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Preface 

Essential hypertension is a complex quantitative trait under polygenic control. 
The identification of genes responsible for high blood pressure remains a major 
challenge  because of complex gene-environment interactions, which have  proved 
difficult to dissect with  the use of existing genetic and statistical paradigms. 
However,  regardless of the difficulties, identification of the major  genes  responsi- 
ble for high blood pressure is important, as this will provide a mechanistic classi- 
fication of the common hypertensive phenotype, diagnostic markers for individ- 
uals and families  who are at greatest risk of end-organ complications such as 
stroke, cardiac ischemia  or chronic renal failure and, ultimately, will guide new 
pharmacogenomic stategies with  drug therapies tailored to the  underlying pri- 
mary genetic abnormalities. 

In this book experts in their respective  fields  explore a variety of strategies and 
concepts  which  have transported us  from the very limited understanding of ear- 
lier decades to a much  better, albeit incomplete, appreciation of the molecular 
genetic determinants of this  important disorder. 

To provide as broad  coverage  as  possible, we have included experimental  genetic 
strategies  with a special  emphasis on successful translational approaches. Two 
examples  of  these  with potential clinical  relevance are the functional mutations in 
rat and  human  a-adducin genes and  the use of the major rat QTL on chromosome 
10 to investigate the homologous  region on  human chromosome  17 in familial 
essential  hypertension.  Both  strategies demonstrate how rodent genetics  can  help to 
develop  diagnostic and pharmacogenomic  tools  for human essential  hypertension. 

~ Furthermore, novel  transgenic,  ‘knock-out’ and ‘knock-in’  mice  models illustrate 
how alterations of a single  gene might produce a hypertensive  phenotype, thus pro- 
viding mechanistic  explanations  to  guide human investigation.  Several chapters 
discuss  rare  Mendelian  forms  of  hypertension and try to address the clinically  rele- 
vant  controversy of whether  more subtle mutations within the same  genes  might  be 
responsible  for  specific  sub-types of essential  hypertension.  Moreover, the analogy 
between  these  rare  Mendelian  syndromes and the commonly  used  paradigm  of  can- 
didate gene  strategies is described in detail. These are compared and contrasted 
with  genome  wide scanning strategies, and their future potential  for  discovery of 
causal  genes  with the new panels of thousands of single  nucleotide  polymorphisms. 
Lastly, current and future developments, including pharmacogenomic  approaches 
are discussed,  again  with  clinically  relevant  examples. 

The last  decade  has  seen  significant  progress in the understanding of molecular 
genetics of hypertension but  this effort  has to continue through translational 
approaches, functional genomics and collaborative efforts to achieve positional 
cloning of the major susceptibility and severity  genes  for high blood pressure and 
its major  complications. 

A.E Dominiczak 
J.M.C. Connell 

E Soubrier 
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Foreword 

We live in a time of breathtaking transitions in the biological and informational 
sciences which are beginning to have profound global  effects on biomedical 
research, education and industry. The mapping  and  sequencing of genomes rang- 
ing from  yeast to man has currently advanced to the  point  that a variety of exper- 
imental approaches have  now  been  developed which enable us to link genes to 
their complex functional pathways and  inherited diseases. The successful  appli- 
cation of genetics  for the diagnosis, prevention and treatment of cardiovascular 
diseases now lies in  our ability to develop  novel  approaches which can  effectively 
utilize the wealth of tools emerging from these genome  projects. The 12 chapters 
of this book provide an exciting glimpse of many of the new paradigms  which are 
paving  the way in  the  hunt for  genes of essential hypertension. 

Essential hypertension is  the quintessential prototype of a highly prevalent car- 
diovascular disorder in which  both genes and  environment play  an important 
role. Considerable advances  have  been  made in  our understanding of the complex 
physiological  systems which regulate arterial pressure. There have  been  useful 
therapeutic agents developed which lower arterial pressure.  However, while 
progress  has  been  made in identifying some rare Mendelian  syndromes associated 
with severe hypertension, the genes responsible for susceptibility to hypertension 
and  the wide variation in phenotypical expression of this disease are mostly 
unknown. Clearly, current approaches to understanding the cause, and 
approaches  for the prevention and treatment of essential hypertension have  been 
insufficient. 

Despite the scientific challenges  before  us, it is evident that exciting new  tools 
and  approaches are rapidly emerging to explore the relationship between  gene(s), 
function(s), and disease(s). One  cannot read this book without a sense of hope  and 
optimism. The research presented here represents the  elements of a creative and 
powerful  new  science which  is  being driven by the unparalleled opportunities 
which exist for those who combine the exploding knowledge of the genome with 
that of functional biology. If there remain  any  doubts  that we are entering a new 
age  of exploration in our quest for the  underlying causes  of essential hyperten- 
sion, the chapters in  this book should dispel such thoughts. It seems inevitable 
that  this new  science  will  lead us to a deeper understanding of complex  biological 
functions and discoveries which will one day result in  the  improved diagnosis, 
health care, and quality of life  for the millions of individuals afflicted with hyper- 
tension. 

A.W. Cowley,  Jr. 
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Hypertension as a 
complex trait amenable 
to genetic analysis: 
basic strategies and 
integrative approaches 
Nicholas J. Schork,  Silvia L. Kashkoush  and Xiping Xu 

1. Introduction 

Hypertension  and blood pressure regulation are a related  disease and physio- 
logical endpoint  which have  received considerable attention  from every 
conceivable  medical  research  angle, including genetics,  physiology,  pharmacology 
and epidemiology. There are numerous reasons  for this, not the least of which 
include the fact that hypertension is an extremely prevalent condition in  industri- 
alized countries accounting for a great  deal of morbidity  and mortality, and blood 
pressure is an integrated physiological parameter  with  numerous correlates and 
determinants. Of  these  research  angles, genetics has  been  receiving the most 
pronounced attention. In this review we consider contemporary research investi- 
gating the genetics of hypertension and blood pressure and argue that, despite the 
fact that  both hypertension and blood pressure regulation are complex and multi- 
factorial in nature, they are amenable to genetic dissection provided  that a few 
fundamental  themes are acknowledged. These  themes center around  the  notion 
that  many of the factors influencing hypertension and blood pressure regulation 
are ‘context dependent’ in  the sense that they interact and form synergistic bonds 
of influence. This context dependency tends to force  researchers to focus on either 
the effects  of single factors within isolated settings or consider costly and inferen- 
tially and interpretatively problematic studies which seek to assess the effects  of 
multiple factors  simultaneously. To explore these themes we first outline six areas 
of genetic research from  which  one can study the genetic basis of a complex 
disease or  trait like hypertension and/or blood pressure regulation. We then 

Molecular Genetics of Hypazenrion, edited  by A.E Dorniniczak,  J.M.C.  Connell  and E Soubrier. 
0 1999 BIOS Scientific  Publishers  Ltd,  Oxford. 1 



2 MOLECULAR GENETICS OF HYPERTENSION 

briefly describe studies which attest to  the complexity  of hypertension and blood 
pressure regulation, and  document studies of relevance to hypertension and blood 
pressure within  the six identified research  areas.  Finally, we consider the possi- 
bility of integrating results of studies from within these areas and  further describe 
potential study designs  which might facilitate this integration. We end  with a brief 
discussion and a few concluding  comments. 

2. Modern genetics: the six-fold way 

Although  there are many  ways in which  one could partition modern research 
paradigms in genetic analysis, we offer the following  as a heuristic device which 
might  promote greater understanding of the need  for integration rather than as 
dogmatic categorization which  might  promote greater division. 

2. l Gene  discovery 

Gene discovery research seeks to  identify  the  genes (i.e. their chromosomal 
locations, signature sequences, intron/exon boundaries, etc.) which  influence 
traits  and diseases when  no a priori evidence for their location exists. Gene 
discovery research can  be  pursued in two  ways. First,  one  can  attempt  to 
determine a gene  with a single  phenotypic  endpoint  in  mind,  such  as meiotic or 
linkage mapping studies. Second, one can attempt  to  determine  the existence, 
effects and possible locations of genes en  masse without focus on a specific 
genetic effect, such as in  random cDNA or expression monitoring assays 
(Hwanget aZ., 1997). 

2.2 Structural genomics 

Structural genomics considers the construction and  patterning of the nucleotide 
and  amino acid  sequences  associated with genes in an effort to predict function 
and relatedness of  genes. Structural genomic  inquiry has  become one of the 
flagship  research  areas in  the burgeoning field  of b i o i n f m t i c s  (Boguski, 1994) 
and plays an  important role in settling modern evolutionary questions as  well  as 
contributing  to medical  research. 

2.3 Clinical genetics 

The identification of important  phenotypic endpoints is crucial to deciphering 
the genetic basis of any trait or disease. The reason  for this is that most  complex 
traits and diseases  can be  subdivided  and categorized into component diseases, 
each with slightly different characteristics and phenotypic manifestations that are 
likely caused  by subtle differences in  their genetic determinants as  well  as the 
interaction of these genes with  environmental factors. The identification of 
unique  phenotypes in clinical settings has produced some of the most prominent 
and insightful research findings in contemporary hypertension research (Lifton, 
1996). 
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2.4 Integrative ph ysiology 

The goal  of integrative physiology is to  determine  and characterize low-level  (i.e. 
molecular and cellular) physiological phenomena and processes that probably 
reflect the immediate correlates and outcomes of gene  activity. These processes 
include gene expression, protein  interactions  and the flow  of metabolites across 
integrated pathways.  Although not  traditionally associated with genetic analysis, 
integrative physiology will become an increasingly important avenue for tying 
genetic effects together and for the development and assessment  of therapies 
based on gene  effects. 

2.5 Functional  genomics 

The goal  of functional genomics is to correlate physiological endpoints with 
genes.  Obviously, the mere association between a genetic variant  and a disease 
gives tremendous  insight  into  the  ultimate physiological endpoints associated 
with the gene in question, but  such association does not reveal  what has been 
referred to as the ‘mechanism’ or pathway within which the gene operates to 
induce its effects.  Such  knowledge  can  only be  obtained  through sophisticated 
assays and model  development. Ultimately, functional genomics research can  be 
seen as attempting  to connect  newly  ‘discovered’  genes  with the integrative physi- 
ological endpoints  that connect  gene  effects  with  more  remote clinically relevant 
phenotypes. 

