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Abstract

High blood pressure exerts its deleterious effects on health largely through acceleration of end 

organ diseases. Among these, progressive loss of renal function is particularly important, not only 

for the direct consequences of kidney damage, but also because loss of renal function is associated 

with amplification of other adverse cardiovascular outcomes. Genetic susceptibility to 

hypertension and associated end organ disease is non-Mendelian in both humans and in a rodent 

model, the spontaneously hypertensive rat (SHR). Here we report that hypertensive end organ 

disease in the inbred SHR-A3 line is attributable to genetic variation in the immunoglobulin heavy 

chain on chromosome 6. This variation coexists with variation in a 10 Mbase block on 

chromosome 17 that contains genetic variation in two genes involved in immunoglobulin Fc 

receptor signaling. Substitution of these genomic regions into the SHR-A3 genome from the 

closely-related, but injury resistant, SHR-B2 line normalizes both biomarker and histological 

measures of renal injury. Our findings indicate that genetic variation leads to a contribution by 

immune mechanisms hypertensive end organ injury and that, in this rat model, disease is 

influenced by differences in germ-line antibody repertoire.
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Introduction

Hypertension is associated with progressive renal disease and the most effective predictor of 

renal disease is the presence of a close relative that has required renal dialysis 1, 2. This 

genetic underpinning has prompted exhaustive studies in humans 3–8, however, explanation 

of genetic risk remains limited. The spontaneously hypertensive rat also shows strong 

genetic influences on renal injury susceptibility 9, 10. The SHR-A3 line experiences 

progressive renal disease and has much shortened life span while other SHR lines with 

overlapping genetic susceptibility to hypertension, such as SHR-B2, resist renal injury and 

experience normal lifespans 11. The emergent pattern of injury is focal regions of combined 

glomerular and tubulo-interstitial damage along with albuminuria. Much normal tissue 

architecture remains between focal regions of injury and disease progression includes both 

increasing severity of injury in injury foci and increased numbers of injury foci 11. The close 

genetic similarity between these lines (87% identical by descent, IBD) provides an 

opportunity to discover and prove the genetic basis of this susceptibility 12.

In prior studies we have addressed whether the injury prone SHR-A3 line shares the same 

genetic architecture controlling hypertension as the SHR-B2 line 13. These lines are 

descended from the same founder pair 14, 15. Selective breeding fixed hypertension before 

the lines were separated. However, SHR-A3 is generally recognized to have higher systolic 

blood pressure (SBP) than injury-resistant lines 16, 17. We showed that these two lines differ 

in SBP and mapped a single haplotype block encompassing 10 Mbases on chromosome 17 

that accounts for the SBP difference between these two lines 13. In the present study we have 

created a congenic line in which this chr17 block has been transferred from SHR-B2 into the 

SHR-A3 genetic background. We have used this to prove the effect of this segment on SBP 

and to investigate whether reduction of SBP to a level not different from the injury-resistant 

line influences the emergence of renal damage.

SHR-A3 and SHR-B2 also have extreme genetic divergence in the immunoglobulin heavy 

chain (IgH) locus and the haplotype block containing IgH is also associated with renal injury 
18, 19. We have further tested whether this genetic difference contributes to the emergence of 

renal injury by creating a congenic line in which the IgH locus has been transferred from 

SHR-B2 into SHR-A3. We have used this congenic line to confirm that renal injury is 

determined, in part, by genetic variation in the IgH locus.

Finally, by crossing these two single congenic lines to create a double congenic line we have 

examined concurrent effects of these two loci on renal injury.

Methods

Transparency

The data that support the findings of this study are available from the corresponding author 

upon reasonable request.
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Animals

Studies were performed on male rats of the injury-prone spontaneously hypertensive-A3 

(SHR-A3, SHRSP/Bbb) and the injury-resistant SHR-B2 inbred lines and progeny derived 

from crosses between these lines. The lines are maintained as closed colonies in our facility 

and the genetic integrity of the lines is verified using high throughput genotyping of 

genome-wide single nucleotide polymorphisms (SNP). The lines and their origins prior to 

transfer to our laboratory have been recorded at the Rat Genome Database (rgd.mcw.edu) 

which has applied the following identifiers: SHR-A3 – RGD ID = 8142383, Symbol = 

SHRSP/BbbUtx; SHR-B2 – RGD ID = 8142385, Symbol = SHR/Utx. Animals used in these 

studies were housed in an AAALAC-approved animal facility with sentinel monitoring to 

confirm the absence of transmissible pathogens in the colony. They were provided a standard 

rodent chow diet and drinking water ad libitum.

