genetics underlying progressive renal disease and places a
premium on reduction of genetic complexity to aid in the resolution of key elements of renal
injury.

In summary, we have characterized the development and progression of renal injury in the
SHR-AS3 line in the absence of salt loading and found that the course and histological
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features of renal injury are very similar to those in human hypertensives. While much of the
susceptibility to renal injury is genetic, the difficulty in mapping loci containing genetic
variation affecting susceptibility to injury may reflect a disease susceptibility that involves
multiple independent loci in the genome.
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Figure 1.
Decline of renal function in SHR-A3 compared with SHR-B2 animals. Progressive renal

injury was reflected in significantly increased (p<0.001) serum creatinine levels at 40 weeks
of age
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Figure 2.

Progression of albuminuria, tubulo-interstitial injury, glomerular injury and renal fibrosis in
SHR-A3 and SHR-B2 from 18 weeks of age.
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Figure 3.
Periodic acid Schiff’s reagent stained sections from SHR-A3 and SHR-B2 kidneys showing

the progression of renal injury from 18 weeks of age (magnification = x400). At 19 weeks,
both SHR-A3 and SHR-B2 showed normal glomerular and tubular architecture with open
glomerular capillary loops, lack of mesangial matrix accumulation, no evidence of
inflammatory cell infiltration and normal tubular structure. By 25 weeks, SHR-A3 showed
occasional glomeruli with extensive matrix accumulation and loss of vascularity, with some
atrophic tubules, while SHR-B2 showed mostly normal glomerular structure with occasional
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glomeruli showing evidence of matrix accumulation (as illustrated). More severe injury was
observed from 30 weeks of age in SHR-A3 and 2 examples are shown to provide a broader
representation. In the 30 week samples, SHR-A3 glomeruli with moderate matrix
accumulation were frequently observed and more severe damage including globally sclerotic
glomeruli with extensive leukocyte infiltration and tubular protein casts were found. In
contrast, most glomeruli in SHR-B2 at this age retained glomerular integrity with only mild
matrix accumulation. Rare examples (illustrated) of more severe glomerular matrix
accumulation could be found. By 40 weeks of age, severe glomerular damage, extensive
immune cell infiltration, interstitial fibrosis and tubular loss were common in SHR-A3 rats.
We examined 48 week old SHR-B2 to provide more time for renal injury to progress, but
once again found that glomeruli typically had only moderate matrix accumulation with more
severely damaged glomeruli (illustrated) being rarely encountered.
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Figure4.
Transmission electron microscope images from glomeruli of 40 week old SHR-A3 and

SHR-B2 rats. The capillary lumen is labeled (CAP), as are erythrocytes (E) within the
lumen. The capillary basement membrane (BM) is labeled at the arrow. Podocyte foot
processes are indicated with the black arrowhead and are severely effaced in SHR-A3. Foam
cells (F) were only noted in the SHR-A3 animals.
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Table 1

Estimated heritability of renal injury traits.

Trait Heritability (%)
UACR 48.9
Glomerular injury 66.5
Tubulointerstital injury 58.6
Fibrosis 0.0
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Table 2

Genes located in the Chromosome 14 glomerular injury haplotype block.

Uniquegenes Genename Genecode Start location
1 Mediator of RNA polymerase Il transcription subunit 28 ~ Med28 70,666,489
2 Cytosol aminopeptidase Lap3 70,680,078
3 Clarin-2 Clrn2 70,728,250
4 Dihydropteridine reductase Qdpr 70,741,985
5 LIM domain-binding protein 2 Ldb2 71,374,736
6 Prominin 1 isoform 2 Prom1 72,122,986
7 ADP-ribosyl cyclase 1 Cd38 72,320,479
8 F-box/LRR-repeat protein 5 FbxI5 72,471,049
9 C1q tumor necrosis factor-related protein 7 Clqgtnf 72,631,465
10 Cytoplasmic polyadenylation element binding protein 2~ Cpeb2 72,955,778
11 Ras-related protein Rab-28 Rab28 74,401,417
12 Fibroblast growth factor-binding protein 1 Fgfbpl 72,242,271
13 Heparan sulfate glucosamine 3-O-sulfotransferase 1 Hs3st1 76,438,219
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Differences in blood pressure in SHR-A3 and SHR-B2 (n = 8-10 per group) at 18 and 25 weeks of age (P

value for ANOVA testing differences at each age, post hoc testing by Tukey-Kramer test).

Age Line Systolic BP (mmHg) SEM P value

18weeks  SHR-A3 211.6 232 0.0001
SHR-B2 169.9 1.65

25 weeks SHR-A3 2315 2.37  0.0001
SHR-B2 176.9 2.18

Age Line Mean BP (mmHg) SEM P value

18weeks  SHR-A3  192.2 247  0.0001
SHR-B2 155.1 1.60

25weeks SHR-A3  210.0 2.26  0.0001
SHR-B2  160.2 2.09

Age Line Diastolic BP (mmHg) SEM P value

18weeks SHR-A3 1715 2.06  0.0001
SHR-B2 1384 1.60

25weeks SHR-A3 188.0 2.17  0.0001
SHR-B2 1428 2.05
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Relationship determined by regression analysis between systolic blood pressure measured by telemetry and

several measures of renal injury in male F2 progeny of an intercross between SHR-A3 and SHR-B2 rats.

Trait R2 P value n

UACR 0.189 25x10710 193
Glomerular Injury 0.018 0.06 207
Tubulointerstitial Injury  0.229 3.1 x 10713 207
Fibrosis 0.263 76x101 201
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