
ORIGINAL ARTICLE

Multiple blood pressure loci with opposing blood
pressure effects on rat chromosome 1 in a
homologous region linked to hypertension on
human chromosome 15

Blair Mell, Shakila Abdul-Majeed, Sivarajan Kumarasamy, Harshal Waghulde, Resmi Pillai, Ying Nie
and Bina Joe

Genetic dissection of blood pressure (BP) quantitative trait loci (QTLs) in rats has facilitated the fine-mapping of regions linked

to the inheritance of hypertension. The goal of the current study was to further fine-map one such genomic region on rat

chromosome 1 (BPQTL1b1), the homologous region of which on human chromosome 15 harbors BP QTLs, as reported by four

independent studies. Of the six substrains constructed and studied, the systolic BP of two of the congenic strains were

significantly lower by 36 and 27mmHg than that of the salt-sensitive (S) rat (Po0.0001, P¼0.0003, respectively). The

congenic segments of these two strains overlapped between 135.12 and 138.78Mb and contained eight genes and two

predicted miRNAs. None of the annotations had variants within expressed sequences. These data taken together with the

previous localization resolved QTL1b1 with a 70% improvement from the original 7.39Mb to the current 2.247Mb interval.

Furthermore, the systolic BP of one of the congenic substrains was significantly higher by 20mmHg (Po0.0001) than the

BP of the S rat. The limits of this newly identified QTL with a BP increasing effect (QTL1b1a) were between 134.12 and

135.76Mb, spanning 1.64Mb, containing two protein-coding genes, Mctp2 and Rgma, and a predicted miRNA. There were

four synonymous variants within Mctp2. These data provide evidence for two independent BP QTLs with opposing BP effects

within the previously identified BP QTL1b1 region. Additionally, these findings illustrate the complexity underlying the genetic

mechanisms of BP regulation, wherein inherited elements beyond protein-coding sequences or known regulatory regions could

be operational.
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INTRODUCTION

Four independent studies have detected linkage of human essential
hypertension to a large region encompassing the q-terminus of human
chromosome 15.1–4 Using homology mapping, this region in humans
can be located on rat chromosome 1 (RNO1) wherein multiple
previous linkage and substitution mapping studies have reported
blood pressure (BP) quantitative trait loci (QTLs).5–10 Among these, a
7.4-Mb genomic segment on RNO1 was previously identified as BP
QTL1b1 using congenic strains developed by introgressing alleles from
the normotensive Lewis (LEW) rat into the genome of the
hypertensive salt-sensitive (S) rat.11 LEW alleles within this QTL
lowered BP of the S rat. QTL1b1 was defined by the limits of the
RNO1 congenic strain S.LEW(D1Mco36-D1Mco101)11 (Figure 1).
The purpose of the current study was to further resolve this BP QTL.

A panel of six congenic substrains was constructed and their BP
phenotypes were compared with that of the S rat. Data obtained from
these strains clearly indicate that there are two BP QTLs. These two
BP QTLs are named QTL1b1 and QTL1b1a. LEW alleles of QTL1b1
decreased the BP of the S rat and were mapped within 2.247 Mb
containing 17 annotations. LEW alleles of QTL1b1a increased the BP
of the S rat and were fine-mapped within 1.64 Mb containing five
annotations. Genomic DNA sequencing data from these mapped
locations were cataloged. While there were several intronic and
intergenic polymorphisms, there were neither any non-synonymous
variants nor any detectable alterations in the gene expression of
candidate protein-coding genes between the strains. Collectively, these
data point to variants outside protein-coding elements as likely
candidates for the two BP QTLs with opposing BP effects.
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METHODS

Animals
All animal research protocols were approved by the University of Toledo’s

Institutional Animal Care and Use Committee. Experiments were conducted in

accordance with the National Institutes of Health Guide for the Care and Use

of Laboratory Animals. Dahl salt-sensitive (SS/Jr or S) rats were inbred in our

colony. The Lewis (LEW/NCrlBR) rats, originally obtained from Charles River

Laboratories (Wilmington, MA, USA), were maintained in our animal facility

and are referred to as LEW. All congenic substrains were constructed as per

previously published procedures.9 S.LEW(D1Mco36-D1Mco101) was the

progenitor strain for all strains in the study.