Genome sequencing

We have previously described the assembly and analysis of Illumina short-read genome 

sequences from SHR-A3 and SHR-B212. Variant call files are available on request to the 

corresponding author.

Congenic line construction

SHR-A3 (males) and SHR-B2 (females) parental lines were crossed to generate the F1 

progeny. This progeny was backcrossed into SHR-A3 animals. Backcrossed animals were 

genotyped at each generation using a previously described panel of ~200 SNP markers to 

allow speed congenic selection of optimal animals (highest loss of SHR-B2 background 

alleles while retaining the introgressed chromosome 6 or 17 SHR-B2 haplotype blocks) 11. 

Each congenic line was then created by mating the best two male and female animals from 

the previous backcross and selecting their progeny that were homozygous for SHR-B2 

alleles at the target loci and for SHR-A3 alleles at any locus at which heterozygosity 

remained in the prior backcross. Transfer of the entire chromosome 17 introgressed block 

was verified by genotyping the 3 SNP panel markers in the block as well as 3 additional 

SNP markers located at the center and extreme ends of this block. Transfer of the entire chr6 

IgH haplotype block from SHR-B2 into the SHR-A3 genetic background was also verified 

by SNP markers located at the extreme ends of this block as well as an additional marker in 

the center of the block.

Serum immunoglobulin gamma sub-class measurement

We have previously reported the ELISA systems we used to measure serum immunoglobulin 

gamma sub-class levels 18.

Blood pressure

Blood pressure was measured by radiotelemetry devices (Data Sciences, St. Paul, MN) in 

adult animals implanted at 16–17 weeks of age. Catheters (Model PA-C40) were implanted 

under isoflurane anesthesia into the abdominal aorta above the bifurcation and below the 

renal arteries. Post-operative analgesic treatment with buprenorphine was provided for 2 

days. Animals were allowed to recover from implantation for at least 7 days before blood 
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pressure measurement began. Implants were calibrated under pressure (120, 160 and 200 

mm Hg) at 37°C prior to implantation and again after removal and observed blood pressures 

were adjusted, if needed, to compensate for calibration drift. Blood pressure was measured 

for 24 hours once per week. During each 24 hour recording period, pressures were sampled 

for 30 seconds every 30 minutes.

Histological assessment of renal injury and ELISA determination of albuminuria

The divergence of histological measures of renal injury across time in SHR-A3 and SHR-

B2, supported by representative photomicrographs, has been previously published 11. 

Quantitative histological measures of renal injury were assessed following methods we have 

previously described that use extensive random sampling to assess injury in both affected 

and unaffected renal tissue 11. Spot urines were collected because of divergent behavioral 

adaptation to metabolism cages observed between the two SHR lines. Urinary albumin 

excretion was measured by ELISA as previously described and normalized for urine 

creatinine levels determined by HPLC 11.

Renal Biomarker studies

We investigated urine levels in spot urine samples of kidney injury molecule 1 (KIM-1 

Havcr1), Lipocalin 2 (Lcn2, Neutrophil Gelatinase-associated Lipocalin, NGAL) and 

osteopontin (OPN) using the Kidney Injury Panel 1 (rat) Assay Kit manufactured by Meso 

Scale Diagnostics (Gaithersburg, MD). The multiplex assay plate was read on a Meso Scale 

Diagnostics SECTOR Imager 2400 electrochemiluminescence plate reader. Biomarkers 

were determined in 8 animals per group and normalized to urine creatinine levels measured 

by HPLC 11.

Statistical analysis

Study groups comprised of 6–26 animals, please refer to Figure and Table legends for more 

information on group sizes. Group means ± SEM are shown. Multiple group comparisons 

were performed by ANOVA followed by Scheffé test. Histological scores are arbitrary non-

parametric data and were tested to verify normality using Kolmogorov-Smirnov Test. 

Kruskal-Wallis test was used to identify differences in histological scores across groups. 

Statistical significance of non-parametric data was estimated by Scheffé test for the normally 

distributed multiple group comparison samples.

