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Abstract—Most cardiovascular traits of interest can be defined as “complex traits,” with the first step in the identification
of genetic factors affecting such traits being the detection of quantitative trait loci (QTLs). Animal models have proven
particularly useful in this regard. However, only very few of the QTLs identified to date have led to the identification
of candidate genes. We describe an example of our own work where the combination of anatomical and a biochemical
intermediate phenotypes have led to the identification of the natriuretic peptide precursor A (Nppa) gene as a candidate
gene for left ventricular hypertrophy (LVH). Combined with the power of comparative genetics, these strategies will
continue to improve the chances of finding candidate genes for cardiovascular traits such as susceptibility to heart
diseases, hypertension, and hypertension-induced end-organ damage. (Hypertension. 2002;39[part 2]:332-336.)
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‘‘Complex traits” can be defined as traits in which
(unlike Mendelian traits) there is not a simple

one-to-one relationship between genotype and phenotype.1

Although the identification of gene mutations linked to
Mendelian traits is still a challenging task, it is a relatively
achievable goal and depends mostly on the availability of
informative pedigrees. Thus, as of September 2001, more
than 900 syndromes have been entered in the “Online
Mendelian Inheritance in Man” (OMIM) database as being
linked to gene mutations (http://www.ncbi.nlm.nih.
gov/Omim/). However, most cardiovascular traits of interest,
including susceptibility to heart diseases, hypertension, and
hypertension-induced end-organ damage, can be defined as
complex traits. Genetic studies of multifactorial disorders in
human populations remain challenging because of the multi-
plicity of genes underlying complex phenotypes, the modesty
of the effect of each gene, and the heterogeneity that occurs
within human populations.2 Investigators have therefore re-
lied on alternative strategies. In particular, efforts have been
made to identify quantitative trait loci (QTLs) in crosses of
inbred animals (mostly mice or rats), because alleles in the
progeny of such crosses originate from only 2 possible
sources (corresponding to the 2 parental strains), and a large
numbers of chromosomal markers have become available for
these models.

Recently, a reanalysis of linkage data obtained in 7 sets of
intercrosses between 5 different inbred rat strains identified
67 QTLs for 39 blood pressure–related phenotypes.2 These
QTLs clustered in 15 independent genomic regions (on
chromosomes 1 to 15), covering a distance of 567 centimor-

gan (cM), which corresponds to �30% of the rat genome.
These regions might not include all existing QTLs, because
other ones have also been identified on chromosome 16 to 20,
as well as on sex chromosomes.3 Positional cloning requires
a QTL to be mapped to a region as small as 1 cM4 (equivalent
to roughly 1 million bases in rodents), so there is still a long
way to go between identification of a QTL and identification
of a gene. In fact, a critical examination of the QTL literature
reveals only 2 previous examples of a QTL leading to the
cloning of a previously unknown gene, one in tomato5 and
one in mice.5 There are also cases where identification of a
QTL has led to the identification of a previously known gene
that harbors sequence polymorphisms that might be respon-
sible in part for variations in the quantitative trait.6–9 The
difficulty of passing from QTL to gene identification has led
some to develop alternative strategies, such as chemically-
induced mutagenesis.10 At the very least, the examples listed
above illustrate the fact that complementary strategies might
be necessary for improving the chances of identifying genes
linked to complex traits.

Left Ventricular Hypertrophy
Left ventricular hypertrophy (LVH) is a condition that has
attracted considerable attention because it constitutes one of
the most powerful independent risk factor for cardiovascular
morbidity and mortality.11,12 In humans, cardiac mass is
highly variable.13 Lifestyle (tobacco consumption, low levels
of activity, diet, etc.) or underlying disease state (hyperten-
sion, diabetes, obesity, etc.) may contribute partly to the
determination of cardiac mass,12,14–16 but such factors ac-
count for a surprisingly small portion of the variance.13 These
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data reveal the considerable effect of heritable factors and,
more specifically, of “cardiac-mass–modifying” genes. In
fact, it has been estimated (either in humans17 or in a sample
of 23 rat inbred strains and crosses between them18) that the
proportion of the blood pressure–independent variance of
cardiac mass attributable to genetic factors was about 60%.

This is not to say that blood pressure does not contribute to
increased cardiac mass. Although the correlation between
clinical blood pressure and LV mass may be poor,19,20 it has
been estimated that when blood pressure is measured by the
ambulatory method, it may be responsible for up to 25% of
the variance of LV mass in a given population.21 Likewise,
several studies have reported on QTLs that were linked to
both cardiac mass and blood pressure, using the progeny of
crosses where one of the parental strains was hyperten-
sive.22–25 Nonetheless, there is evidence that nonhemodynam-
ic factors contribute importantly as well. For instance, LV
mass has been shown to correlate weakly with aortic valve
area in patients with aortic stenosis.13 From a genetic stand-
point, it also has been possible to detect QTLs that are linked
to cardiac mass independently of blood pressure in those
crosses where one of the parental strains was hyperten-
sive.24,26,27 However, because blood pressure is also a vari-
able trait, it is consequently different in every member of the
progeny of the genetic cross, which makes the interpretation
of the results of such studies rather complex.