Microsatellite markers
New microsatellite markers were developed from sequences identified by

searching the rat genome sequence data available (RGSC 3.4 or RGSC 5.0)

through the Ensembl database (http://www.ensembl.org). Marker names and

details are deposited with the Rat Genome Database (http://rgd.mcw.edu).

Genotyping
Congenic substrain DNA was extracted from a tail biopsy using the Promega

Wizard SV 96 Genomic DNA Purification System (Promega, Madison, WI,

Figure 1 The physical map of RNO1 along with the microsatellite markers and their locations according to the Ensembl database (www.ensembl.org, RGSC

3.4 and 5.0) are depicted. The horizontal bars alongside of the physical map represent schematics of congenic strains. Colored boxes are introgressed LEW

segments. A green bar indicates that the congenic strain had a lower BP than S. A black bar indicates that the congenic strain had no significant change in

BP compared with S. A red bar indicates that the congenic strain had a higher BP than S. The regions of recombination are represented by white boxes

flanking each of the congenic strains. The BP effect of each strain compared with S is shown to the right of the schematic of each congenic strain. BP

effect and P-values for the bottom three strains are from telemetry experiments. The locations of the newly identified BP QTLs are indicated as orange bars

at the bottom of the figure. Data from S.LEW(D1Mco36–D1Mco101) was previously published11 and is presented here for completeness.

Table 1 Systolic blood pressures of congenic strains and S obtained

by the tail-cuff method

Congenic strain

Systolic

BP of S

Systolic BP

of congenic

BP effect

(congenic

minus S,

mmHg) P-value

S.LEW(D1Mco36-D1Mco101)a 198±2 173±1 �25 o0.0001

S.LEW(Ch1x3x3x3Bx7x2) 226±4 226±5 0 0.998

S.LEW(Ch1x3x3x3Bx7x4) 217±5 226±4 þ9 0.691

S.LEW(Ch1x3x3x3Bx7x5) 208±6 227±7 þ19 0.222

S.LEW(Ch1x3x3x3Bx5) 194±5 212±5 þ18 0.014

S.LEW(Ch1x3x3x3Bx13) 198±8 157±6 �41 o0.0001

S.LEW(Ch1x3x3x3Bx4) 198±8 155±16 �43 0.009

Abbreviation: BP, blood pressure; LEW, Lewis; S, salt-sensitive.
aData from this strain were previously published11 and is presented here for completeness.
Systolic BP of S given in each row is the value obtained with the concomitantly raised group of
S rats along with the test congenic strain. Same value for the S column indicates that the
same group of S rats were raised and tested along with two different congenic strains. Values
are mean±s.e. of the mean.
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USA). PCR-based genotyping using microsatellite markers was performed

using standard techniques as described previously.12

Phenotyping
Rats were weaned at 28–30 days of age and maintained on a low-salt (0.3%

NaCl) Harlan Teklad diet, 7034 (Madison, WI, USA). For each congenic strain,

20–30 male congenic substrain rats were raised concomitantly with male S

control rats and matched by weight as closely as possible with the S rats for BP

studies. Each cage contained a congenic strain and an S rat. In studies

comparing two congenic substrains with S, one congenic rat was housed with

either an S rat or another congenic rat representing a different congenic strain.