Results

Confirmation of the physical extent of the mapped chromosome 17 blood pressure block 
by genome sequencing

The genomes of SHR-A3 and SHR-B2 are descended from the same outbred founder pair 

and shared ancestors of both lines were inbred for 8 generations before the two lines were 

isolated. As a result, SHR-A3 and SHR-B2 are 87% identical by descent. The 13% of the 

SHR-A3 and SHR-B2 genome that is descended from different ancestors has a haplotype 

block structure 13. A single haplotype block located from chr17:7.2Mb to chr17:15.8Mb 

(Rn5 assembly) was mapped and shown to explain the difference in SBP observed between 

these two SHR lines at 18 weeks of age. This age precedes the onset of progressive renal 

Dhande et al. Page 4

Hypertension. Author manuscript; available in PMC 2019 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



injury, and therefore this difference in blood pressure does not result from renal injury 13. 

Using next generation whole genome sequence assemblies obtained for these two SHR lines, 

we are able to define this block with very high resolution (chr17:6,765,076–16,742,956, Rn5 

assembly), examine the genes contained within it and tabulate the genetic variation 

associated with those genes (Table S1). We have previously reported renal gene expression 

differences between SHR-A3 and SHR-B2 associated with genes in the chr17 block 13.

Creation and confirmation of congenic state of SHR-A3(chr17-SHR-B2) rat line

A congenic line was created to test the hypothesis that the chr17 block influences blood 

pressure in the SHR-A3 genetic background20, 21. We used a panel of ~200 dimorphic SNP 

markers to determine genotypes at each generation of backcrossing during creation of the 

SHR-A3(chr17 SHR-B2) congenic line. Congenic animals were homozygous for SHR-B2 

alleles at 4 SNP markers spanning the introgressed block (marker positions chr17:7,151,820, 

chr17:11,561,842, chr17:13,705,857, chr17:15,630,391, Rn5 assembly) and were further 

verified with PCR interrogating the extreme ends of the block (SNPs located at 

chr17:6,815,854 and chr17:16,288,148, Fig S1). SNP genotyping across the blocks of non-

identity by descent allows us to conclude that, outside the 10 Mbase introgressed 

chromosome 17 segment, this congenic line is greater than 99.7% genetically identical with 

the SHR-A3 parental line. A single region of introgressed SHR-B2 ancestry was detected 

outside of the chr17 target block lying between chr11:15,415,747–22,927,323 (Rn5).

Effect of congenic introgression of the mapped chromosome 17 block on blood pressure

Table 1 indicates that there is a significant difference (+16.1 mm Hg) in systolic blood 

pressure (SBP) between the SHR-A3 parental line and the SHR-A3(chr17 SHR-B2) 

congenic line, but no difference between the congenic line and SHR-B2. Table 1 also 

indicates levels of mean and diastolic blood pressure (DBP) and heart rate. In our earlier 

SHR-A3 × SHR-B2 F2 intercross mapping study this locus was detected as a highly 

significant SBP locus and was not a significant DBP locus. This is confirmed in the 

congenic. We estimated that homozygosity in F2 animals for the SHR-A3 chr17 haplotype 

resulted in SBP 13.6 mm Hg greater than homozygosity for SHR-B2 alleles 13. Difference in 

SBP between the parental SHR-A3 and SHR-B2 lines is 19 mmHg (Table 1). Thus the chr17 

block appears to account for the SBP difference between these two SHR lines and the 

congenic line proves the role of allelic variation at the chr17 locus uncovered by mapping.

Except for the chr17 locus no BP loci segregate between SHR-A3 and SHR-B213. This 

indicates that the remaining polygenic basis for hypertension is shared by SHR-A3 and 

SHR-B2, a finding consistent with the known genealogy and observations of hypertensive 

trait fixation in SHR 15. We infer that the congenic SHR-A3(chr17 SHR-B2) and SHR-B2 

share an identical genetic mechanism of hypertension so that traits in which they diverge 

arise from the action of other genetic variation.