2.6 Population  genetics and  genetic epidemiology 

Population genetics and genetic epidemiology  seek to  identify  and characterize 
genetic, social and  environmental processes that allow disease to emerge and  be 
maintained in the population at large. It is worth  emphasizing that  although a great 
deal of epidemiologic research has focused on  the discovery of disease genes  via 
linkage mapping strategies in families (Lander  and Schork, 1994), this is not  the 
only, nor necessarily the most important, research that epidemiologists should 
undertake with respect to genetics research. Rather, genetic epidemiologists 
should focus on phenomena such as  gene X environment interaction, effective 
population  size,  migration  rates, and so on, in  an effort to characterize factors that 
contribute  to  the sustenance of disease within  and across populations (Schork et 
al., 1988). 

3. Blood pressure  regulation  as  a  genetically  complex 
phenomenon 

Blood pressure has, for the most part, always  been seen as a multifactural phenotype 
that, like respiration and  immune system function, is  extremely  well integrated 
physiologically (i.e. there  are  many physiological processes and phenomena  which 
influence and respond to changes in blood pressure). This physiological 
complexity is ultimately mediated  by a great genetic complexity,  whereby a 
number of genes,  when upset due  to  mutation or other changes  such  as gross 
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deletion, can detrimentally affect the physiological components of  blood pressure 
regulation and thereby potentially lead to hypertension. The genetic and physio- 
logical  complexity underlying blood pressure is  further  compounded by the fact 
that many  genes and physiological parameters influencing blood pressure react in 
pronounced ways to various environmental  stimuli (see  Schork, 1997, for a 
discussion, and Table I for a list of environmental factors thought to influence 
human blood pressure and hypertension susceptibility). 

The fact that many  factors influence blood pressure and hypertension suscepti- 
bility creates situations in which the effect of a single factor may be  more or less 
pronounced in  the presence of others. Thus,  the effects  of  factors that influence 
blood pressure and hypertension susceptibility are ‘context dependent’ (see Sing 
et al., 1996 for a discussion of context dependency  and other concepts and  their 
relation to  cardiovascular  disease). This context dependency manifests  itself in 
the laboratory as  well  as in ‘natural’ surroundings and has important conse- 
quences in  the design and interpretation of studies meant to disclose  factors that 
influence blood pressure and hypertension susceptibility. 

Three well-studied phenomena corroborate this theme.  Firstly,  elegant studies 
of the  renin gene by  John  Rapp  and colleagues among inbred rat strains have 
shown  conclusively that certain rat renin gene variants that  impact blood pressure 
in one rat strain have virtually no, or even an opposite,  effect  when introduced 
into other strains (Rapp et al., 1990). Thus, gene variants at other rat loci  may 
compensate for,  nullify, or  in  other ways interact with, the  renin gene. Sorting out 
biochemical and physiological  pathways implicated in such compensatory  activ- 
ities will be difficult at best, simply because the specification and  implementation 
of any particular study to sort out features  of this context dependency (e.g. knock- 
out, transgene, ex vivo experiments involving immortalized cells,  pharmacological 
probes,  etc.)  may  themselves introduce a very  context-specific  outcome.  Secondly, 
one of the most  widely studied hypertension-inducing phenomena  is salt-sensi- 
tivity (Svetkey et al., 1996). The fact that some individuals manifest hypertension 
when  challenged with salt whereas others do not suggests that some hypertension 
predisposing factors (i.e. genes) are very environmentally context dependent, in  that 
salt-challenge provides a trigger for their detrimental effects. This salt-sensitive 
context dependence manifests itself both  in molecular studies and population- 
based studies (Lopez et al., 1995). Thirdly, theoretical and empirical studies of 
vascular remodelling  among prehypertensive and hypertensive individuals 
suggests that  the very examination of elements of the pathophysiology  or etiology 
of hypertension may  itself  be context dependent. Thus,  it has been  argued that 
many hypertensive individuals have undergone a transition from a state in which 
their elevated  blood pressure was caused by  mechanisms  inducing a high-cardiac 
output to a state in which  their elevated  blood pressure was  caused  by mechanisms 
inducing  an increased total peripheral resistance (Eich et al., 1996; Folkow, 1978; 
Iyengar et aL, 1998; Sivertsson, 1970). The  link between these two states involves 
a physiological evolutionary process  whereby the blood  vessels  of these indi- 
viduals adapt to, or attempt to compensate for, a high  blood flow by slowly losing 
their distensibility and, in fact,  developing a structure  which would,  consequently, 
promote this lack of distensibility and therefore greater resistance to blood  flow 
(see  Iyengar et al., 1988 for a review). These studies suggest that  the  mechanisms 
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initiating hypertensive disease  may be different from those that actually sustain it! 
The above  examples and  arguments  do  not  imply  that there do not exist  factors 

that elevate or reduce  blood pressure uniformly  or in all contexts, but  it does 
emphasize  the fact that  the  bulk of the evidence linking certain genes and envi- 
ronmental factors to blood pressure and hypertension susceptibility indicates that 
most of these factors have a somewhat  small and seemingly context-dependent 
effect. A good question to ask is then: how should hypertension researchers 
proceed? The answer to this question may reside in studying two  seemingly anti- 
thetical themes in  future research: the distinction (or lack thereof) between the 
characterization of  factors that allow  disease to emerge and  be  maintained within 
individuals as  opposed to withinpopulations, and placing an  emphasis  on the design 
of studies which  promote the integration and synthesis of results from disparate 
experimental settings (to the degree that  this is possible). 

3. I Gene discovery 

The discovery of genes that influence particular traits can  proceed in a very 
directed manner,  as in  the assessment  of the linkage,  association, unique 
expression pattern or metabolic pathway involvement of a particular gene, or as a 
part of a large screening effort of a number of genes or  an  entire genome.  Most 
modern gene  discovery programs are pursued in one of four ways: 

(i) meiotic or ‘linkage’  mapping; 
(ii) candidate polymorphism  and association  analysis; 
(iii) model-organism  gene mapping studies with  subsequent homology  search; 
(iv)  expression  analyses. 

Meiotic or linkage mapping strategies attempt to trace transmission, cosegre- 
gation and  recombination  phenomena between  alleles at  landmark positions 
along the genome,  known  as  ‘marker’  loci, and hypothetical or putative trait-influ- 
encing alleles,  across and within generations and members of families. Statistical 
methods are used to draw  inferences about  such possible  cosegregation  as  well  as 
the likely location of a trait-influencing locus  (Schork and Chakravarti, 1996). 
These efforts  can either focus on  marker loci near or within a gene  whose  rela- 
tionship to blood pressure and hypertension is  unknown  or in need  of  corrobo- 
ration, or on  marker loci  dispersed throughout  the genome, as in ‘genome-scan’ 
paradigms  (Lander  and Schork, 1994; Schork and Chakravarti, 1996). Genome 
scan  designs  for  complex traits such as hypertension, and linkage analysis in 
general, are known to lack  power and can be heavily resource intensive (Risch and 
Botstein, 1996). Although linkage analysis  has  been pursued to identify hyper- 
tension susceptibility genes  (see Table 2 for  some recent examples) the results of 
these studies have  been difficult to reconcile. One recent notable exception is the 
study by Lathrop et aL, which provides reasonably compelling evidence  for an 
hypertension susceptibility locus on chromosome 17 (Julier et al., 1997). Schork et 
al. (1998) have  argued that meiotic mapping approaches to gene  discovery  have 
dominated  the thoughts of many geneticists and epidemiologists - a fact  which 
has probably diverted attention  from  more ‘holistic’ approaches to understanding 
the emergence and  maintenance of hypertension in populations and individuals. 



00 
"hble 2. Examples of recent candidate gene studies examining blood pressure andor hypertension in humans 

Ref Year Gene or Locus #P Analysis Population Outcome 3 
P 

2 1997 Adducin 3 ASL,R 282 HTs, 151 NTs (Italy) + HT linkage; + HT association 0 

3 1997 Neuronal nitric oxide synthase 1 CT 131 HTs, 147 NTs (Japanese) - HT association a 
4 1997 Renin 2 CT 86 Hts, 107 Nts (Chinese) + HT association R 
5 1996 Angiotensinogen 4 R  76 blacW139 white Indiana Children -C BP association 5 

+ HT association 0 dehydrogenase 67 Black NTs (Alabama) 0) 

7 1996 Adrenergic receptor 2 ASL 109 North Carolina black sib pairs + DBP response to salt association 4 
8 1995 Angiotensinogen 1 ASL, CT 63 African sibpairs + HT linkage; + HT association I 

4 
106 NTs (French) -1 

10 1994 Angiotensin II type I receptor 3 CT, ASL 267 French sibpairs, 206 HTs, 298 NTs (French) - HT linkage; + HT association z 

12 1994 SA 2 CT, PL, ASL 306 HT French sibpairs, 206 HTs, 298 NTs - HT association; - HT linkage 2 

+ HT linkage rn 1 1997 Angiotensinogen 1 ASL, MG 46 San Antonio families 

s 137 French sibpairs 

-I 6 1996 1 ID-hydroxysteroid CT 79 Black HTs with ESRD, 

9 1995 Nitric oxide synthase 1 CT,ASL 269 French sibpairs, 198 HTs, - HT linkage; - HT association m a 
m 

v, 
0 1 1  1994 Angiotensinogen 2 CT,ASL 63 White European families + HT linkage; +HT association; 

(French) 
13 1993 SA 1 CT 89 HTs, 81 NTs (Japanese) + HT association 
14 1992 Renin, haptoglobin, cardiac 5 CT 120 HTs, 115 NTs (Austrialia) - HT association 

15 1992 ACE, human growth 9 ASL 237 Utah sibpairs - HT linkage 

16 1991 Antithrombin 111 1 PL 9 Australian pedigrees * HT linkage 
17 1991 Insulin receptor, insulin gene 2 CT 67 HTs, 75 NTs (Austrialia) + HT association with insulin receptor 
18 1990 Na+-H+ antiporter 1 PL, R, ASL 14 Utah pedigrees - HT linkage 

myosin, neuropeptide Y 

hormone 

#P = Number of polymorphisms studied. Analysis: R = regression; CT = contingency table; ASL = allele sharing linkage; PL = parametric linkage; MG = 
measured genotype. Population: HT = hypertension, HTs = hypertensives; NT = normotension; NTs = normotensives; BP = blood Pressure; SBP = systolic blood 
pressure; DBP = diastolic blood pressure; ESRD = end stage renal disease. Outcome: - = Negative finding; +. = Marginal finding; + = Positive finding. 
References: 1. Amood et ol. (1997); 2. Cusi et al. (1997); 3. Takahashi er al. (1997); 4. Chianget al. (1997); 5. Bloem et al. (1996); 6. Watson et al. (1996); 7. Svetkey ez al. 
(1996); 8. Caulfield et al. (1995); 9. Bonnardeaux et ol. (1995); 10. Bonnardeaux et al. (1994); 11. Caulfield et al. (1994); 12. Nabikaet al. (1994); 13. Iwai et nl. (1993); 
14. West et al. (1992); 15. Jeunemaitre et aL (1992); 16. GrifXths et al. (1991); 17. Yinget al. (1991); 18. Lifton et al. (1990). 
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In other words, gene discovery, and more importantly, gene discovery via meiotic 
mapping approaches, are simply not capable of promoting our understanding of 
hypertension and blood pressure regulation by themselves and hence should not 
be overemphasized. 