The rats were fed a 2% NaCl Harlan Teklad diet, TD94217, for 24 days starting

at 40–42 days of age. The tail-cuff method was used to measure the systolic BPs

of conscious restrained rats warmed to 28 1C using equipment from IITC

(Woodland Hills, CA, USA). BP was measured once a day for 4 consecutive

days during the same time period (morning). An average BP reading for each

day was taken from two to three consistent readings. The final BP was

calculated from the average BP value of the 4 days. At the end of the study, rats

were euthanized by CO2, and final body and heart weights were recorded. If a

change in BP was observed between the congenic rats and the S rats, then the

BP of a smaller subset of 10–12 animals/group of congenic and S rats was

subsequently tested further via radiotelemetry post-surgical implantation of

C-40 transmitters (Data Sciences International, St Paul, MN, USA) as

described previously.7 After 5 days of recovery from surgery, the transmitters

were turned on and systolic BP, diastolic BP, mean BP, heart rate and pulse

pressure were recorded for 4 consecutive days. The average BP of each 4-h time

interval was used for statistical analysis. Statistical analyses were performed as

previously reported.11

Quantitative real-time PCR
Heart and kidney RNA samples from 10-week-old S (n¼ 5 heart, n¼ 5

kidney) and S.LEW(Ch1x3x3x3Bx5) (n¼ 5 heart, n¼ 5 kidney) animals that

Figure 2 Blood pressure measurements by radiotelemetry. S and congenic strains were implanted with radio-transmitters and their BP was continuously

recorded for 24 h as detailed under the Methods. N¼10–12 rats/group. SBP, systolic blood pressure; DBP, diastolic blood pressure; PP, pulse pressure;

Pressure, mean blood pressure.
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were fed a high-salt (2%) diet were collected and analyzed by real-time PCR

using a MyIQs Real Time PCR Detection System (Bio-Rad, Hercules, CA,

USA) as described previously.6 Gene-specific primers were designed using

Primer3 (http://bioinfo.ut.ee/primer3/). Total RNA was reversed transcribed

using an Oligo dT primer. cDNA was diluted and used as a template for

quantitative PCR using SYBR Green. Using software provided by the MyIQ

Real Time PCR Detection System, a first derivative melting curve analysis

verified amplicon specificity. The quantification and normalization of relative

gene expression was accomplished using the comparative threshold cycle (CT)

method, or DDCT. DDCT values were converted into ratios by 2�DDCT and

averaged across biological replicates. The expression of the ‘housekeeping’

gene, ribosomal protein L36a (GenBank accession no. AA859783), was used

for normalization, as this gene did not exhibit differential expression as

previously shown.6

Genomic sequencing and analysis
Genomic variant data between SS/Jr and LEW/NcrlBR were obtained from the

Rat Genome Database (http://rgd.mcw.edu/).

RESULTS

The previously reported S.LEW(D1Mco36-D1Mco101) congenic sub-
strain, which spanned the entire 7.39 Mb QTL1b1 region from 122.99
to 130.38 Mb, had a significant BP lowering effect of �25 mm Hg
compared with the S rat.11 The homologous region to this rat
genomic segment is shown in Figure 1 along with the BP QTL
locations of the four linkage studies described in humans. To further
fine-map QTL1b1, a panel of six congenic substrains was constructed
and characterized (Figure 1). These congenic substrains were
developed by introgressing LEW rat alleles into the genome of the

Table 2a Annotations within QTL1b1

Symbol Name From base pair locationa To base pair locationa

LOC365286 Similar to macrophage migration inhibitory factor (MIF) 128177636 128177987

LOC681327 Similar to U6 snRNA-associated Sm-like protein LSm2 128333743 128334069

ENSRNOG00000048799 Novel miRNA Not present on RGSC 3.4 Not present on RGSC 3.4

Rgma RGM domain family member A 128547399 128591304

Chd2 Chromodomain helicase DNA binding protein 128609727 128720325

LOC100912205 Uncharacterized LOC100912205 Not present on RGSC 3.4 Not present on RGSC 3.4

ENSRNOG00000041447 Novel miRNA 128795876 128795940

LOC499179 Similar to topoisomerase (DNA) I 128832188 128852576

ENSRNOP00000052675 Histone H2A Not present on RGSC 3.4 Not present on RGSC 3.4

Fam174b Family with sequence similarity 174 128936112 128989452

ENSRNOG00000047168 Novel protein coding Not present on RGSC 3.4 Not present on RGSC 3.4