Effect of congenic introgression in chromosome 17 on renal injury

SHR-B2 strongly resists hypertensive renal injury 11. We proposed the null hypothesis that, 

if renal injury is driven solely by SBP differences between SHR-A3 and SHR-B2, no injury 

difference would be present in SHR-A3(chr17 SHR-B2) and SHR-B2. Figure 1 indicates 
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three measures of renal injury assessed at 40 weeks of age in SHR-A3(chr17 SHR-B2) and 

its progenitor lines SHR-A3 and SHR-B2. Glomerular injury in the congenic line is reduced 

compared to SHR-A3 and is not significantly different from SHR-B2. Thus, concerning 

glomerular injury, our null hypothesis is supported. In contrast, tubulo-interstitial injury in 

the congenic line is greater than in SHR-B2, but significantly less than SHR-A3. Finally, 

proteinuria as reflected in urinary albumin/creatinine ratio is not different between SHR-A3 

and the congenic line. This supports the conclusion that SBP has an important role in 

determining glomerular and tubulo-interstitial injury in SHR-A3. However, the effect is only 

partial regarding tubulo-interstitial injury and no effect to reduce proteinuria was observed. 

This may indicate other genetic influences on proteinuria arising outside of this locus.

Confirmation of the physical extent of the chromosome 6 haplotype block containing the 
IgH locus by whole genome sequencing and haplotype differences in coding sequences

A haplotype block is located at the distal end of chromosome 6 at which genomic sequences 

of SHR-A3 and SHR-B2 are highly divergent. We defined the extent of this block from 

chr6:146,030,387–154,214,590 (Rn5 assembly of the rat genome). This block contains all 

components (VDJ genes, Fc isotype genes) of IgH 19. We also confirmed that the remainder 

of chr6 is IBD across the two SHR lines with the exception of a small block from 

chr6:2,028,567–4,036,845. A summary of non-IgH gene coding variation in the distal chr6 

locus is provided in Table S2. Excluding IgH genes, only 18 other genes are present in this 

block and only 3 of these are affected by amino acid substitution. In contrast, of 230 IgH 

amino acid coding genes in the block, 112 IgH genes contain non-synonymous variation. 

There is also extensive structural variation (gene duplication and deletion) differentially 

affecting IgH genes in SHR-A3 compared with SHR-B219.

Creation and confirmation of congenic state of SHR-A3(IgH SHR-B2) rat line

A congenic line was created by backcrossing as above, targeting the IgH haplotype block. 

We genotyped animals from the resulting SHR-A3(IgH SHR-B2) congenic line to verify 

preservation of the entirety of the introgressed haplotype block. Our genome-wide SNP 

panel indicated that, outside the ~8Mbase introgressed chr6 segment, the congenic line is 

genetically identical with the SHR-A3 parental line.

Effect of congenic introgression of the IgH locus on serum IgG levels

The rat IgG isotype exists as 4 subclasses. Serum levels of three of these subclasses (IgG1, 

IgG2b, IgG2c) persistently differ between SHR-A3 and SHR-B2. Our genetic mapping 

studies indicated a strong influence of the IgH block on serum IgG subclass levels, 

indicating that both coding sequence variation and regulation of immunoglobulin serum 

levels were determined by variation the IgH locus between SHR-A3 and SHR-B218. 

Congenic substitution of IgH from SHR-B2 into SHR-A3 may confer not only the coding 

sequences of SHR-B2 immunoglobulins on the congenic line, but may also shift the serum 

levels of IgG subclasses away from those observed in SHR-A3 and towards those in SHR-

B2. Measurement of serum IgG subclasses confirms the effect of the IgH locus on serum 

IgG subclass levels (Figure 2).
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Effect of congenic introgression of the IgH locus on blood pressure

Recent evidence suggests the involvement of B lymphocytes in hypertension 22. Antigen-

directed immunoglobulin affinity maturation and secretion of immunoglobulin are unique 

functional specializations of the B cell lineage. B lymphocyte effects on blood pressure may 

be affected by IgH genetic variation acting through either serum immunoglobulin levels or 

functional effects of IgH coding sequence differences, or both. Therefore we used the IgH 

congenic line to test for an effect of the chromosome 6 IgH block on blood pressure. We 

compared blood pressure measured by telemetry in SHR-A3 and the congenic line starting 

prior to the age when renal injury is present (17–18 weeks) until injury becomes established 

at 25–26 weeks (Fig. S2). No effect on blood pressure was observed to result from 

substitution of the IgH locus in SHR-A3.