Unlike linkage analysis, which focuses on genomic regions that are likely to 
harbor trait-influencing genes, candidate polymorphism analysis tests specific 
variants within or around genes of interest for association with a trait or disease in 
a sample of individuals. As the number of identified polymorphisms increases, 
testing of this sort will become more and more pronounced, possibly to the point 
of motivating ‘whole genome association studies’ in which polymorphisms over 
the entire genome are tested with a trait or disease in an effort to identify trait- 
influencing loci (Risch and Merikangas, 1996). Ebb 2 offers examples of recent 
candidate polymorphism studies for hypertension and blood pressure regulation. 
Three important points should be emphasized in the context of candidate poly- 
morphism analysis. Firstly, the ‘candidacy’ of a test polymorphism for a particular 
trait or disease is only as good as the biological motivation for testing it. Thus, 
motivation for testing a specific polymorphism or set of polymorphisms can 
derive from, for example, knowledge that the gene in which that polymorphism is 
located is uniquely expressed in a tissue known to be upset in the pathogenesis of 
a disease, previous tests have suggested association, it is in a gene family studied in 
model organisms, and so on. The important point here is that the candidacy of a 
polymorphism relates to ancillary or additional information about the polymor- 
phism and not just that it exists. Secondly, associations between polymorphisms 
and diseases can arise for at least three reasons: (i) the polymorphism is causally 
associated with the disease; (ii) the polymorphism is in linkage disequilibrium (or 
essentially associated) with another polymorphism which is causally associated 
with the disease; and (iii) the polymorphism is spuriously associated with the 
disease (due to, e.g., a type I error or population stratification). Determining 
which of these three reasons is behind a specific study result can be difficult. 
Thirdly, a particular polymorphism’s effect may interact with other factors, thus 
obscuring its influence on a trait or disease if ignored. This fact complicates 
comparison of results across studies involving different populations, designs and 
additional data (e.g. environmental, dietary, lifestyle, etc.) collections. 

Genome-scan approaches to trait-influencing locus identification are greatly 
eased in model organism contexts, since breeding strategies and environmental 
controls can be exploited (Frankel, 1995). Once a gene has been identified that is 
known to impact a particular phenotype in a model organism, the human 
homolog of that gene can be studied to see if variation in the human homolog 
influences the human analog to the phenotype originally studied in the model 
organism. Schork et al. (1996) have reviewed model-organism based gene mapping 
studies of blood pressure regulation and hypertension and offer a table describing 
the results of these studies. What is worth emphasizing from these studies, as a 
collection of studies, is that they have revealed a great variety of genes, gene 
defects and unique strain effects, which can only corroborate the great potential 
for genetic heterogeneity in human hypertension. 

Analysis of gene expression has become the focal point of a great deal of contem- 
porary medical and biological research. Technologies are now at hand that will 
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allow  researchers to monitor the expression of hundreds  or  thousands of genes 
simultaneously,  possibly in an effort to identify genes that influence or participate 
in disease  pathogenesis (DeRisi et al., 1997;  Velculescu et al., 1995). In order to 
identify specific  disease  genes,  however, contrasts in gene  expression  need to 
made. Thus,  one could contrast gene  expression profiles in  the blood  vessels  of 
hypertensives and normotensives. Those genes showing differential expression 
may be genes that influence hypertensive susceptibility. Table 3 lists recent gene 
expression studies of relevance to hypertension and blood pressure research and 
suggests that gene  expression studies can shed  enormous light on physiological 
phenomena  mediating blood pressure and hypertension. Although gene 
expression studies will probably replace meiotic mapping strategies as the  method 
of choice  for  disease  gene  discovery, there are a number of problems  plaguing  the 
large  scale  use of expression  assays  for screening a number of  genes. For example, 
the  mere identification of a gene that is differentially expressed  between  diseased 
and nondiseased tissues does not mean that  the gene in question is causally related 
to the disease; rather, the gene  may  be  merely secondarily affected  as a result of 
disease  pathogenesis. 

It should  be emphasized that unless an attempt at identifying a disease  gene  is 
planned purely for its diagnostic potential, disease  gene  discovery programs are 
typically pursued in an effort to gain a foothold or ‘entry point’ into biochemical 
and physiological  processes involving those genes, which can in  turn shed light on 
the  pathogenic processes that  mediate  the disease  (see Figure I). Thus, meiotic 
mapping efforts  seek to link genes to gross clinical endpoints such as hyper- 
tension, whereas gene expression-based  disease  gene  discovery paradigms seek to 
identify genes that are upset in, and thereby associated  with,  pathological  tissues 
(Figure I ) .  Each  of these strategies must initially ignore processes that go on 
between, or connect, the deleterious genes with relevant clinical endpoints or 
diseased  tissues. This  is  important when considering the potential for integrating 
blood pressure and hypertension-susceptibility gene  discovery with  other avenues 
of research, since it suggests that a great  many  factors,  systems, and stimuli might 
need to  be studied if understanding of the nature of hypertension and blood 
pressure regulation is to be anywhere near ‘complete’ in the sense that connec- 
tions between  genes and clinical endpoints have  been identified. 

3.2 Structuralgenornics 

Structural genomics studies for hypertension are very much in their infancy in 
terms of their sophistication and yield. Two good  examples of structural genomic 
investigations are studies by Jeunemaitre  and colleagues on  the angiotensinogen 
gene (Jeunemaitre et al., 1992a,b) and  mutations responsible for  glucocorticoid- 
remediable aldosteronism ( G M )  (Lifton et aL, 1992). The study of the 
angiotensinogen gene not only revealed  aspects  of its  introdexon structure, but 
the authors were able to identify a number of polymorphisms  that could either  be 
of functional significance or  be used to test the gene in association and/or linkage 
analysis settings (Jeunamaitre et aL, 1992a,b). The study of GRA led to the finding 
that the responsible mutation involved a chimeric gene duplication arising from 
an  unequal crossing over  between  genes encoding aldosterone synthase and 
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(High Blood Pressure) 

t - Sub-clinical 
(EKGTTisaue Analysis) 

4 l 

Transciiptionl 
Expression 

Gene 
t 

(Renin, ACE, etc.) 

Figure 1. Diagrammatic 
representation  of a ‘phenotypic 
hierarchy’.  Although  an  obvious 
oversimplification, the diagram 
is  meant to characterize the 
various  levels  implicated in 
disease pathogenesis  that  may 
serve  as  targets  for 
pharmacological  intervention 
and  manipulation.  Example 
phenotypes at each  level that 
may  be  associated  with 
hypertension  are  also  presented. 
The  shaded  box  represents 
phenomena  initially  ignored  in 
most  gene  discovery  paradigms, 
but knowledge  of  which  is 
absolutely  crucial  for  proper 
development  and  assessment of 
pharmacotherapies  and  other 
disease  interventions.  The  lines 
denoted  ‘genome  screens’  and 
‘differential  expression  analysis’ 
depict the levels  which  are 
assessed or exploited  in  these 
two modem  disease  gene 
discovery  strategies. 

steroid 11P-hydroxylase (Lifton, 1996). Structural genomic studies of this  kind 
can not only  shed  light  on the nature of the putative mutations causing disease, 
but also their relative conservation over an evolutionary time period. 
Conservation of function  is crucial for the proper assessment  of  homology and 
synteny  studies between humans and  other species,  especially  as these studies 
relate to something as  complex hypertension and blood pressure regulation. In 
addition, conservation of function and  structure  arguments are also crucial when 
evolutionary arguments  are invoked as to  the nature of the emergence and main- 
tenance of HT (Julius,  1995; Schork et d., 1998;  Weder and Schork,  1994). 

3.3 Clinical genetics 

A number of unique clinically recognizable syndromes and phenotypes of  which 
HT is a component have been identified. Disclosure of the genetic basis  of these 
phenotypes can yield tremendous  insight  into genes and physiological structures 
which influence garden-variety hypertension and elevated blood pressure in  the 
population at large (Lifton, 1996; Thibbonier  and Schork,  1995). Table 4 describes 
studies  that have  successfully identified genes or chromosomal regions thought  to 
influence unique  and often very rare clinical forms of hypertension. The use of 
such phenotypes for understanding the genetic basis  of hypertension is often 
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obscured through  the somewhat artificial distinction between  ‘primary’ and 
‘secondary’  forms  of hypertension. 

3.4 Integrative  physiology 

As noted in  the section on gene  discovery, the identification of a particular disease 
gene  can  lead to insights into metabolic or physiological  pathways that, when 
upset or dysfunctional due to mutations in genes participating in them, contribute 
to the pathophysiological  cascade that leads to disease. Determining these 
pathways is thus  an  important  element in understanding  the genetic basis of 
diseases such as hypertension. Although  the search  for such pathways and 
processes  may not be considered a component of genetic research  by  many, the 
definition of a ‘gene’ and ‘genetics’  often includes information on  the ‘function’  of 
genes in order to distinguish one gene  from another. In addition, the expression of 
a gene or  its  encoded protein are intimately related to a gene and  hence capture 
information about  that gene that is not available  from sequence information 
alone. A distinction may help clarify things. Consider  the study of gross  physio- 
logical phenomena,  such as hemodynamic (i.e.  pressure-resistance-flow) relation- 
ships affecting  blood  pressure. These relationships can be studied via tilt tables, 
plethysmography, and so on, and are the  product of a coordinated series  of high- 
level  physiological events and processes  (Folkow, 1978,1993,1995). Now consider 
studying the expression pattern of  genes, the behavior of proteins and  the flow  of 
metabolites across  biochemical  networks. The latter phenomena are less  removed 
from the genetic milieu and typify what  can be coined  ‘molecular  physiology’. 
These  phenomena  and processes, although they impact the higher level  physio- 
logical endpoints such as hemodynamic relationships, are the typical targets for 
drug intervention and provide vital links for relating genes to diseases and disease 
processes. Table 5 lists some  examples of cellular or molecular  processes thought to 
influence blood pressure regulation and hypertension susceptibility. Of those 
listed, the renin-angiotensin system  has  been studied most  extensively,  as 
knowledge of a number of genes (e.g. renin, angiotensin converting enzyme, 
angiotensinogen, etc.) implicated in  that system  has  been obtained. 