LOC100360298 Hypothetical LOC100360298 128993748 129004331

LOC365287 Similar to 60S ribosomal protein L26 129086322 129086803

St8sia2 ST8 alpha-N-acetyl-neuraminide alpha-28-sialyltransferase 2 129158717 129191810

LOC100360396 Hypothetical protein LOC100360396 129492866 129503306

Slco3a1 Solute carrier organic anion transporter family member 3a1 129580126 130077110

LOC100360445 Hypothetical LOC100360445 130228126 130294018

aBase pair locations on the rat genome were obtained from www.ensembl.org, RGSC 3.4.

Table 2b Annotations within QTL1b1a

Symbol Name From base pair locationa To base pair locationa

Mctp2 Multiple C2 domains transmembrane 2 127132844 127308205

LOC365286 Similar to macrophage migration inhibitory factor (MIF) 128177636 128177987

LOC681327 Similar to U6 snRNA-associated Sm-like protein LSm2 128333743 128334069

ENSRNOG00000048799 Novel miRNA Not present on RGSC 3.4 Not present on RGSC 3.4

Rgma RGM domain family member A 128547399 128591304

aBase pair locations on the rat genome were obtained from www.ensembl.org, RGSC 3.4.

Table 3a Single-nucleotide polymorphisms between SS/Jr and LEW

within the QTL regions

Location

Number of exonic

SNPs (protein-coding

gene)

Number of

intronic

SNPs

Number of

intergenic

SNPs

Number of 30

and 50 UTR

SNPs

QTL1b1a 4 (Mctp2) 237 1512 0

QTL1b1 0 42 85 0

Abbreviations: LEW, Lewis; QTL, quantitative trait loci; S, salt-sensitive; SNP, single-nucleotide
polymorphism; UTR, untranslated region.

Table 3b Synonymous single-nucleotide variations between SS/Jr

and LEW

Location of SNP BN LEW S

127135212 G G T

127267249 C C T

127298426 A A G

127300063 G G A

Abbreviations: LEW, Lewis; S, salt-sensitive; SNP, single-nucleotide polymorphism.
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Figure 3 Comprehensive illustration of linkage and substitution mapping on RNO1 using S and LEW rats. The logarithm of odds plot for BP obtained by the

study of an F2(S� LEW) population13 is shown at the top followed by the cytogenetic and physical maps of RNO1. End markers of congenic strains and

their current physical locations (rat genome version 5.0) are flanking bars that represent congenic strains. The physical locations of markers were obtained

from the rat genome database (http://www.rgd.mcw.edu). *Markers that were not mapped, location determined using nearby markers chosen using the limits

of the congenic strains. wMarkers that were not located on RNO1, but are mapped to RNO1 based on our report.14 Green bars indicate that the congenic

strain had a BP lowering effect, black bar indicates that the congenic strain had no BP effect and red bar indicates that the congenic strain had a BP

increasing effect. All congenic strains except the ones currently reported are previously published.7,11–14 Vertical blue or orange lines ending in red arcs