Effect of congenic introgression of the IgH locus on renal injury

Because administration of an immunosuppressive drug (mycophenolate mofetil) that 

impedes proliferation and maturation of T and B lymphocytes also reduces renal injury in 

SHR-A312, we considered it possible that IgH variation might provide a genetic influence on 

renal injury in SHR-A3. Figure 3 shows that glomerular injury is reduced at 40 weeks of age 

in the SHR-A3(IgH SHR-B2) line and approaches levels observed in SHR-B2 (SHR-A3 = 

1.91 ± 0.08, SHR-A3(IgH SHR-B2) = 1.36 ± 0.08 and SHR-B2 1.20 ± 0.07). Tubulo-

interstitial injury score is also significantly reduced in the congenic line (SHR-A3 = 3.16 

± 0.12, SHR-A3(IgH SHR-B2) = 2.35 ± 0.09 and SHR-B2 1.32 ± 0.12). However, no 

significant difference between uACR in SHR-A3 and SHR-A3(IgH SHR-B2) was observed.

Creation and confirmation of double congenic state of SHR-A3(chr17, IgH SHR-B2) rat line

The capacity of the IgH and chr17 loci to influence renal injury independently lead us to 

investigate the effect of the combined actions of these two loci. We mated animals from the 

two single congenic lines and bred to homozygosity animals that contained the SHR-A3 

genetic background, but were homozygous at both the IgH and chr17 loci for SHR-B2 

alleles. We examined the development of renal injury in these double congenic animals at 

aged 40 weeks. Figure 4 shows that histologically assessed glomerular and tubulo-interstitial 

injury in the double congenic are both reduced to levels not different from SHR-B2. 

However, proteinuria was not reduced in the double congenic and appears to be controlled 

by genetic variation outside these two loci.

Urinary Biomarkers of Renal Injury

We assessed urinary levels of three established biomarkers of acute renal injury 

(Osteopontin, Neutrophil Gelatinase-associated Lipocalin and Kidney Injury Molecule-1) in 

SHR-A3, SHR-B2, the SHR-A3(IgH SHR-B2) congenic line, the SHR-A3(chr17 SHR-B2) 

congenic line and the double congenic line at 30 weeks of age. There was extreme 

divergence in each of the three biomarker levels between the parental lines, SHR-A3 and 

SHR-B2 (Figure 5). The two single congenic lines had intermediate levels of each of the 

biomarkers, while the double congenic line biomarker levels were all close to those observed 

in SHR-B2. While the precise biological significance of these markers is not fully clear, they 

appear to reflect predominantly injury to the proximal renal tubules and thus extend our 
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measurement of urinary albumin excretion from what is predominantly a filtration and 

barrier function to a reflection of renal epithelial cellular damage 23, 24. Our observations 

suggest their relevance to progressive renal injury in the SHR-A3 model and support and 

extend the conclusion from our histological studies that the BP effect of the chr17 locus and 

effects arising from germ line variation in IgH are key elements of the emergence of 

progressive renal disease in this model of hypertension.

Discussion

SHR-A3 and SHR-B2 are descended from a single founder pair of Wistar rats whose 

progeny were selectively bred to fix the trait of hypertension. Separation of distinct SHR-A 

and SHR-B lineages occurred after fixation of hypertension so it can be expected that alleles 

causing hypertension in SHR are shared across SHR lines 14, 15, 25, 26. We have shown by 

high density single nucleotide polymorphism analysis that the genome-wide extent of shared 

ancestry across these two lines is ~87% and that it is comprised of blocks of shared ancestry 

interspersed with blocks of ancestry arising from genetically divergent progenitors 13. This 

structure facilitates mapping of traits at which the two lines diverge due to genetic variation. 

We performed mapping studies to determine whether the higher blood pressure levels in 

SHR-A3 than other SHR lines might be attributed to an additional genetic effect that is 

absent in SHR-B2. This work indicated that SHR-A3 alleles in the chr17 block segregated 

with blood pressure in an SHR-A3 and SHR-B2 F2 intercross when blood pressure was 

measured prior to the emergence of renal injury. This indicates that hypertension alleles are 

shared by both lines and that an additional BP effect exists only in SHR-A3 which is 

confined to this ~10Mb block that constitutes 0.36% of the rat genome 13. The chr17 

congenic line confirms the role of this short segment of chr17 in the higher BP levels seen in 

SHR-A3. The present study clearly indicates that the chr17 block produces a combined 

effect on both blood pressure and renal injury. The injury effect may arise secondarily to the 

further elevation of blood pressure and it is notable that levels of blood pressure in SHR-A3 

exceed the auto-regulatory range of renal blood flow and may contribute to injury initiation 

by disrupting renovascular function as has been suggested for other rat renal injury models 
27–30.