3.5 Functionalgenomics 

The  study of the  function of  genes, or ‘functional genomics’, has become one of 
the most  pronounced research areas in genetics research (Fields, 1997; Miklos 
and  Rubin, 1996). There are at least three ways in which  one  could  determine 
the  function of a gene. Firstly, gene  targeting approaches, such as knock-outs, 
knock-ins, gene  titration, directed mutagenesis and transgene experiments, 
focus on a particular  gene  and typically involve manipulating  that gene in exper- 
imental  organism settings. Table 6 lists  knock-out and transgene experiments of 
relevance to  hypertension and blood pressure research. For further discussion of 
gene targeting strategies see  also Chapter 6. Random  mutagenesis approaches, in 
which a genome  is exposed to  mutagenic  stimuli and any  resulting  mutation  is 
examined for its phenotypic effect, are related strategies. Secondly, simple  associ- 
ation studies investigating the effect that  the  presence  or  absence of a particular 



Table 5. Example cellular, molecular, and low-level physiological factors thought to influence blood pressure reguIation 

Ref Year Defective mechanism Defective system Comments 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

1997 

1996 

1996 

1996 

1996 

1996 

1992 

1986 

1983 

1980 

1980 

Contractile proteins 

Endothelial cells 

Angiotensin II levels 

Angiotensin-converting enzyme 

Catecholamine levels 

Cellular calcium 

Renin secretion 

Prostaglandins 

Mineralocorticoid production 

Na+/K+ cotransport 

Na+/Li+ countertransport 

Smooth muscle cell activity 

Vessel lining 

Renin-angiotensin system 

Renin-angiotensin system 

Sympathetic reflexes 

Exchange across cell membrane 

Renin-angiotensin system 

Arteriolar vasoconstriction 

Renal Na/K levels 

Cellular transport 

Cellular transport 

Greater contractility may underlie HT 
susceptibility 

High blood pressure may upset endothelium and 
hence cause exacerbate development of HT 

Elevated pulse pressure is associated with 
elevations in angiotensin II 

Correlation between BP and ACE levels 

Elevated BP is correlated with elevated 
norepinephrine levels 

Increased Ca2+ cellular load or enhanced 
external CaZ+ associated with HT 

High renin levels found to be associated 
with infarction among hypertensives 

Diminished endogenous synthesis of 
prostaglandins may contribute to elevated 
vasoconstriction leading to HT 

Mineralocorticoid pathway is suppressed in 
prehypertensive individuals 

Decrease in Na+/K+ exchange associated with HT 

Increase in Na+/Li+ exchange associated with HT 

HT=hypertension; BP=blood pressure. 
References: 1. Savineau and Marthan (1997); 2. Haller (1996); 3. Harrap et al. (1996); 4. Schunkert et al. (1996); 5. Warder al. (1996); 6. Aviv (1996); 7. Laragh (1992); 
8. Stoff(1986);9. Guthneetal. (1983); 10. Garayetal. (1980); 11. Canessaetal. (1980). 



Table 6. Recent examples of knock-out and transgene experiments performed in an effort to determine gene function in the context of blood pressure 
regulation and hypertension susceptibility 

Ref Year Gene Study Organism and strain Outcome 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

1997 

1997 

1997 

1996a 

1996 

1996 

1995 

1995 

1995 

1995 

1995 

Angiotensin 1 b 
receptor (Agtrl b) 

Bradykinin-B, receptor 

Human angiotensinogen 
and renin 

a, Adrenergic 
receptors 2b and 2c 

Nitric oxide (eNOS) 

Duplicated renin (Ren-2) 

Angiotensin type-2 
receptor (AT,) 

Angiotensin type-2 
receptor (AT,) 

Mouse Ren-2 

Guanylyl cyclase A 
receptor (GC-A) 

Rabbit Na +/- proton 
exchanger 

Knock-out 

Knock-out 

Transgenic 

Knock-out 

Knock-out 

Knock-out 

Knock-out 

Knock-out 

Transgenic 

Knock-out 

Transgenic 

C57BU6 mice 

129Sv mice 

Male Sprague-Dawley rats 

129Sv/J x NB/N and 129Sv/J 
and C57BLBJ mice 

129 x C57 BU6J mice 

129 mice 

129/SV X FVB/N mice 

129/0La x C57BU6 mice 

Sprague-Dawley rats 

129/SVJ x C57BU6J mice 

C3H x C57B46 mice 

No abnormal phenotypes observed among homozygous and 
heterozygous deleted mice 

Bradykinin-B, receptor knock-out significantly influenced 
salt-sensitive hypertension 

Rats transgenic for human angiotensinogen and renin genes 
show significantly altered physiology relative to control rats 

Stimulation of 26 receptors resulted in hypertension 

No hemodynamic effect produced by disruption of 2c subtype 

eNOS essential for maintenance of normal blood pressure and 
heart rate 

No clear effects of Ren-2 knock-out 

AT2 deficient mice exhibit behavioral changes and 
increased response to Ang II administration 

AT2 deficient mice exhibit behavioral changes and increased 
response to Ang II administration 

Transgenic rats exhibited hemodymanic effects consistent 
with their elevated blood pressure 

Knock-out mice exhibited a sodium-resistant increase in 
blood pressure 

Transgenic mice have increase blood pressure response to 
salt challenges 
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polymorphism  has  on  a (possibly molecular) phenotype  is  another way  of 
assigning function (e.g. Table 2). Thirdly, bioinfomzatics  approaches, in which  one 
tries  to  determine  the  function of a gene  by searching for elements in  its 
sequence  that are known  to  induce certain outcomes (e.g. binding properties of a 
protein) or by relating  the sequence  to  known  sequences in  other species whose 
gene functions have been identified, are being  used  more  and  more often , but 
have not found  unique  and specific application in hypertension and blood 
pressure research as yet. Unfortunately, as emphasized  throughout this chapter, 
the experimental conditions, the collection of additional information, the popu- 
lation or  model  organism  strain used, and so on, can all impact  on the  inter- 
pretability  and generalizability of an  outcome  obtained  from  a functional 
genomics  study and as such  can  contribute  to  the context dependency that  is  the 
hallmark feature of factors influencing  hypertension and blood pressure as well 
as other  complex  phenotypes. 

3.6 Population genetics and genetic epidemiology 

The identification of genes  and the characterization of their functions, particu- 
larly with respect to certain pathologies, is an important  and  prominent activity 
in modern  medical genetics. Knowledge  obtained  from relevant experiments in 
medical genetics can lead to  the development of diagnostic, preventive, and 
therapeutic strategies for the disease. The focus  of this research is on the devel- 
opment and  treatment of disease within individuals from clinical vantage points. 
Equally  important, however, is understanding of the processes that  contribute to 
the emergence and maintenance of disease within populations (Schork et al., 
1998). The concepts, experimental strategies and  outcomes used to examine 
disease for the sake of individuals  and populations are  not necessarily the same, 
although  there  is  tremendous  and  obvious overlap in  terms of the  information 
they produce. Consider Table I, which  lists gross environmental factors that 
influence blood pressure and hypertension susceptibility. Each of these factors 
exists to  varying degrees in different populations. Hence, the ‘health’, in  terms 
of hypertension frequency, of these populations will vary considerably. In fact, 
studies have shown that when  individuals  migrate  from  communities possessing 
a lesser amount of these (and  other)  environmental  stimuli  to  communities  with 
greater amounts,  their blood pressures change (Table 7). There are other factors 
that  contribute  to  the  emergence  and  maintenance of hypertension in disparate 
populations. For example, founder effects, migration  and  immigration rates, 
mutation rates, and drift, can all contribute to differential allele frequencies 
across different populations (Cavalli-Sforza et al., 1994). Thus, it is entirely 
possible that some populations have a lesser degree of hypertension in them,  not 
necessarily because of the lesser presence of toxic environmental  stimuli  or 
better  health care, but because deleterious mutations are simply  not as frequent. 
This  and  other phenomena will greatly affect public health and epidemiological 
campaigns  aimed at hypertension if not  accounted for properly. Greater 
attention  to population-level processes and events are  thus called for (Schork et 
al., 1998). 



Table 7. Examples of migration studies investigating the gross effects of environmental change on blood pressure and hypertension prevalence 

Ref Year Population Design Outcome 
~~ 

1 1997 316 Kuna Indians Kuna migration to Panama City Increase in BP, likely changes in salt intake 

2 1995 313 Yi farmers (male), 265 Yi migrants, Rural villagers migrate to Urban Yi farmers on average had lower BP than Yi 

Urinary sodium and calcium positively related to BP 
Urinary potassium and magnesium inversely related 
to BP 

253 Urban Han areas; Contrast of migrants and migrants 
nonmigrants 

3 1995 25 Normotensive blacks Migration from Somalia to Italy 

Increased adiposity could not explain increased BP 

After 6 months SBP and DBP increased (likely diet- 
induced) 
Urinary sodium excretion increased 
Plasma renin activity significantly reduced 

4 1991 8241 Yi farmers, 2575 urban Yi migrants, Rural villagers migrate to Urban areas Yi migrant men and Han men had higher BP 
Yi farm women's age-related rise in BP and HT 
prevalence lower than in other two groups. 

3689 Han urban residents 

5 1989 654 Tokelua Islanders Migration to urban areas Increase in body mass 
SBP and DBP of migrant men significantly higher 
than nonmigrants, but not for women 

6 1988 90 Kenyan males Migration to Nairobi Migrants had higher BP than rural-based controls 

7 1987 617 European and 155 Bengalis Contrast of Bengali immigrants with 
native Europeans and BM. 

Both groups showed rise in BP with increasing age 

Increased IHD risk in Benagli group not explained by 
an BP elevations. 

