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Abstract

In the HXB and BXH recombinant inbred strains derived
from the spontaneously hypertensive rat and the normoten-
sive Brown Norway rat, we determined the strain distribu-
tion patterns of 500 genetic markers to scan the rodent
genome for quantitative trait loci regulating cardiac mass
and blood pressure. The markers spanned ~ 1,139 cM of the
genome and were tested for correlations with left ventricular
mass adjusted for body weight, and with systolic, diastolic,
and mean arterial pressures. The marker for the dopamine
1A receptor (Drdla) on chromosome 17 showed the strong-
est correlation with left ventricular heart weight (P =
.00038, r = —0.59) and the relationship to heart weight was
independent of blood pressure. The markers showing the
strongest correlations with systolic, diastolic, and mean arte-
rial pressure were DI19Mit7 on chromosome 19 (P = .0012,
r = .55), D2N35 on chromosome 2 (P = .0008, r = .56),
and 716 on chromosome 4 (P = .0018, r = .53), respectively.
These studies demonstrate that the HXB and BXH strains
can be effectively used for genome scanning studies of com-
plex traits and have revealed several chromosome regions
that may be involved in the genetic control of blood pressure
and cardiac mass in the rat. (J. Clin. Invest. 1995. 96:1973-
1978.) Key words: rat » genetics * blood pressure ¢ hyperten-
sion * chromosome

Introduction

Linkage analysis of F2 and backcross populations is a powerful
technique for the preliminary mapping of quantitative trait loci
(QTLs)' influencing complex phenotypes (1). However, this
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approach has not seen widespread use in part because of the
considerable amount of time and effort required to genotype and
phenotype large numbers of animals in segregating populations.
Recombinant inbred (RI) strains can be very useful for gene
mapping (2—-5) and may offer certain advantages over classical
crosses for genome scanning and mechanistic studies of com-
plex quantitative traits such as blood pressure or addictive be-
haviors (6—-10). For example, in a given set of RI strains, the
strain distribution patterns of multiple genetic markers need
only be determined once and therefore, investigators can con-
centrate on phenotyping without having to run the thousands
of genotyping reactions typically required in studies of large
segregating populations. Large sets of extensively genotyped
RI strains are available in the mouse and have been used to
map QTLs influencing traits such as behavior and seizure sus-
ceptibility (7, 8, 11, 12). However, it is difficult to phenotype
small animals for certain physiologic traits and as a conse-
quence, mouse RI strains cannot be readily used to study com-
plex phenotypes such as blood pressure or cardiac function.

The HXB and BXH strains represent the largest set of rat
RI strains in the world and were initially derived from the
spontaneously hypertensive rat (SHR) and the normotensive
Brown-Norway rat for genetic studies of hypertension (10).
These strains provide unique opportunities for mapping QTLs
in the rat and could greatly expand the use of combined genetic
and physiologic approaches to the study of a wide range of
complex phenotypes, particularly those relevant to cardiovascu-
lar and renal physiology. In the current studies, we used the
HXB and BXH RI strains to search for QTLs regulating blood
pressure and cardiac mass in the SHR. Specifically, we deter-
mined the RI strain distribution patterns of 500 genetic markers
and tested these markers for correlations with left ventricular
mass and systolic, diastolic, and mean arterial pressure. In ac-
cord with preliminary studies in F2 populations derived from
the spontaneously hypertensive rat, we have found evidence of
blood pressure QTLs on chromosomes 2 and 4 as well as new
evidence suggesting a blood pressure QTL on chromosome 19.
We have also found that rat chromosome 17 contains a QTL that
influences cardiac mass independent of blood pressure. These
studies demonstrate that the HXB and BXH strains can be effec-
tively used for genome scanning studies of complex traits and
have revealed new chromosome regions that may be involved
in the genetic control of blood pressure and cardiac mass in
rodents.