Our prior work indicates that difference in injury susceptibility appears to result, at least in 

part, from genetic variation in SHR-A3 that influences renal inflammation 12. This raises the 

question of whether substitution of the chr17 block affecting SBP and renal injury alters an 

immune component of renal injury in SHR-A3. Although the chr17 block is relatively rich 

in genes, two immune signaling genes (Syk and Dok3) lie in this block and exist as 

dimorphic alleles across SHR-A3 and SHR-B2. Furthermore, these genes both participate in 

inflammatory signaling networks arising from Fc receptors for which immunoglobulins are 

the activating ligand 31–33. Further refinement of this locus by sub-congenic line creation 

may clarify the possible involvement of one or both of these genes in contributing to blood 

pressure elevation and renal injury.

There is extensive genetic variation between the germ-line IgH sequences across SHR-B2 

and SHR-A319. Immunosuppression reduces hypertensive renal injury in SHR-A3 line 12 

and this suggested the possible involvement of B cell mediated immunity in hypertensive 
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renal injury. The SHR-A3(IgH SHR-B2) congenic line provides clear evidence that germ-

line genetic variation in IgH influences hypertensive renal injury and that such influence 

does not arise from a resulting difference in SBP between SHR-A3 and SHR-B2.

Congenic substitution approaches are subject to confounding effects arising from undetected 

gene variants transferred during backcrossing from outside the targeted congenic segment. 

Such a possibility appears to be small in this case because of the high levels of genetic 

identity between the SHR-A3 and SHR-B2 lines and because we have extensively genotyped 

across the haplotype blocks from which the SHR-A3 and SHR-B2 lines arise from divergent 

ancestors. IgH sequence variation seems likely to be the cause of trait variation in the 

comparisons made, because IgH comprises essentially all of the protein coding variation in 

the transferred block. Analysis of whole genome sequences for SHR-A3 and SHR-B2 has 

allowed us to determine the extent of non-synonymous protein coding variation between 

these two closely-related rat lines. Across the entire genome, excluding the IgH locus, we 

have identified 652 genes containing non-synonymous sequence variation comparing these 

lines with each other (~3% of all genes). In contrast, there are 112 immunoglobulin gene 

segments with non-synonymous variation in the IgH locus (49% of IgH genes) and 

potentially even more variation arising from the frequent structural genetic variation and 

gene duplication known to occur in the IgH locus and that is poorly resolved by next-

generation, short-read sequencing. Thus, at the whole genome level, at least 17% of non-

synonymous genetic variation between SHR-A3 and SHR-B2 occurs in the 0.3% of the 

genome that constitutes the IgH locus. An assembled, structurally complete genome 

sequence of the highly variable IgH locus in humans has only recently been achieved and 

none is available for the rat 34. Germ line immunoglobulin sequence diversity provides the 

starting point for antigen recognition 35. Germ line variation in IgH in SHR-A3 may favor 

the development of antibodies to antigens exposed in the hypertensive kidney.

The double congenic line we have created indicates that renal injury in SHR-A3 can be 

reduced to the same low levels observed in SHR-B2 by substitution of just two genomic loci 

comprising 18 Mbases of the 2,870 Mbase rat genome. SBP levels in SHR-A3 that are 

nearly 20 mmHg greater than SHR-B2 may play an important role in the initiation of injury. 

This additional degree of SBP elevation may overwhelm renal blood flow auto-regulatory 

processes which appear to retain function until ~180 mmHg 36. The resulting damage might 

initiate injury in both glomerular and tubulo-interstitial compartments that is amplified when 

the germ line SHR-A3 IgH sequences are present compared with those in SHR-B2. The 

persistence of high levels of proteinuria in the double congenic is unexpected and indicates a 

potential genetic influence from the SHR-A3 genome outside of the loci we have isolated, 

though other explanations may be possible.