8 1985 532 Tokelau adults (nonmigrants), 280 Migration from Tokelau Island to New Significant difference between migrant and 
Tokelau adults (migrants) Zealand nonmigrants in rates of change for both SBP and 
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4. Synthesis  and integration 

Given the variety of approaches  used to  unlock aspects  of the genetic basis of 
hypertension and other complex, multifactorial diseases, a good question 
concerns just how one  might  be able to reconcile or integrate the results of each 
approach in an effort to construct a comprehensive  understanding of relevant 
pathophysiological and population-level processes that cause and sustain these 
diseases. We outline four very simple approaches that  demand cross-talk among 
geneticists interested in hypertension and blood pressure and  then consider two 
more sophisticated strategies in greater detail. 

4. I Theoretical  frameworks 

The development of theoretical frameworks that describe the origin of hyper- 
tension and  the  underpinnings of blood pressure regulation can motivate a series 
of studies whose ultimate outcomes should, if the framework is correct,  converge 
on a common theme. Evolutionary angles provide one  such framework and can 
easily  lead to insights into  the genetic basis  of  disease  (Schork et d . ,  1998). Two  of 
the most notable evolutionary arguments  on the origin and  maintenance of hyper- 
tension are the ‘flight or fight’ response argument by Julius and  Jamerson (Julius, 
1995) and  the developmental hypothesis of Weder and  Schork (Iyengar et d . ,  1998; 
Weder and Schork, 1994). 

4.2 Candidate  polymorphism  characterization 

Obviously,  genes  known to be expressed in certain tissues of relevance to hyper- 
tension, for example, should  be studied in  other contexts, such as in knockout 
experiments  and association  studies. Thus,  the identification of genes worth 
testing in population-based samples  can  easily  proceed  by polling researchers (or 
the literature) that have identified genes  possibly  involved in hypertension and 
blood pressure regulation through  other means. 

4.3 Environmental  factor control in gene  analysis 

Epidemiological studies which have identified environmental stimuli that  induce 
or exacerbate hypertension susceptibility provide information that  should be 
accounted for in, for  example, meiotic mapping  or candidate polymorphism asso- 
ciation studies. Although not unprecedented, sophisticated ways  of  accommo- 
dating gene X environment interactions must be  developed  for these purposes. 

4.4 Monogenic  hypertension  dissection 

Lifton and colleagues  (see Lifton, 1996, for a review)  have  clearly  shown that  one 
can determine genes,  phenotypes,  pathways and potential therapies for  hyper- 
tension by studying rare monogenic  forms of hypertension. Although  the actual 
strategies used in such research  will not necessarily carry over to  the study of 
essential or ‘garden-variety’ hypertension, the genes,  pathways, and so on, 
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implicated in these rare hypertensions can be scrutinized for variants that 
influence common hypertension. 

Each  of the above strategies is simple to execute, but may not be  comprehensive 
enough, in terms of guiding actual experiments, to confront and characterize the 
context dependency  behind  the factors that influence hypertension and blood 
pressure. We outline two strategies below, one molecular and physiological in 
orientation, and  the other epidemiological or population-based in orientation, 
that may provide comprehensiveness of the desired  type. 

4.5 Model organism  phenotype  dissection 

TO facilitate the integration of research involving the genetics,  physiology and 
clinical pathology of hypertension, one could design a study involving model 
organism inbred strain cross hybrids whose biomaterials are made  available to 
researchers, and for which  a database of results is created.  Consider,  as an example, 
the  conduct of a large intercross experiment between a  normotensive rat (or 
mouse) strain  and  a hypertensive rat (or mouse) strain  in  which all the individual 
rats are genotyped. Consider  further  that tissues,  blood  samples,  cell  lines, and so 
on, are preserved from these mice  and rats as  well. These materials could then  be 
made  available to interested researchers  who  have  developed, or can implement, 
different biochemical or clinical chemistry tests. The results of these tests could 
then  be compiled in a database and used to link particular genotypic information 
with  phenotypic information. This database  could then  be queried by interested 
scientists to either confirm  their own  physiological or genetic hypotheses or 
motivate further  experiments  with the knowledge that  the same animals were 
assessed in each experiment. This design  would  allow linkages between a  number 
of phenotypic, physiological and genetic processes to be made in  a manner  that 
would be  more  uniform in orientation and scope than  the  current  method for 
linking information, which is basically  based on literature review and ad hoc 
comparison and synthesis of results obtained from widely different study designs. 

One could imagine  a  number of associated  designs, such as the dissemination of 
transgenic or mutagenized  animals from a larger stock, or  the tracking of animals 
as in a longitudinal project  organized to examine features of the development of a 
chronic disease.  Each  design  would  have its own  obvious  weaknesses, not the least 
of which  would  be the assurance of the reliability of the data put into  the database, 
as  well  as manner in which  the data would  be stored for intuitive and easy  access. 
Although  the dissemination of animals for  research  purposes is hardly unprece- 
dented, the coordination of  research results in, for  example, a  comprehensive 
database, and  the global motivation for the studies would  be. 

4.6 Uniform  cross-population  comparisons 

The development of a ‘global’ genetic epidemiological  network which would  facil- 
itate the contrast and comparison of a  number of different human populations in 
terms of genetic backgrounds,  social factors and  environmental factors influ- 
encing hypertension susceptibility and blood pressure regulation, could lead to 
tremendous insights into  the emergence and  maintenance of hypertension within 
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and across populations. The hallmark feature of the  implementation of such 
studies would,  of  necessity,  have to  be centered around uniformity in data 
collection. This study design could easily embrace candidate polymorphism 
testing  in which the  contribution  to hypertension by  environmental factors (that 
may interact with the polymorphism) is accounted for and characterized. Such 
studies could  also  shed enormous  light  on  the  utility of various public health 
campaigns (e.g. the encouragement of non salty diets, the prescription of a certain 
type of drug or therapy,  etc.) and  the economic repercussions of interventions. 

Although  each of the above two strategies may  seem to be  an expensive under- 
taking, it is a simple  fact that many of the component studies  that could be impli- 
cated in them  are  being pursued, but  in  an isolated and  independent manner. 
Consider the fact that  many efforts to examine candidate polymorphisms and 
environmental factors in different populations have  been  completed or are  being 
pursued (e.g. the  studies listed in Tables I, 2 and 3)  and  many molecular geneticists 
are  studying phenotypes and specific genes of all types (e.g. the studies listed in 
Tables 3,5 and 6) .  What is lacking in these  studies is coordination, oversight and 
comprehensive design - features which  may simply  be impossible to  implement 
in  the current, very competitive, global intellectual and research funding climate. 

5. Conclusions 

The genetic dissection of complex  diseases and  traits  such as  hypertension and 
blood pressure regulation poses one of the greatest challenges facing modern 
medical researchers and biologists. The wide variety of factors influencing  such 
traits makes  complete isolation and  appropriate characterization of each factor 
difficult, if not impossible. What is  needed at  this  point  in  our  understanding of 
hypertension and blood pressure is not necessarily new technologies or experi- 
mental strategies for determining  potential factors, but rather ways  of synthe- 
sizing and making use of the collection of information  that is already at hand 
(Schork, 1997; Thibbonier  and Schork, 1995). Although there  are ways  of synthe- 
sizing  such information, it remains to  be seen if one can actually simultaneously 
embrace or acknowledge the fact that ‘context-dependency’ is the rule  rather  than 
the exception for factors influencing hypertension and blood pressure and 
determine, in as  unequivocal way  as  possible, the myriad ways in which hyper- 
tension can  emerge and  be  maintained in individuals as  well  as populations. 

The various chapters of this book  will  make  clear the variety of approaches taken 
to dissect the genetic basis  of hypertension as  well  as the enormous  problems 
confronting the integration of their results within a more  comprehensive  framework. 
In this regard they stand as a testament to the belief that progress in understanding 
the genetic basis of hypertension can be made despite its complexity. 
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1. Introduction 

Over the past three decades,  various  genetic  models  of  hypertension  have  been  used 
to study the etiology  of  hypertension and  the regulation of blood  pressure. Prior to 
the development of genetic  models of hypertension, animal models  of  high  blood 
pressure  were induced by  producing  some  type of  damage to the  kidney by  surgical 
removal  of  kidneys, or by  ligation or clipping of renal arteries (Barger, 1979; 
Goldblatt et d . ,  1934). Although  these  experimentally induced models of hyper- 
tension  provided insight into  the regulation of blood  pressure, they were not always 
consistent with  respect to producing equivalent  levels of hypertension, nor were 
they very similar to human essential  hypertension.  Genetic  models  were  developed 
to  provide  reliable and reproducible  forms of high blood  pressure,  as  well  as to be 
more  representative of the clinical  phenotype. For instance, the genetic  hyper- 
tensive (GH) rat, the first genetic  model of hypertension  (Smirk and Hall, 1958), 
develops  spontaneous  hypertension that is relatively  consistent  from rat to rat in  the 
severity and age  of onset of the hypertension. The development of the sponta- 
neously  hypertensive rat (SHR; Okamoto and Aoki, 1963) and  the  Dahl salt-suscep- 
tible strain of rat (Dahl et d . ,  1962) provided additional reproducible  models of 
hypertension.  Over the past 30 years at least nine different  genetically  hypertensive 
rat strains have  been  developed.  Importantly, eight of the nine strains were 
developed  by  selecting the breeders  for the next  generation  based on blood  pressure 
measurements using a tail-cuff  protocol,  yet  each strain is slightly different in its 
etiology of hypertension (Yamori, 1984) and has  different  degrees of susceptibility to 
end-organ  damage  associated  with  hypertension.  Since  each strain was developed 
from a different founder colony,  we  can infer that  the etiological  differences  are  most 
probably due to different and potentially unique gene combinations being  fixed 
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within each strain, as  well  as their interaction with environmental factors. 
Physiologists,  pharmacologists and other basic  science  investigators  have  known 
about these  etiological  differences and have tried to exploit  them to find the under- 
lying causes  of hypertension.  Unfortunately, the study designs  employed required 
the use  of  ‘control’ strains such as the WKY  (Wistar-Kyoto), once  thought to only 
differ  from the SHR at ‘hypertensive’  genes,  which in retrospect do not exist. Strains 
used as ‘control’ strains do have  lower  blood  pressure, but also many other pheno- 
typic  differences  very  likely due to strain differences.  Consequently, although inves- 
tigators  have found many  differences  between the hypertensive strains and the 
‘control’ strains they have  made little headway in defining the initial cause  of  high 
blood  pressure. 