Methods

Derivation of recombinant inbred strains. The RI strains were derived
from spontaneously hypertensive rats (SHR/Ola, referred to as SHR)
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and normotensive Brown-Norway rats (BN.1x/Cub, referred to as BN)
(10). The BN progenitor is a BN congenic strain that carries a segment
of chromosome 8 from the polydactylous PD/Cub strain (13) and as a
consequence, this cross exhibits polymorphisms on chromosome 8 that
are not always observed when comparing other strains of SHR and BN
rats. A total of 36 RI strains were originally derived from crosses of
female SHR and male BN rats (HXB strains, n = 26) or female BN
rats and male SHR (BXH strains, n = 10). Of the 36 original strains,
32 surviving strains are still available (22 HXB strains and 10 BXH
strains) and are currently beyond F35. DNA samples were available
from all 36 of the original strains for analysis of the strain distribution
patterns of the genetic markers.

Determination of blood pressure and cardiac mass. Blood pressure
data are available for 32 of the RI strains. The blood pressures were
determined by averaging direct measurements of carotid arterial pres-
sures in five or six males (15 +/— 1 wk of age) from each strain and
have been previously reported (10). The mean arterial pressures of the
strains range from ~ 110 mmHg to 160 mm Hg. The relative left ventric-
ular heart weights of the RI strains were determined by averaging mea-
surements of left ventricular heart weight corrected for body weight in
the same rats used for blood pressure measurements. These data on
cardiovascular phenotypes were previously obtained in collaboration
with Dr. J. Kunes, Institute of Physiology, Czech Academy of Sciences,
Prague (10). All rats were maintained under standard laboratory condi-
tions and provided ad libitum access to tap water and a pelleted diet
that contains 170 mmol NaCl/kg (DOS 2b, VELAZ, Czech Republic).

Genetic markers and nomenclature. We analyzed the Rl strain distri-
bution patterns (SDPs) for a total of 500 biochemical, morphologic,
immunogenetic, and molecular genetic markers. Typing methods
and SDPs for some of these markers have been previously described
(14-20).

The molecular markers used in the current study consisted primarily
of microsatellite polymorphisms typeable by polymerase chain reaction
analysis and microsatellite/minisatellite markers typeable by Southern
blot/DNA fingerprint analysis. The PCR primers for typing the micro-
satellite markers of Jacob et al. (21) were obtained from Research
Genetics (Huntsville, Al). PCR primers for typing other microsatellites
were synthesized in the UCSF Biomolecular Resource Center from
previously published sequences of Serikawa et al. (22), Goldmuntz et
al. (23), Zha et al. (24), Remmers et al. (25), Kobayashi et al. (26),
Deng and Rapp (27), Cicila et al. (28), and Deng et al. (29).

Multiple DNA polymorphisms were detected by Southern blot anal-
ysis of anonymous mini- and microsatellite loci using probes for syn-
thetic tandem repeats (STRs) or natural tandem repeats (NTRs). These
include over 200 new genetic markers as well as some markers that
have been previously tested in the RI strains (14, 17). The STRs that
mimic minisatellite structure can detect many polymorphic minisatellites
simultaneously on Southern blots and can also be used to screen genomic
libraries to identify new natural tandem repeats (30). One set of 18
minisatellite markers was isolated as previously described (31) by
screening ~ 20,000 clones from a Sprague-Dawley rat genomic library
(CLONTECH RL1032m) with the following STR probes: 14c3, 14c5,
14c14(32), 16¢c2, 16¢c4, 16c17, 16c20(33), 13cl, 14c31(34), 14cl6,
16¢27 (35). Two STR probes, (14c16 and 16¢27) gave a polymorphic
pattern of hybridization on Southern blots. A second set of 64 anony-
mous minisatellite markers was obtained by another procedure to be
described in detail elsewhere (manuscript in preparation). A third set
of markers (NTR markers) was isolated from a rat library of short DNA
fragments after screening with STR probes. Sequence analysis of these
clones provided both PCR typeable markers and, after PCR amplifica-
tion and purification of the repeated element, probes for use on Southern
blots. Southern blots and hybridizations of the minisatellite probes were
performed as previously described (32).