Linkage Studies for LVH in
Normotensive Animals
One alternative has been to use crosses of normotensive
strains that show quantitative differences in cardiac mass. For
instance, crosses between the normotensive Wistar Kyoto
(WKY) and F344 rats (where cardiac mass is higher in WKY)
have been used to identify a QTL (on chromosome 3) that is
significantly linked to cardiac mass.28 However, that study
did not lead to the identification of candidate genes linked to
the trait of interest. Our laboratory has used crosses between
WKY and Wistar Kyoto hyperactive (WKHA) rats, the latter
one being a novel recombinant inbred strain derived from the
progeny of F2 hybrid WKY/SHR rats.29 We had observed
that cardiac mass is about 10% higher in WKHA than in
WKY rats,30 whereas mean 24-hour systolic and diastolic
blood pressure (as measured by 24-hour telemetry recordings
in conscious animals31) was identical in both strains. LVH in
WKHA was concentric in nature, because (1) the surface of
the ventricular parenchyma was greater than in WKY,
whereas there were no differences in the outer perimeter of
the LV, and (2) the width/length ratio of isolated cardiomyo-
cytes was higher in WKHA than in WKY.31 By testing the
concentration of biochemical markers of LVH, we also found
that the LV concentration of atrial natriuretic factor (ANF)
mRNA and peptide were markedly lower in WKHA than in
WKY.30 Moreover, we found that low ventricular ANF
concentration co-segregated with high LV mass in a segre-
gating F2 cross-population, which demonstrated that both
traits are genetically linked. Consequently, we used both
phenotypes (LV mass and LV ANF) in a linkage study that
used 345 F2 male rats originating from a cross between
WKHA and WKY.9 We found significant evidence (LOD 12)

for a locus (QTL/ANFv) on chromosome 5 that was respon-
sible for 44.3% of the total variance of log (LV ANF). There
was also significant evidence (LOD 3.5) for a locus (QTL/
LVM) on the same chromosome that was responsible for
18.6% of the total variance of LVM. The confidence intervals
of QTL/ANFv and QTL/LVM were 12 and 28 cM, respec-
tively, and overlapped a region that contains the locus of the
natriuretic peptide precursor A (Nppa) gene32 (ie, the same
gene that codes for the synthesis of ANF precursor).

Arguments in Favor of Nppa as a Candidate Gene
for LVH
To consider a gene as a candidate for linkage to a genotype,
several conditions should be met. (1) There should be
molecular differences in the genes of the 2 parental strains;
(2) the molecular differences should affect the level of
expression of the genes or the function of the encoded
proteins in a manner consistent with that seen in the 2 parental
strains; and (3) the changes in expression level or protein
function should make functional sense in relation to the
phenotype of interest. To test the first condition, we se-
quenced for both strains 650 nucleotides of what has been
reported as the minimal Nppa promoter33 and found 2 single
nucleotide polymorphisms. To test whether these polymor-
phisms altered the transcriptional activity of the promoter (as
required to meet the second condition), we performed trans-
fection experiments in cultured cardiomyocytes. We found
that the transcriptional activity of the WKHA promoter was
significantly lower than that of a promoter where the C base
at position �93 had been substituted for a T base (as in
WKY), which is in keeping with the fact that LV ANF is
lower in WKHA than in WKY.

The last condition concerns the possible role of ANF in the
context of LVH. Unlike our genetic WKHA and WKY
models (where higher ventricular ANF correlates with low
cardiac mass), it has been reported in many models of
experimentally induced LVH that hypertrophy is generally
accompanied by increases in the abundance of ANF
mRNA.34–44 However, this should not be interpreted as
meaning that ANF plays a causal role in LVH. In fact, recent
evidence indicates that ANF (and/or its second messenger
cGMP) may protect cardiac cells against hypertrophic stim-
uli. In vitro, the action of hypertrophic agents on cultured
neonatal cardiac cells is inhibited by ANF and/or cGMP45–47