In conclusion, these studies have identified two loci that determine susceptibility to renal 

injury in this rat model of hypertension. The pathway appears to involve both increased 

injury due to genetic variation driving higher blood pressure and to the involvement of 

genetic variation in immunoglobulin biology arising from within the IgH locus. There is 

possible interaction between gene variation affecting renal injury because two diallelic 

immunoglobulin signaling genes are present in the BP locus. These studies pose questions 

regarding the potential interaction between immunoglobulin genetic variation and 
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hypertensive renal injury in humans. The difficulty of addressing this possibility is 

highlighted by the fact that the extreme genetic diversity of the immunoglobulin loci reduces 

the capacity of contemporary genome-wide association or genome sequencing studies to 

detect this involvement 37, 38. This may contribute to the “missing heritability” observed in 

GWAS studies of renal function 39. It is well recognized that there is common genetic 

variation in humans that influences the likelihood of formation of self-reactive antibodies 
40–44. Such variation might interact with germ-line immunoglobulin variation to contribute 

to risk of disease in hypertensive patients. This rat model proposes novel, discrete disease 

targets and mechanisms for investigation in humans.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Perspectives

SHR lines exist that differ in susceptibility to hypertensive end organ injury and provide 

an opportunity to advance understanding of genetic mechanisms that create injury 

susceptibility. We have identified two loci that control the emergence of renal injury in 

the SHR strain. One is associated with a greater rise in blood pressure (chr17:7.2–15.8 

Mb). The other (chr6:146.0–154.2 Mb) includes all immunoglobulin VDJ and constant 

genes of the IgH locus which are highly divergent between SHR lines. The presence of 

genetic variation in the chr17 block that affects genes involved in B cell immune 

signaling also suggest a role for immunoglobulin structural and/or functional divergence 

in the mechanism of disease. These observations tie the suspected role of immune-

mediated damage in end organ disease to specific aspects of immune function. 

Interestingly, the structural complexity of the immunoglobulin locus has prevented it 

from being investigated in human population genetic studies of end organ disease and it 

may be an important source of unexplained heritability of disease susceptibility.
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Novelty and Significance

1. What Is New?

Hypertensive kidney injury has a strong heritable basis that remains largely undefined. In 

a hypertensive rat model, we show that injury in the susceptible SHR-A3 line is strongly 

attenuated by replacement of two loci representing less than 0.7% of the genome from 

the SHR-B2 injury-resistant line. One of these loci (chr17) contributes to additional 

elevation of blood pressure. The other locus contains genes encoding the immunoglobulin 

heavy chain (chr6, IgH).

2. What Is Relevant?

These studies indicate that prior observations implicating immunological processes in 

hypertensive renal disease can arise genetically. The IgH has a complex structure that 

cannot be systematically investigated in human GWAS.

3. Summary

These studies show interaction between increased blood pressure and renal injury and 

indicate that genetic variation in the antibody repertoire can contribute to hypertensive 

renal disease.
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Figure 1. 
Histologically assessed glomerular and tubulo-interstitial injury scores measured in Periodic 

acid-Schiff-stained kidney sections and urinary albumin-creatinine ratios (UACR) and from 

40 week old SHR-A3 (open), SHR-B2 (black) and congenic SHR-A3(chr17 SHR-B2) (gray) 

animals (SHR-A3, SHR-A3(chr17 SHR-B2), SHR-B2, n = 8, 12, 21 respectively). NS = no 

significant difference, * = p<0.05 and *** = p<0.001 (ANOVA, Scheffé test).
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Figure 2. 
Serum IgG subclass levels were assessed by ELISA in 30 week old SHR-A3, SHR-B2 and 

SHR-A3(IgH SHR-B2), n = 6 per group. Significant differences in IgG1, IgG2b and IgG2c 

in SHR-A3 versus SHR-B2 were observed. In the congenic line, transfer of the SHR-B2 IgH 

segment into SHR-A3 resulted in serum IgG subclass levels that closely resembled the donor 

(SHR-B2) levels for IgG2b and IgG2c. For IgG2a, no effect of congenic transfer was 

predicted based on prior mapping, though a reduction was observed in the congenic line. For 