PCR analysis or Southern analysis was also used to detect specific
gene polymorphisms not previously described between SHR and BN
rats (in the genes for C-jun, Bcl2, and Nhe3). Primers amplifying a 3’
portion of the rat C-jun gene were designed from the Genbank sequence
(accession number X17215): upstream primer: 5'-aat gtg ctg gag tgg
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gaa gg, downstream primer: 5’ —tgg aaa atc ttc agt gtg cgg c. Restriction
fragment length polymorphism between BN and SHR rats was detected
by cutting the PCR products with the HinfI enzyme; the SHR DNA
contained a Hinf I restriction site, the BN DNA did not. Primers ampli-
fying a CA repeat microsatellite polymorphism in the 3’ portion of the
rat Bcl2 gene were designed from the Genbank sequence (accession
number L14680): upstream primer: 5’ -atg aaa agg ttc act aaa gc,
downstream primer: 5’ -ata gct gat ttg acc att tgc c. PCR reactions were
carried out using standard conditions or conditions described for specific
primer sets (21, 22). The Nhe3 gene (sodium-hydrogen exchanger 3)
was previously assigned to chromosome 1 by somatic cell hybrid analy-
sis (36) and in the RI strains, was detected on Southern blot analysis
by cDNA probing of Taql-digested genomic DNA which yielded a 2.7-
kb fragment in the SHR strain and a 2.9-kb fragment in the BN strain.

Determination of strain distribution patterns. Genotype results were
independently scored by 2 individuals and the strain distribution patterns
of the genetic markers were entered into the Map Manager computer
program of Manly (version 2.5b3) (37). Data entry was verified by
two individuals. The Map Manager program was used to derive a linkage
map that covered ~ 1,139 centiMorgans (cM) of the rodent genome.
Linkage groups were assigned to specific chromosomes based on the
results of somatic cell hybrid analysis, previously published chromo-
some locations of selected markers, or the chromosome locations of
microsatellite markers reported by Jacob et al. (21). Details of the
linkage map will be described in detail elsewhere (manuscript in prepa-
ration).

QTL analysis. To test for markers associated with blood pressure or
cardiac weight, we used the approach that Plomin and others have used
to analyze RI strains with respect to the genetics of complex phenotypes
such as behavior (7-9). The method involves the use of Pearson prod-
uct-moment correlation analysis in which the genetic marker information
is correlated with the quantitative phenotype. Significant correlations
suggest associations between markers and the quantitative trait, and also
index the strength of the associations.

Because the genome scanning approach involves the testing of multi-
ple markers, it is necessary to employ stringent statistical criteria in
the linkage analysis. Neumann and Belknap have suggested statistical
guidelines for genome scanning analysis of RI strains that are based
on a Bayesian approach or on the Bonferroni correction for multiple
comparisons (12, 38). For the Bonferroni adjustment, the number of
independent tests is considered to be a function of the genomic distance
swept by a given set of RI strains. In a set of 32 RI strains, a Bonferroni
adjusted P value < .0003 corresponds approximately to a type I error
of < .05 (12, 38). With the Bayesian approach, a P value of < .0003
corresponds approximately to a 95% posterior probability of linkage
(12). Accordingly, in the RI strain analysis of relative heart weight for
which little a priori mapping information is available, we have defined
statistical significance as P < .0003. With respect to blood pressure,
however, a considerable number of studies have been published that
indicate the presence of blood pressure QTLs on multiple rat chromo-
somes and therefore, a statistical cutoff of P < .0003 is excessively
stringent. Thus, instead of using a strict cutoff to define statistical sig-
nificance in the blood pressures studies, we have identified the genetic
markers that yielded the lowest P values in the Pearson correlation
analyses.

Results

In the 36 recombinant inbred strains for which DNA was avail-
able, we determined the strain distribution patterns (SDPs) of
500 biochemical, immunogenetic, and molecular genetic mark-
ers. Of the 500 genetic markers tested, 453 could be assigned
to specific chromosomes. The median number of markers tested
per chromosome was 20 and the linked markers spanned
~ 1,139 cM of the genome (calculated according to the method
of Jacob et al. [21]).