Genetic analyses provide means to distinguish primary factors causing hyper- 
tension in inbred strains (isogenic) of the rat. Genes playing a role in causing the 
trait will  cosegregate (be linked) with the trait in a cross;  whereas, the genes 
responsible for secondary responses or unrelated strain differences  will not. The 
nine different genetically hypertensive inbred  strains  thus provide the  unique 
opportunity to investigate the genetic basis of different ‘patterns’ of hypertension. 
The etiological  differences among the  strains should enable molecular geneticists 
to make  comparisons, and by this means to identify major  genes which differ 
among strains; this information may help us to model the effect  of genetic hetero- 
geneity found in human hypertension, while minimizing  the loss of power in 
these studies. Furthermore,  the regions of the rat genome that cosegregate  with 
blood pressure can  become candidate regions  for genetic studies in man. 

At  issue is how helpful are experimental animal models in defining human 
disease  etiology.  Given that  the infrastructure for the human genome is far 
superior to that of the rat genome, one may  ask,  ‘how  useful  will experimental 
animal models be for hypertension or  any other human disease?  Typically the 
debate about  the utility of animal models hinges upon  the  assumption  that a 
model  system must reflect the clinical picture. It must  be  remembered  that in  the 
case  of hypertension, even two people with essential hypertension do not neces- 
sarily have the  same clinical picture. Consequently, it is  not surprising that  the rat 
genetic models  have  differences  from the clinical condition. First, there are 
obvious species  differences  between humans  and rats. Second, the genetic models 
were  developed  by simply selecting for breeding pairs with  the highest blood 
pressure, irrespective of other characteristics or phenotypes. 

Despite these differences, the  nine  different  strains provide a controlled 
framework that can be used to identify gene combinations  and interactions that 
result in hypertension. Specifically, one can  ask,  ‘are there  genomic regions in 
common amongst all nine  or  the majority of the strains?’ If so, these genomic 
regions  would be ideal candidates for the human disease. This assumption 
supposes that gene  defects  will  have similar effects  between these very divergent 
species. 

We are not overly concerned  about a direct cross-species translation of  gene 
defects. Our view  has  been that in the worst  case scenario we will identify 
important pathways where defects result in hypertension. We also  believe that 
studies using these genetic models  will provide essential information about the 
use of intermediate phenotypes  to  understand disease  etiology. 
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2. Study design 

As discussed in Chapter 3, genetic studies begin  by  selection of the cross  design 
and strains to be used to study a disorder, such as hypertension. Unfortunately, in 
many  cases considerably less attention is paid to the phenotyping. For example, 
investigators (including ourselves) frequently write and speak about using mole- 
cular genetics to identify the genes responsible for hypertension. Yet, hyper- 
tension by definition represents the  upper  end of the blood pressure distribution 
curve that is defined  by a clinically relevant threshold; whereby intervention has 
been determined to modify  the rates of morbidity  and mortality (Group  HDaF- 
UPC,  1977).  We, and we presume  our colleagues, are not using this definition, but 
rather studying the genes responsible for ‘higher’  blood  pressure. 

Blood pressure is a continuous trait or quantitative trait that exhibits a rel- 
atively normal distribution in  the population (Group HDaPUPC, 1977). This 
continuous distribution of a quantitative trait is a hallmark of multifactorial 
disorders (multiple genes interacting with  the environment). However, it should 
be  noted  that a qualitative trait may still be polygenic and display a dichotomous 
distribution because  of the definition of the  phenotype used.  For  example, 
insulin-dependent diabetes mellitus is a disease with multifactorial inheritance 
that is typically studied as a qualitative trait. 

In  our studies to determine  the genetic components of blood  pressure, we have 
used two different types of rat crosses. By mating a hypertensive with a 
normotensive inbred animal a first filial (F,) progeny is generated derived  from 
two inbred  animals  with very different levels of blood pressure and  with a very 
different genetic predisposition to  high blood  pressure.  However, these animals 
are still genetically identical, since they share one chromosome  from  each parent. 
In most of the crosses, the F, animals were near to the average  of the two prog- 
enitor strains, suggesting that  the responsible genes  act together in an additive 
manner. A second generation cross is required to perform linkage analysis.  For an 
additive mode  of inheritance, an F2 intercross (F, progeny is mated  to each other) 
is best. In some  cases, the phenotypes from the F, progeny are closer to one of the 
parental strains; in  this case a backcross (in  which F, animals are mated  with  one 
of the parental strains) is preferred. As a result of genetic segregation and environ- 
mental effects, the progeny from the second generation displays a greater vari- 
ation. The ability to separate the total variance into genetic and  environmental 
components is the major  advantage  of using  inbred  animals over outbred  animals 
or  humans.  With  the genetic component defined, a search  can be  conducted to 
identify the genes producing the effects. It is important to realize that genetic 
studies using animal models can  only distinguish genetic differences between the 
two strains studied. Since the selection of the  strains  determines  the  numbers of 
genes  segregating within the cross, it is meaningless to speak about the ‘number of 
genes responsible for high blood  pressure’ without specimng  the strains, cross 
structure and, as  will  be outlined later, phenotypes  that were studied. For instance, 
in 1970,  Tanase et al. used estimates of heritability (a heritability score of 1 means 
the  trait is entirely genetic;  whereas, a score of 0 means the trait is entirely envi- 
ronmental)  to  perform a genetic analysis of hypertension in three crosses, where 
SHR rats were  crossed with different normotensive rat strains. It was evident in 
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these studies that crosses  between SHR and different normotensive strains 
yielded a different estimate of the  number of loci responsible for the  high blood 
pressure. These data demonstrated  that  the genetic background of the 
normotensive  strain determines how many  genes are segregating with  high blood 
pressure in a given  cross.  Obviously, the selection of a cross markedly influences 
the number of  loci  for a distinct phenotype,  and,  therefore, limits the identifi- 
cation of the genes responsible for traits  such as high blood  pressure. 

Genetic  analysis in its simplest  form  is  assigning a component of the phenotypic 
variance, in our case  blood  pressure,  to the three possible  genotypes:  homozygous 
for  allele 1, heterozygous and homozygous  for  allele 2 (in an F, intercross of inbred 
strains).  If  allele 1 is from the SHR, then we would  expect  to find the animals  with 
the highest  blood  pressure to be homozygous  more  often at allele 1 and less  often at 
allele 2 than the 1:2: 1 Mendelian  segregation ratio predicted. When a locus (either a 
gene-marker or anonymous  DNA-marker)  shows a significant  deviation fiom the 
Mendelian  segregation  ratio, the locus  is  ‘linked’ to the phenotype or the phenotype 
has  been  ‘mapped’. For most  multifactorial disorders phenotypes  are linked to 
quantitative trait loci (QTLs). The appropriate level  for  significance  remains 
controversial; however, the traditional view is a logarithm of the  odds ratio (LOD 
score)  greater or equal to 3.0 or ap-value greater or equal  to 0.001 for  an  analysis of 
variance  (ANOVA)  define the threshold of  significance. Interested readers in the 
statistical  genetics are encouraged  to start with a review  by Lander  and Schork 
(1994),  followed  by Lander  and Kruglyak  (1995) and Elston (1997). 

3. Phenotyping 

The method and protocol used to collect a given phenotype will affect the envi- 
ronmental  component and, therefore, the ability to carry out genetic dissection. 
The age at  which  an  animal is phenotyped influences the  number of genes 
contributing to the expression of this phenotype,  what we call a ‘phenotyping 
window  effect’ (Schork et d . ,  1996;  Wright,  1968). The data reported by  Tanase et 
al. (1970)  suggest such a ‘phenotyping window  effect’  also  for hypertension, in a F, 
progeny of a SHR X WKY cross. These findings rise an  important issue.  Are 
phenotypes collected at  the  right  time point? 

The phenotyping  method represents a second pitfall in studies of the genetics of 
complex  diseases. The selection scheme used to develop all inbred  strains of 
hypertensive rats was  based on  the tail-cuff method (sphygomanometer). This 
may  have resulted in  the selection  for a form of hypertension which is associated 
with stress since this  method requires anesthesia and heating of the  animal  and 
tail-cuff  itself. In this case, reducing the stress by using radio-telemetry may 
decrease one’s ability to map  genes responsible for high blood pressure associated 
with stress genetically. In addition, however, radio-telemetry increases the 
accuracy in  the measurement of blood pressure, minimizing  the  environmental 
component to the blood pressure variance, and therefore,  may increase one’s 
ability to  determine the  contribution of genetic factors. The trade-off  between 
using more accurate phenotyping protocols  (less stress) versus  tail-cuff is not easy, 
particularly since longitudinal data  may improve the genetic dissection of 
complex traits (Schork et d . ,  1996). Unfortunately, the collection of longitudinal 
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data may  necessitate the use of the tail-cuff procedure for measuring blood 
pressure.  However, the use of (two) different methods to measure  blood pressure 
offers the possibility of distinguishing between  genes responsible for  blood 
pressure regulation in general,  as  well  as those being  important in blood pressure 
increases in response to stress. 

In a recent study we performed  with our collegues in New  Zealand, Drs Grigor 
and Harris, a total genome  scan (- 200 genetic  markers  covering the entire genome 
are  genotyped in each  animal) in a F, progeny of a GH X BN intercross,  indepen- 
dently analyzing the data  for  linkage of QTLs to both blood  pressure  measured  by 
direct arterial catheter and by the tail-cuff  method.  Interestingly, depending on the 
phenotyping  method used, we identified  some QTLs cosegregating  with  blood 
pressure  (Koike et al., 1997) dependent  on the phenotyping method,  while other 
QTLs were  identical  for  blood  pressure and therefore, independent of the pheno- 
typing method  used. This observation underlines how different phenotyping 
protocols  can modify  the outcome of a study using molecular  genetic  techniques. It 
is quite interesting to speculate that environmental factors such as  stress  can  reveal 
different  genes  responsible  for  blood  pressure  regulation or maintenance. We have 
used  pharmacological  agents and different  physiological  stressors  to  characterize 
further the genes  responsible  for  blood  pressure. 

4. Summary of genome  scanning  results 

Several groups have  used our genetic markers (Jacob et al., 1995) and those 
developed  by  Levan, Szpirer and colleagues (Levan et al., 1991;  1992), by 
Remmers and colleagues (Goldmuntz et al., 1993; Zha et al., 1993), by Serikawa 
and colleagues  (Serikawa et al., 1992; Yamada et al., 1994) and Bihoreau and 
colleagues (1997) to initiate genome  scans of  crosses  between hypertensive and 
normotensive rats. However,  many  of these studies have not been complete genome 
scans and have  largely  focused on a single QTL at a time. The results of these 
studies are summarized in Table 1. 