and is enhanced by an ANF antagonist.48 In vivo, knockout
inactivation of either Nppa or the natriuretic receptor A
(NPRA) in mice increases ventricular mass disproportion-
ately with the small changes in blood pressure observed in the
same animals.49,50 Moreover, LVH develops in NPRA knock-
out mice independently of blood pressure,51 and the increased
size of cardiac myocytes can be rescued by crossing the
knockout mice with transgenic mice overexpressing a NPRA
transgene in a heart-specific fashion.52 Finally, we have
generated transgenic animals expressing constitutive guanyl-
ate cyclase in a heart-specific manner. Our preliminary data
show that, in such mice, in vivo administration of either
norepinephrine or isoproterenol induces significantly less
hypertrophy than in wild-type animals (A. Zahabi, S. Picard,
T.L. Reudelhuber, C.F. Deschepper, unpublished observa-
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tions). Altogether, these data are consistent with the hypoth-
esis that increased ANF expression might constitute a com-
pensatory response that may blunt (although not prevent) the
effect of hypertrophic stimuli on cardiomyocytes. In this
context, reduced ventricular expression of ANF (as in WKHA
rats) might increase the sensitivity of the heart to hypertro-
phic agents and, thus, potentially lead to a facilitation for
development of LVH. Conversely, a more robust level of
ANF expression might be beneficial in the context of hyper-
trophic stimuli. This interpretation would be compatible with
our observation in SHR and WKHT rats: although both
strains are equally hypertensive, LV mass is higher in SHR
than in WKHT, whereas ventricular ANF is lower in SHR
that in WKHT.30

Utility of Complementary Phenotypes in
Linkage Studies
The above data provide an example in which the use of an
additional phenotype has increased the information provided
by a QTL alone. Indeed, if the QTL of a complex trait and
that of an associated biochemical marker map to the same
chromosomal region, it becomes likely that both traits are
genetically linked. Moreover, if the biochemical phenotype is
controlled by a gene whose locus maps to the same region,
that gene becomes an attractive candidate, provided that its
product has an effect on the complex trait of interest. Thus,
when designing a linkage study, it is advantageous to collect
as many biochemical phenotypes as possible in the organs
associated with the complex trait of interest. This may be
advantageous even after detecting a QTL. For instance, Karp
et al have used microarrays to identify genes that were
differentially expressed between animals from a cross with
contrasting phenotypes and found that one such gene clus-
tered with the QTL of interest.53 On that basis, they repeated
a linkage analysis, using single-nucleotide polymorphisms
that were present in the genes of both parental strains.
Combined with other functional assays, these studies enabled
them to identify complement 5 as a susceptibility locus for
experimental allergic asthma.53

There are other types of secondary phenotypes that can be
used in addition to the initial complex trait to increase the
chances of detecting a QTL (Table 1). Indeed, complex traits
are usually considered to be polygenic traits that result from
the action of several “intermediate” traits that are themselves

controlled by a lower number of genes than the complex trait
itself.54 Some of such intermediate traits may even be
Mendelian and, thus, may be controlled by just 1 gene. Each
intermediate trait contributes in varying proportions (and
sometimes, in association with others) to the final complex
trait. If it is possible, on the basis of previous physiological
studies, to incorporate in the study candidate intermediate
phenotypes, it becomes possible to reduce the genetic dis-
tance between the trait and the causative genes and, thus,
increase the chance of detecting a QTL. The second type of
secondary phenotype is related to the procedure used to
quantify the complex trait of interest, as exemplified in the
study of Aitman et al.6 The aim of these investigators was to
find QTLs linked to resistance to the metabolic effects of
insulin and catecholamines in SHR. They proceeded to
compare how 7 different experimental phenotypes represen-
tative of the action of insulin and catecholamines would
separate SHR from the contrasting WKY strain. Among these
7 different phenotypes, they found that the mean values of
some of the variables in parental strains were separated by as
little as 0.8 SD, whereas the means of some other variables
were separated by as much as 5.1 SD. Using the most
discriminating phenotypes, they detected 2 QTLs on chromo-
somes 4 and 12. These findings later led them to the
identification of Cd36 as an insulin-resistance gene.7 In our
own studies, we recently found that, although the mean
values of LV mass in WKHA and WKY were separated by
only 1.3 SD, other variables made it possible to obtain much
greater discrimination between the groups. For instance,
when one measures the width/length ratio of isolated cardio-
myocytes from both strains, the mean values of that variable
were separated by as much as 6.3 SD.31 It is therefore
possible that such measurements will provide more statistical
power to detect QTLs associated with cardiac mass in future
studies.

Conclusions
Whole-genome scans of segregating crosses between well-
chosen inbred animal models have proven to be a powerful
tool for the detection of QTL linked to complex traits.
However, the transition from QTL detection to gene identi-
fication has proven difficult. In the future, it can be expected
that by (1) incorporating complementary phenotypes in the
design of studies and (2) harnessing the power provided by
the availability of whole-organism’s genomes, as well as
comparative genomics, some of these difficulties might be
overcome.
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