QTL analysis of relative left ventricular heart weight and
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Figure 1. (A) Frequency distribution of t statistics from the Pearson
correlation analysis of left ventricular heart weight. A single marker,
Drdla on chromosome 17, yielded a ¢ statistic > 4 (P = .00038). (B)
Frequency distribution of ¢ statistics from the Pearson correlation analy-
sis of systolic blood pressure. The DI9Mit7 marker on chromosome 19
yielded the highest ¢ statistic in the correlation analysis of systolic blood
pressure (f = 3.592, P = .0012). Similar frequency distributions were
obtained for the analyses of diastolic and mean arterial pressures (not
shown). Individual significance values for the markers showing the
strongest correlations with systolic, diastolic, and mean arterial pressure
are depicted in Fig. 2.

blood pressure. Fig. 1A shows the frequency distribution of the
t statistics from the Pearson correlation analysis of the genetic
markers with left ventricular heart weight (corrected for body
weight). The distribution was skewed toward the lower range
and the vast majority of markers yielded ¢ statistics of less than
1.0; only two markers yielded ¢ statistics > 3.6. The genetic
marker for the dopamine 1A receptor ( Drdla) on chromosome
17 showed the strongest correlation with left ventricular heart
weight (r = 4.0002, P = .00038, r = —0.59) and was the
only marker that approached the level of statistical significance
suggested by Neumann (12). Inheritance of the Drdla allele
from the SHR progenitor was associated with lower left ventric-
ular mass than inheritance of the Drdla allele from the BN
progenitor. In a multiple linear regression using relative left
ventricular heart weight as the dependent variable, and blood
pressure and Drdla genotype as the independent variables (n
= 32 Rl strains in the analysis), the effect of Drdla genotype

on heart weight was independent of systolic, diastolic or mean
arterial pressure (P < .005 for Drdla genotype); the effects
of blood pressure on relative left ventricular heart weight in
the multiple regression were not statistically significant (all P
> .05). The segment of chromosome 17 that contains the Drdla
marker along with the significance values from linked markers
on the same chromosome segment is shown in Fig. 2.

Fig. 1 B shows the frequency distribution of the ¢ statistics
from the Pearson correlation analysis of the genetic markers
with systolic blood pressure. Similar frequency distributions
were obtained for the analyses of diastolic and mean arterial
pressures (not shown). The marker showing the strongest corre-
lation with systolic blood pressure was D19Mit7 on chromo-
some 19 (¢ = 3.592, P = .0012, r = .55) (Fig. 2). The marker
showing the strongest correlation with diastolic pressure was
D2N35 on chromosome 2 (¢t = 3.721, P = .0008, r = .56) (Fig.
2). The marker showing the strongest correlation with mean
arterial pressure was [l6 on chromosome 4 (¢ = 3. 436, P
= 0018, r = .53) (Fig. 2). Fig. 2 shows the segments of chro-
mosomes 2, 4, and 19 that contain these markers along with
the significance values from the correlation analyses of closely
linked markers on the same chromosomes.

Table I shows the mean values for systolic, diastolic, and
mean arterial pressures stratified according to genotypic class
(SHR versus BN) at each of the marker loci most strongly
correlated with systolic, diastolic, or mean arterial pressure
(DI9Mit7, D2N35, and 1l16). Each marker correlated with all
three measures of blood pressure. In each case, inheritance of
the SHR allele was associated with greater systolic, diastolic,
and mean arterial pressure than inheritance of the BN allele.