Several points emerge  from this table. First, it appears that hypertension- 
related genes are located on nearly every  chromosome. This identification of a 
large number of loci for the  trait  high blood pressure is not surprising, since the 
blood pressure regulatory pathway is rather complex  and,  therefore,  involves a 
large number of  genes.  Second, only very few studies have identified QTLs asso- 
ciated with basal  blood  pressure. This might  be  due to various  reasons: at baseline 
all animals are at the genetically predetermined blood  pressure, that means they 
are in homoeostasis. There may  be a large number of genes  involved in  the  main- 
tenance of this homoeostasis, of which each one contributes to a very small degree 
of baseline  blood  pressure. 

If this hypothesis is correct, a very  large number of animals would  need to  be 
studied before QTLs can  be detected accounting for  basal  blood  pressure. To 
reveal the responsible genes more readily, it may be necessary to ‘challenge’ the 
cardiovascular  system in order to detect where the regulatory pathway  can no 
longer compensate for a given stimulus. These ‘challenges’  may include drugs 
interfering with  the renin-angiotensin system such as angiotensin converting 
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Table 1. QTLs identified in rat models of genetic hypertension 

Cross Hypertensive locus Phenotype Reference 

SHR x WKY 
SHR X WKY 
SHRSP-H X WKY-H 

*RI (SHR x BN) 
SSIJR x Lew 
LEW X SS/JR 
WKY x SS/JR 
LEW x SS/JR 
SHRSP X WKY 
SHRSP x WKY 
SBH x SBN 
SHR x BB/OK 
SHR x WKY 
*RI (SHR x BN) 
LH x LN 
SS/JR x MNS 

SHRSP x WKY 
SSIJR x WKY 
SS/JR X WKY 

GH x BN 
MNS X SS/JR 
SHR X BN 

SHR-SP X SS/JR 

SS/JR x F1 
(SS/JR x SR/JR) 

SHRSP X WKY 
SHRSP x WKY 

SHRSP x WKY 
*RI (SHR x BN) 
SHR x WKY 
SHR x BN 
SHR X BB/OK 
SS/JR x Lew 
SS/JR x Lew 
SHRSP-H X WKY-H 
SHRSP-H X WKY-H 
SHR X DRY 

SHRSP-I X WKY-I 
SHRSP-H X WKY-H 
SHRSP-H X WKY-H 
SHRSP-H X WKY-H 

SS/JR x MNS 
SS/JR X MNS 
SS/JR X MNS 
SHRSP X WKY 

Chr. 1  (SA) 
Chr. 1 (MTlPA) 
Chr. 1 (SA) 

Chr. 1 (Kallikrein) 
Chr. 1 (SA) 
Chr.1 (SA) 
Chr.1 (SA) 
Chr.1 (DlMcol) 
Chr.1  (CYP2A3) 
Chr.1 (SA) 
Chr.1 (7) 
Chr.1  (IGF2) 
Chr. 2 (?), Chr. 4 (SPR) 
Chr. 2 (?) 
Chr. 2 (?) 
Chr. 2  (GCA) 
Chr.  10  (ACE) 
Chr2(CPB) 
Chr. 2 (GCA) 
Chr. 2  (NaK(1) 
Chr. 2  (GCA) 
Chr. 2 (?), Chr.  10  (ACE) 
Chr. 2  (NaK(1) 
Chr.2  (GCA) 

Chr. 3 (ET-3) 
Chr.3 
Chr.3 

Chr.3 (7) 
Chr. 4  (IL-6) 
Chr. 4 (NPY,  SPR) 
Chr.4  (NPY) 
Chr.4  (SPR, IL6) 
Chr. 5 (GLUTB,ET-2) 
Chr. 5 (ET-2) 
Chr.  10  (ACE),  Chr. 18 (7) 
Chr. 10 (ACE),  Chr. (?) 
Chr. 10  (NGF) 

Chr.  10  (ACE) 
Chr.  10 (BP/SP-la) 
Chr. 10  (BP/SP-lb) 
Chr. 10 (ACE) 

Chr.  10  (ACE,  ANPR) 
Chr.  10 (NOS-2) 
Chr.  10 (NOS) 
Chr.  10  (ACE) 

SBP,  DBP 
SBP 
SBP after salt 

SBP 
SBP after salt 
SBP 
SBP 
SBP 
SBP 
SBP 
SBP 
SBP 
BP 
DBP 
PI?  SBP 
SBP after salt 
SBP after salt 
SBP,  DBP 
SBP after salt 
SBP after salt 
MAP 
SBP 
SBP after salt 
SBP 

SBP after salt 
PP,  PP after salt 
SBP and DBP 
after salt 
SBP 
MAP 
SBP, DBP, MAP 
SBP 
SBP 
SBP after salt 
SBP after salt 
SBP after salt 
SBP after salt 
MAP 

SBP after salt 
basal BP 
BP after salt 
ACE activity 
after  salt 
ACE activity 
basal 
SBP after salt 
SBP after salt 
SBP after salt 
SBP,  DBP 
after salt 

Samani et  al., 1993 
Samani et  al., 1993 
Lindpaintner et a/., 
1993 
Pravenec et a/., 1991 
Pravenec et a/., 1991 
Gu et a/., 1996 
Gu et al., 1996 
Gu eta/., 1996 
Gu et a/., 1996 
Kreutz et a/., 1997 
Yagi1 et a/., 1998 
Kovacs et al., 1987 
Nakajima et  al., 1994 
Pravenec et al., 1995 
Du  bay et a/., 1993 
Deng et a/., 1994 
Deng et a/., 1994 
Clark et a/., 1996 
Cicila et  al., 1994 
Cicila et a/,, 1994 
Dubay et  al., 1993 
Deng et a/., 1994 
Deng et  al., 1994 
Schork et a/,, 1995 

Cicila et al., 1984 
Clark et a/., 1996 
Clark et a/., 1996 

Matsumoto et a/., 1996 
Pravenec et al., 1995 
Katsuya et al., 1993 
Schork et al., 1995 
Kovacs et a/., 1997 
Deng et a/., 1994 
Deng et a/., 1994 
Jacob et a/., 1991 
Hilbert et  al., 1991 
Kapusczinski et  al., 
1994 
Nara et a/., 1991 
Kreutz et a/., 1995a 
Kreutz et a/., 1995a 
Kreutz et a/., 1995b 

Kreutz et a/., 1995b 

Deng and Rapp,  1992 
Deng and Rapp,  1992 
Deng and Rapp,  1992 
Deng  and Rapp,  1992 
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'Pable 1. continued 

Cross Hypertensive  locus  Phenotype  Reference 

SHR x WKY  Chr. 13 (renin) SBP, DBP Sun et al., 1993 
LH x LN Chr. 13 (renin) DBP,  SBP Dubay et  al., 1993 
*RI (SHR x BN) Chr. 13  (renin) SBP Yagi1 et  al., 1998 
SS/JR x SR/JR Chr. 13  (renin) SBP after salt Rapp et a/., 1989 
SHR x LEW Chr. 13 (renin) MAP Kurtz et a/., 1990 
SHRXBB/OK Chr.13 (ATPIA2) SBP Kovacs et a/., 1997 
SS/JR x MNS Chr. 17 (ATla) SBP after  salt Deng et a/., 1994 
SHRXBBIOK Chr.18 (?) SBP Kovacs et  al., 1997 
*RI (SHR x BN) Chr. 19 (?) SBP Pravenec et a/., 1995 
*RI (SHR X BN) Chr.  20 (HSP70) SBP Harnet et  al., 1992 
SS/JR x Lew Chr. 17  (HITH) SBP after salt Pravenec et a/., 1995 
SHR X WKY Y-Chr. (?) SBP Ely and Turner,  1990; 

Ely et a/., 1993 

Candidate genes: angiotensin I1 AT,, receptor (AT1,), angiotensin converting enzyme (ACE),  ATPase- 
1A2 subunit (ATPlAZ), cytochrome p450-2a3 subunit (CYP2A3), endothelin-2 (ET-2), 
guanylylcyclase  A/atrial natriuretic peptide receptor (GCA), heat-shock protein-70 (HSP-70), sodium 
potassium channel c+ subunit (NaKal), nitric oxide synthase (NOS), nerve growth  factor  (NGF), 
neuropeptide Y (NPY), substance P receptor (SPR). Rat NOH: stroke prone-spontaneously 
hypertensive rat-Heidelberg  (SHRSP-H),  Wistar-Kyoto  rat-Heidelberg (WKY-H), spontaneously 
hypertensive rat (SHR),  Brown  Norway  (BN), salt sensitive-ratiJohn  Rapp  (SS/JR),  Lyon 
hypertensive rat (LH), Lyon normotensive rat (LN), Lewis rat (Lew), recombinant inbred cross (RI 
(SHRxBN)), Milan normotensive rat (MNS), sabra hypertensive rat (SBH), sabra normotensive rat 
(SBN), biobreeding rat (BB/OK). Phenotypes: blood pressure (BP), systolic blood pressure (SBP), 
diastolic blood pressure (DBP),  mean arterial pressure (MAP),  left ventricular hypertrophy (LW). 
*Recombinant inbred strains. 

enzyme (ACE) inhibitors  and angiotensin I1 receptor antagonists or infusion of 
endocrine  hormones  such as angiotensin, norepinephrine  or arginine vasopressin 
known to alter the cardiovascular response via different pathways. 

A third point emerging from Table I is that particular QTLs segregate with 
blood pressure only in particular crosses. The fact that different QTLs are seen in 
different crosses is not unexpected, since it must  be  remembered  that molecular 
genetic studies can only  determine genes which are different between  two strains. 
Therefore, the selection of the cross studied, and  the  number of informative 
markers between the parental strains, limits the detection of genes which poten- 
tially contribute to blood  pressure. 

These  published studies illustrate the power  of using molecular genetic tech- 
niques to identify regions of the genome that segregate with blood  pressure. While 
the data reduction is immense,  from the whole genome down to a few regions of 
the genome, the challenge  of identifying the genes  response is also  immense. One 
solution to accelerating gene  discovery and etiology definition is to use interme- 
diate phenotypes. 

5. Intermediate phenotypes 

An intermediate phenotype  represents a measurable trait regulated  by a single  gene 
within at least one of the pathways  involved in the development of hypertension. 