IgG1, the congenic levels were intermediate between the donor and recipient levels and not 

significantly different from either (*** p<0.001, ** p<0.01, *, p<0.05, NS not significantly 

different).
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Figure 3. 
Histologically assessed glomerular and tubulo-interstitial injury scores and urinary albumin-

creatinine ratios (UACR) and from 40 week old SHR-A3 (open), SHR-B2 (black) and the 

congenic SHR-A3(IgH SHR-B2) (gray) lines, n = 8, 19, 21 respectively. Glomerular and 

tubulo-interstitial injury were both significantly reduced in the congenic line, compared to 

SHR-A3, UACR was not different. NS = no significant difference, * = p<0.05 and *** = 

p<0.001 (ANOVA, Scheffé test)
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Figure 4. 
Histologically assessed glomerular and tubulo-interstitial injury and urinary albumin-

creatinine ratios (UACR) and from 40 week old SHR-A3 (open), SHR-B2 (black) and the 

congenic SHR-A3(IgH, chr17 SHR-B2) double congenic line (hatched) n = 8, 20, 21 

respectively. Glomerular and tubulo-interstitial injury scores were not significantly different 

in the congenic line compared to SHR-B2, however UACR was different from SHR-B2, but 

not from SHR-A3. NS = no significant difference, * = p<0.05 and *** = p<0.001 (ANOVA, 

Scheffé test)
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Figure 5. 
Urinary biomarker levels normalized to urine creatinine in 30 week old SHR-A3 (open), 

SHR-B2 (black), the SHR-A3(chr17 SHR-B2) congenic line (light gray), the SHR-A3(IgH 

SHR-B2) congenic line (dark gray) and the double congenic SHR-A3(IgH, chr17 SHR-B2) 

line (hatched), n = 8 per group. Although presented in a single figure for clarity, the 

hypotheses tested by comparing each of the congenic lines with the two parental strains are 

independent and statistical significance testing (ANOVA, Scheffé test) reflects this. 

Comparing SHR-A3(IgH SHR-B2) to its parental strains: NGAL; SHR-A3 vs SHR-B2 p = 

0.03,SHR-A3 vs SHR-A3(IgH SHR-B2) p = NS, SHR-A3(IgH SHR-B2) vs SHR-B2 p = 

NS: OPN; SHR-A3 vs SHR-B2 p = 0.001, SHR-A3 vs SHR-A3(IgH SHR-B2) p = 0.02, 

SHR-A3(IgH SHR-B2) vs SHR-B2 p = NS: Kim1; SHR-A3 vs SHR-B2 p = 0.001, SHR-A3 

vs SHR-A3(IgH SHR-B2) p = 0.03, SHR-A3(IgH SHR-B2) vs SHR-B2 p = NS. Comparing 

SHR-A3(chr17 SHR-B2) to its parental strains: NGAL; SHR-A3 vs SHR-B2 p = 0.01,SHR-

A3 vs SHR-A3(chr17 SHR-B2) p = 0.03, SHR-A3(chr17 SHR-B2) vs SHR-B2 p = NS: 

OPN; SHR-A3 vs SHR-B2 p = 0.002,SHR-A3 vs SHR-A3(chr17 SHR-B2) p = 0.04, SHR-

A3(chr17 SHR-B2) vs SHR-B2 p = NS: Kim1; SHR-A3 vs SHR-B2 p = 0.002, SHR-A3 vs 

SHR-A3(chr17 SHR-B2) p = NS, SHR-A3(chr17 SHR-B2) vs SHR-B2 p = 0.05. 

Comparing SHR-A3(IgH, chr17 SHR-B2) to its parental strains: NGAL; SHR-A3 vs SHR-

B2 p = 0.01, SHR-A3 vs SHR-A3(IgH, chr17 SHR-B2) p = 0.01, SHR-A3(IgH, chr17 SHR-

B2) vs SHR-B2 p = NS: OPN; SHR-A3 vs SHR-B2 p = 0.0003,SHR-A3 vs SHR-A3(IgH, 

chr17 SHR-B2) p = 0.0003, SHR-A3(IgH, chr17 SHR-B2) vs SHR-B2 p = NS: Kim1; SHR-
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A3 vs SHR-B2 p = 0.0003, SHR-A3 vs SHR-A3(IgH, chr17 SHR-B2) p = 0.0005, SHR-

A3(IgH, chr17 SHR-B2) vs SHR-B2 p = NS.
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