Discussion

In a large set of recombinant inbred strains derived from the
spontaneously hypertensive rat, we have analyzed the strain
distribution patterns of 500 genetic markers to search for chro-
mosome regions that may contain quantitative trait loci (QTLs)
regulating blood pressure and cardiac mass in the rat. Of the
500 markers tested, 453 were located on specific chromosomes
and spanned ~ 1,139 cM of the rodent genome. The results of
a genome scanning analysis with these markers suggest that
blood pressure regulatory loci exist on rat chromosomes 2, 4,
and 19. A preliminary report of a linkage study in an F2 popula-
tion derived from SHR and BN rats has also indicated that
QTLs regulating blood pressure may exist on chromosomes 2
and 4 (39). The D2N35 marker that shows a strong correlation
with diastolic blood pressure maps just distal to a marker on
chromosome 2 (R5159 now designated D2Mgh8) that Trolliet
et al. reported to be linked to blood pressure in a study in salt-
loaded F2 rats derived from SHR and BN progenitors (39). In
crosses of Dahl S rats with the WKY or MNS strains, Deng et
al. have also found evidence of a blood pressure QTL in a broad
region of chromosome 2 that borders the D2N35 locus (40).
Given the relatively wide confidence intervals for the locations
of the markers mapped in the RI strains and the fact that just
a few errors in phenotyping or genotyping can substantially
alter mapping results, it is quite possible that the chromosome
2 QTL detected in the RI strains is the same as that detected
in the F2 crosses of Trolliet et al. and Deng et al. The /l6 marker
that shows a strong correlation with mean arterial pressure bor-
ders a segment of chromosome 4 that has also been implicated
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Figure 2. Chromosome segments containing the markers showing the strongest correlations with LVM (left ventricular mass), SBP (systolic blood
pressure), DBP (diastolic blood pressure), and MAP (mean arterial pressure). The P values from the Pearson correlation analyses are listed
opposite from each marker. * The marker showing the lowest P value in each correlation analysis.

in a preliminary linkage study of F2 rats derived from SHR and
BN progenitors (39).

As emphasized by Deng et al., more precise genetic map-
ping of putative QTLs will require construction of congenic
strains that carry different overlapping segments of the chromo-
some regions of interest (40). Accordingly, the current results
and those from the linkage studies in F2 populations have moti-
vated us to begin constructing congenic strains of SHR that
carry large segments of chromosomes 2 or 4 from the Brown
Norway rat. These strains are currently in the N7 generation
and will be used to confirm the presence of the putative QTLs
and to map them to more restricted chromosome regions.

The finding of a correlation between D19Mit7 and systolic
blood pressure raises the possibility that a blood pressure QTL
also exists on rat chromosome 19. However, the strength of the
correlation is relatively weak and little prior evidence exists
suggesting that this region of chromosome 19 is involved in the
genetic control of blood pressure in rats. Nevertheless, it is
interesting to note that D19Mit7 is linked to the angiotensinogen
gene on rat chromosome 19 and this segment of chromosome
19 may be homologous to a section of human chromosome
1 (41, 42); in humans, linkage and association studies have
suggested that a blood pressure QTL exists in or near the angio-
tensinogen gene on chromosome 1 (43, 44).

Although systolic, diastolic, and mean arterial pressures are
typically well-correlated, the physiologic determinants of sys-

Table 1. Marker Effects on Systolic, Diastolic, and Mean
Arterial Pressure

Genotypic
Marker class Systolic pressure  Diastolic pressure ~ Mean pressure
DI9Mit7 SHR 164+4 114+3 138+3
BN 149+2* 105+2* 126+2*
D2N35 SHR 160x2 115x2 1372
BN 151+4* 103+2* 127+3%*
16 SHR 1613 112+2 1362
BN 144+3* 102+2¢ 122+3¢

Asterisks denote significance of Pearson correlations between marker
genotypes and blood pressure: * P < 0.05; *P < 0.005.
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tolic pressure are not identical to those of diastolic pressure or
mean arterial pressure. Accordingly, different loci might be
involved in the genetic regulation of different components of
the arterial pressure wave form. In the current study, however,
the markers showing the strongest individual correlations with
systolic, diastolic, or mean pressure showed apparent correla-
tions with all three pressure measurements. For example,
D2N35 was strongly correlated with diastolic pressure but it
was also correlated, albeit less prominently, with systolic pres-
sure and mean arterial pressure. The /l6 marker showed the
strongest correlation with mean arterial pressure but it also
showed correlations with systolic and diastolic pressure. It is
unclear whether variation in the strength of these correlations
is biologically meaningful or whether it simply represents tech-
nical error or variability in phenotyping or genotyping.