collectively depict all currently mapped QTL regions. The names of QTLs are highlighted in yellow along with their respective sizes.
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Dahl salt-sensitive (S) rat. Compared with the systolic BP of the
S rat, 198±8 mm Hg, two of the new congenic substrains,
S.LEW(Ch1x3x3x3Bx13) and S.LEW(Ch1x3x3x3Bx4), had signifi-
cantly lower systolic BP of 157±6 mm Hg (Po0.0001) and
155±16 mm Hg (P¼ 0.003), respectively (Table 1). These BP low-
ering effects observed by the tail-cuff method were corroborated using
the telemetry method (Figure 2). The systolic, diastolic and mean BPs
and pulse pressures of the congenic strains S.LEW(Ch1x3x3x3Bx13)
and S.LEW(Ch1x3x3x3Bx4) were lower than that of the S rat
(Figure 2). The congenic strain S.LEW(Ch1x3x3x3Bx13) had a shorter
LEW introgressed segment compared with S.LEW(Ch1x3x3x3Bx4)
(Figure 1). Therefore, the location of BP QTL1b1 was interpreted to
be within the congenic segment of S.LEW(Ch1x3x3x3Bx13)
(Figure 1). Further, by comparing the lower ends of the congenic
segments of the strains S.LEW(D1Mco36-D1Mco101) and
S.LEW(Ch1x3x3x3Bx13), both of which demonstrated BP lowering
effects, the genomic segment from D1Mco101 and D1Wox6 was
eliminated. Therefore, the newly mapped location of QTL1b1 on
RNO1 was within a 2.25-Mb region from 135.12 to 137.37 Mb. This
represents a 70% improvement from the 7.39-Mb region to which
QTL1b1 was previously mapped. The newly mapped 2.25 Mb
QTL1b1 region contains eight genes and two predicted miRNA
(Table 2a). There were no protein-coding variants within the exons
of the eight genes or within the predicted miRNA.

Among the other newly developed congenic substrains shown in
Figure 1, the BP of three substrains, S.LEW(Ch1x3x3x3Bx7x2),
S.LEW(Ch1x3x3x3Bx7x4) and S.LEW(Ch1x3x3x3Bx7x5), was not
significantly different from that of the S rats. Note however that the
systolic BP of the congenic substrain S.LEW(Ch1x3x3x3Bx5)
(198±6 mm Hg) was significantly higher by 20 mm Hg compared
with the systolic BP of the S rat (178±6 mm Hg, Po0.0001). This
result was consistent with BP measured by telemetry. Systolic,
diastolic and mean BPs of S.LEW(Ch1x3x3x3Bx5) were higher than
that of the S rat (Figure 2). This newly identified locus, LEW alleles
within which further increased systolic BP of the S rat, was named
QTL1b1a. QTL1b1a spans 1.64 Mb and is located between 134.12
and 135.76 Mb. The QTL1b1a region contains two protein-coding
genes, Mctp2 and Rgma, and a novel predicted miRNA,
ENSRNOG00000048799 (Table 2b). Genomic variants between
SS/Jr and LEW/NcrlBR throughout the two QTL regions were
obtained from the Rat Genome Database (http://rgd.mcw.edu/) and
are shown in Supplementary Table S1. The majority of the variants in
both QTL regions were located within either intergenic or intronic
regions (Table 3a). However, within QTL1b1a, four variants were
confirmed in exonic regions of the protein-coding gene Mctp2. All
were synonymous single-nucleotide polymorphisms. These four
exonic SNPs were independently validated with genomic DNA of S,
LEW and the congenic substrain S.LEW(Ch1x3x3x3Bx5) by capillary
sequencing as described previously in the Materials and methods
(Table 3b). Quantitative real-time PCR was performed on heart and
kidney tissue to determine whether the expression of Mctp2 differed
between the congenic substrain S.LEW(Ch1x3x3x3Bx5) and the S rat.
The results indicated no significant difference in the expression
of Mctp2 in either heart (P¼ 0.09) or kidney tissue (P¼ 0.70) (data
not shown).

Figure 3 illustrates all iterations of substitution mapping performed
on chromosome 1 by substituting LEW alleles into the S rat
genome.7,11–15 Including those identified by the current study, there
are at least five independently functional BP QTLs within the
originally detected logarithm of odds (LOD) plot. Of these, the
underlying gene within QTL2 was previously validated using a

genetically engineered mutant strain as a disintegrin-like
metalloproteinase with thrombospondin motifs 16.14,15 QTL1a12

could not be tracked further, as congenic strains with shorter
segments did not demonstrate BP effects (unpublished data), and
QTL1b is now resolved to three regions with candidate variants
residing entirely outside the exonic regions of all three QTL regions.