In the current study, we have also used a genome scanning
approach to search for chromosome regions that may contain
QTLs regulating left ventricular mass. The Drdla marker on
rat chromosome 17 showed the strongest correlation with left
ventricular heart weight adjusted for body weight. The results of
multiple linear regression analysis indicate that the relationship
between Drdla genotype and left ventricular mass is indepen-
dent of blood pressure. Although the left ventricular mass of
the SHR progenitor strain is greater than that of the BN progeni-
tor, the mean left ventricular mass of the RI strains that inherited
the Drdla allele of the SHR progenitor was less than that of
the RI strains that inherited the Drdla allele of the BN progeni-
tor. These findings demonstrate that the SHR may have fixed
at least one allele that promotes lower left ventricular mass than
the corresponding allele fixed by the BN progenitor.

Although previous studies have indicated that genetic fac-
tors are important determinants of cardiac size in the rat, few
attempts have been made to map specific chromosome regions
that contain QTLs contributing to normal variation in cardiac
mass (45, 46). Dopamine receptors are clearly of functional
significance in myocardial tissue, and it is tempting to speculate
about Drdla gene polymorphisms and ventricular growth. How-
ever, these kinds of linkage studies can only identify relatively
broad chromosome regions that may contain QTLs regulating
complex phenotypes and therefore, attempts to draw conclu-
sions about the functional role of specific variants in those
regions should be regarded with caution. The possibility that



chromosome 17 contains a QTL regulating cardiac mass can
now be directly pursued by comparing left ventricular heart
weights in congenic strains of SHR that are genetically identical
except for selected segments of this chromosome.

In the current study, we determined the strain distribution
patterns of > 230 new anonymous markers derived from a vari-
ety of minisatellites that yield mono-locus or multi-locus pat-
terns on Southern blot analysis. Although these newly typed
anonymous markers are not particularly convenient for use in
genetic studies in segregating populations, they represent a very
useful addition to the cumulative RI strain marker set and should
facilitate genome scanning and mapping studies in the HXB
and BXH strains The new minisatellite markers were found to
be dispersed throughout the rat genome and appeared to be
distributed equally among chromosomes according to chromo-
some size (with the possible exception of the X chromosome
for which a relative deficiency of repetitive sequence markers
has also been noted by Dietrich et al. in the mouse [47] and
Jacob et al. in the rat [21]).

Genome scanning approaches have not been widely used
to study the pathogenesis of cardiovascular disorders or other
complex phenotypes in the rat. The limited use of genome scan-
ning approaches for mapping QTLs regulating complex pheno-
types can be attributed in part to the substantial amount of time
and labor required to genotype hundreds of F2 or backcross
animals for multiple loci on every chromosome. Based on the
results of the current study, we now have a large set of exten-
sively genotyped rat RI strains that can be efficiently used for
the preliminary genetic dissection of a variety of complex phe-
notypes. Genome scanning studies in these strains implicate
chromosomes 2, 4 and possibly 19 in the genetic control of
blood pressure, and chromosome 17 in the genetic control of
left ventricular mass. In addition to providing an efficient
screening tool for mapping studies, these RI strains will also
be useful for studying environment-genotype interaction in the
control of physiologic traits. In contrast to the finite life spans
of individual genotypes represented in F2 or backcross popula-
tions, the genotypes represented among recombinant inbred
strains are perpetually available and can be repeatedly studied.
Thus, the RI strains can be used for studies of QTL action in a
range of different environments and with different experimental
techniques. These features, together with the cumulative nature
of RI strain marker sets should greatly facilitate the use of
combined genetic and physiologic approaches in the study of
blood pressure and other complex phenotypes in the rat.

Note added in proof. Lodwick and co-workers have also recently re-
ported that a marker on chromosome 19 (Agt) is linked to the inherited
control of blood pressure in SHR (1995. Hypertension. 25:1245-1251).
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