DISCUSSION

Comparative mapping of human hypertension loci in rats provides an
opportunity to discern loci that may participate in the regulation of
BP in both species.16–18 While further genetic dissection is difficult in
humans, substitution mapping in rats allows for further dissection of
such loci. One such locus on human chromosome 15 and RNO1 is
the subject of this study. This report is a new iteration of substitution
mapping on RNO1, wherein a BP QTL region was previously located
within a 7.39-Mb interval. Data collected from six new congenic
substrains enabled further mapping of this 7.39 Mb BP QTL to at least
two shorter segments of 2.25 and 1.64 Mb. Further, it is interesting to
note that although the overall effect of the LEW rat alleles underlying
the QTL region was found to be protective based on linkage mapping
results, there are LEW alleles within the QTL region that increase the
BP of the S rat. The existence of such closely linked BP loci with
opposing effects has been demonstrated in at least one other region of
the rat genome, a region in which BP lowering effects were initially
detected within a large QTL segment.10,19,20 The significance of such
loci being closely linked within the genome is not clear but may
suggest the complex nature of the genetic landscape of BP control in
both rats and humans.

The current report represents a comprehensive mapping of the
previously inferred 7.39 Mb interval because the entire region was
represented by the collective LEW allelic introgressed segments of the
six new congenic strains. Genome sequencing of the QTL regions did
not detect any non-synonymous exonic variants, but it did detect a
large number of intronic and intergenic sequence variants. The
mapping data and the sequencing data taken together suggest that
the two newly mapped genomic intervals on chromosome 1 exert BP
effects through variants that have functions beyond causing amino-
acid substitutions within protein-coding genes. Detection of loci with
evidence pointing to variants outside protein-coding genes as under-
lying candidates is not surprising because genome-wide association
studies have similarly cataloged a large number of intergenic variants
associated with several polygenic traits (http://www.genome.gov/
gwastudies/). Unlike variants within protein-coding genes or other
non-coding genes, the lack of annotations encompassing these
variants poses a significant problem for designing experiments to
test the functional relevance of these variants to mechanisms under-
lying BP control. As several of the variants detected are within introns
and intergenic regions, it is possible that these regions may interact
with other chromosomal segments to varying degrees. Understanding
the folding of the genome at this scale may be important in mammals
where dispersed regulatory elements, such as enhancers and
insulators, are involved in gene regulation.21 Therefore, beyond the
next step of further mapping of the two QTLs, chromosomal
conformation capture assays of such regions in question on other
chromosomes could be contemplated.22,23
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Quantitative analysis of chromosome conformation capture assays (3C-qPCR).
Nat Protoc 2007; 2: 1722–1733.

22 Smits BM, Haag JD, Rissman AI, Sharma D, Tran A, Schoenborn AA, Baird RC,
Peiffer DS, Leinweber DQ, Muelbl MJ, Meilahn AL, Eichelberg MR, Leng N,
Kendziorski C, John MC, Powers PA, Alexander CM, Gould MN. The gene desert
mammary carcinoma susceptibility locus Mcs1a regulates Nr2f1 modifying mammary
epithelial cell differentiation and proliferation. PLoS Genet 2013; 9: e1003549.

23 Schierding W, Cutfield WS, O’Sullivan. JM. The missing story behind Genome Wide
Association Studies: single nucleotide polymorphisms in gene deserts have a story to
tell. Front Genet 2014; 5: 39.

Supplementary Information accompanies the paper on Hypertension Research website (http://www.nature.com/hr)

Genetics of hypertension
B Mell et al

67

Hypertension Research

http://www.nature.com/hr

	Multiple blood pressure loci with opposing blood pressure effects on rat chromosome 1 in a homologous region linked to hypertension on human chromosome 15
	Introduction
	Methods
	Animals
	Microsatellite markers
	Genotyping
	Phenotyping
	Quantitative real-time PCR
	Genomic sequencing and analysis

	Results
	Discussion
	Acknowledgements
	Note
	References