38 MOLECULAR GENETICS OF HYPERTENSION 

This definition has two pitfalls. First, there are few examples  of intermediate pheno- 
types.  Enzyme  levels, such as  ACE, and substrate levels,  such  as  angiotensinogen 
have  been linked to specific  genotypes.  However, the role  these  genes  play in high 
blood  pressure is not clear, illustrating the second  problem  with using intermediate 
phenotypes; the pathways  involved in the initiation of this disease  are not known. 
Consequently, it would  appear that there are no  clear intermediate phenotypes  for 
high  blood  pressure. However, the regulation of blood  pressure is fairly well  known, 
and some of the assays or test  systems  used to study blood  pressure  regulation  could 
be  considered  as intermediate phenotypes (Figure I). We refer to these as likely 
determinant phenotypes.  Likely determinant phenotypes  represent a measurable 
trait which  defines a specific  element  of at least one of the pathways controlling 
blood  pressure that may contribute to  high  blood  pressure. 

In a recent study using a Dahl salt-sensitive X Brown  Norway F, intercross we, 
with our collegues Drs Greene,  Roman and Cowley, set out to  investigate the genes 
underlying salt-dependent hypertension (Simon et al., 1995), as  well  as to assess  if 
we could  convert likely determinant  phenotypes to intermediate phenotypes. We 
performed a total genomic  search (273 genetic markers covering 99% of the rat 
genome) in an F, progeny  which  were  derived  from a cross  between inbred Dahl 
salt-sensitive rats (SS/MCW, which are a different substrain than SS/JR) and inbred 
normotensive Brown  Norway rats (BN/SSN/Hsd). The SS/MCW consistently 
develop hypertension and when  placed on a high salt (8% NaC1) diet develop 
hypertension at a faster  rate.  After  extensive phenotyping of the animals (67 direct 
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Figure 1. Schematic  showing  ‘likely  determinant  phenotypes’  representing  measurable 
traits  that  contribute to blood  pressure  regulation. 
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measurements: 40  cardiovascular, 10 renal, nine plasma and eight miscellaneous 
plus 24 derived  phenotypes totaling a number of 91 phenotypes) we performed a 
total genomic  search.  Among these were genetic markers for a number of  genes 
known or speculated to be  involved in blood pressure regulation such as  ACE, 
angiotensin AT,  receptors, arginine vasopressin (AVP), and  the alpha2b adrenergic 
receptor. The genome was then scanned  for QTLs for the 91 phenotypes  studies. 
Linkage analysis  resulted in  the identification of  two major QTLs for high blood 
pressure on  chromosomes 3 and 18. Interestingly, the genes  for AVP and  the 
alpha2b adrenergic receptor  mapped within the 95% confidence interval of the 
QTL (a 1.6 LOD  drop  on either side of the peak LOD score) on chromosome 3. 
Therefore, both AVP and the alpha2b adrenergic receptor represent positional 
candidate genes  for the differences in systolic  blood  pressure after a high  salt diet. 
To account  for the polygenic nature of blood  pressure, the genome was screened  for 
QTLs linked to a variety of other traits.  Analysis  of  these  ‘likely determinant 
phenotypes’  for  blood pressurehypertension resulted in  the identification of a 
number of QTLs (data not shown), none of which  were  located on chromosome 3 
near the likely positional candidate genes such as AVP or the alpha2b adrenergic 
receptor.  However, it was evident that most of the likely determinant phenotypes 
we selected  were  themselves quantitative traits. These data illustrate two  essential 
points - firstly, intermediate phenotypes will not be  easily  defined and secondly, 
high blood pressure is likely to be determined by other complex traits. Hence  the 
complete genetic dissection of high blood  pressure is likely to  remain a major  chal- 
lenge  for  some  time.  Unfortunately, searching for quantitative traits that are deter- 
mined by other quantitative traits or differences in phenotyping protocols  are not 
the only challenges  for studying high blood  pressure. 

6. Influence of gender  and  age 

The gender of the  animal also appears to influence the number of  genes  responsible 
for the increase in blood  pressure,  as  well  as the overall  genetic contribution. 
Unfortunately,  very little has  been  reported about these  gender  differences.  Most of 
the studies have  used a single-cross  design in which  epigenetic  factors such as mito- 
chondrial or imprinting effects and sex  chromosome  effects cannot be studied and, 
therefore,  lacks the possibility of distinguishing between  genetic and epigenetic 
determinants or sex-linked  effects.  For  most  genetic  studies, in the first generation 
(G,) a male  hypertensive animal is  crossed  with a female  normotensive  animal. 
Consequently, one  cannot  determine  whether a phenotypical difference is the result 
of a sex-linked  gene  (carried on X- or Y-chromosome) or  due  to a gender-specific 
effect (that means the results of hormonal  differences or other factors  which distin- 
guish  between the genders).  Sex-linked  effects and epigenetic  factors  can be studied 
by using a reciprocal-cross  design, in which a male  hypertensive is crossed  with a 
female normotensiveand a male  normotensive is crossed  with a female  hypertensive 
animal. A comparison is then made  between the male and the female F, progeny  of 
the two  crosses.  If  males and females in the two  crosses  have the same  blood  pres- 
sures but differ  between the genders, then the difference  is  sex-specific. On the other 
hand, if animals of a given  sex  from the reciprocal  crosses  are  different  from  each 
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other, then a sex-linked  gene, mitochondrial effect or imprinting effect  may be 
involved.  Therefore, in order to cover  these  gender-dependent  effects,  investigators 
may  need to adjust the  number of animals  by  gender in each  cross to locate  ‘hyper- 
tensive’  genes. This is of particular importance in view  of the fact that the age  of 
onset  for a given phenotype may  differ  between  genders.  For  example,  recently we 
and  our colleague Dr Provoost  identified  two  genes, Rf-I and Rf-2, which  both 
contribute to the development of renal  failure,  estimated  by  proteinuria, in a back- 
cross  between the Fawn-hooded  hypertensive rat (FHHEUR) and a low proteinuric 
strain the ACI  (Brown et al., 1996). In this study,  only  male  animals  were  used, 
because  male  animals  develop  renal  failure at the age  of  6-9 months, whereas 
females do not. However, after 2 years  of  age, a comparable state of renal  failure was 
also  detectable in female  rats,  which  again  could be attributable to Rf-I - indicating 
that in this case the age  of onset of the disease  was  completely  different (unpublished 
observation). This different onset of a disease in males and females  causes a 
phenomenon,  which  may  be  described  as the ‘phenotyping  window  effect’ that may 
give  rise to inconsistent results  when studying gender  mixed  populations using an 
age-matched study design. Harris et al. (1995)  have found that genetic  loci  for  high 
blood  pressure  were  different  between  males and females,  suggesting  gender  differ- 
ences that maybe the result of the ‘phenotyping  window  effect’.  Recently,  Samani et 
al. (1996) reported age-related  effects  for  loci  responsible  for high blood  pressure 
similar to those  predicted  by  Schork et al. (1996). 

In view  of these phenotyping window  effects and  gender difference, the 
question arises whether ‘gender-matched,  age-matched study designs’ are still 
appropriate or if gender-mixed studies should use epidemiologically  defined  ages 
rather than  simply  making sure the mean  age is not different between the genders. 

One means to overcome this  problem may  be to set up large  crosses involving 
both genders but only to study males or females at  the same time. Unfortunately, 
this is not always  possible  for many reasons.  Consequently, investigators need to 
take into consideration the questions they seek to address with a molecular 
genetic analysis. Failure to think  through  the issue outlined above  will result in 
limited study power and  the necessity to repeat the study. While reproducibility of 
data is a hallmark of  ‘good’  science, it can be particularly problematic for genetic 
studies,  as the molecular genetic studies are sensitive to environmental influences 
and/or genetic background.  For example, Kreutz et al. (1995b) generated a second 
cross and were unable to reproduce  the original linkage to the ACE gene due to 
two substrains of  WKY within their colony. 

7. Improving the  utility of total genome  searches 

When studying the genetics of hypertension using the  rat model, it becomes 
evident that different QTLs are identified using crosses  between different strains, 
underscoring  the  impact of genetic heterogeneity on  the expression of hyper- 
tension (Table I ) .  The choice of the strains used in a given study determines  the 
number of loci which may  be identified since each inbred strain has  been geneti- 
cally  ‘fixed’  for a few high blood pressure genes. On  the other hand,  such strain- 
specific founder-alleles and/or mutations actually drive the creation and use of 
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strains with slightly different features (e.g. SHR vs. SHR-SP). The various rat 
strains created for genetic hypertension allow investigators to model  ‘hetero- 
geneity’  by utilizing the results of QTL total genome  scans  across different 
crosses. As  yet, formal tests for heterogeneity and differential effects of a QTL 
among different strain crosses are still lacking. 

Most of the studies reported in Table l were primarily candidate gene studies 
that  did not take into consideration the effects of the polygenic nature of high 
blood  pressure. Failure to use a polygenic  model results in inflated estimates of a 
QTL contribution to the genetic variance, and  the failure to identify other gene 
regions. Many recent articles have  emerged that define statistical models and 
methods for detection.and simultaneous testing of multiple QTLs (Haley and 
Knott, 1992; Lander  and Botstein 1989).  Most  of the proposed  models  are  based 
on linear regression  models and exploit the so called  ‘conditioning’ principle. 
This principle suggests that  once a QTL has  been identified, one can statistically 
condition the model,  by  ‘fixing’ the effect  of that  QTL and  then search the 
genome  for additional QTLs. ‘Fixing’ the  QTL simply means that  the portion of 
variance explained  by the locus is removed  from any  subsequent analysis, thereby 
minimizing  the noise, and allowing the identification of additional loci 
contributing to the trait. Polygenic modeling  that exploits that principle improves 
estimates of gene contribution to the trait and most importantly improves the map 
localization of the  QTL and will,  therefore, be absolutely essential if greater 
progress and insight are to be gleaned  from QTL mapping studies of blood 
pressure. 

To improve  the accuracy and detection abilities of total genome scans, we have 
developed an ‘integrated’  map  for the five  genetically hypertensive strains, of 
which each shares similarities and differs  etiologically, but all having  one feature 
in common: high blood pressure using a polygenic  model  for the statistical 
analyses. This ‘integrated map’  offers the opportunity to look for a common gene, 
as  well as for important gene combinations  and clusters where blood pressure and 
likely determinant  phenotypes overlap; thereby suggesting potential mecha- 
nisms. We have  analyzed the progenies  from  seven different rat intercrosses (FHH 
x ACI, GH x BN, LH x LN, SHR x BN, SHR x DNY, SHR x W m ,  SS/MCW 
X BN, totaling 1250 animals) to dissect the genes for hypertension and associated 
end-organ diseases such as renal failure and left ventricular hypertrophy. 
Summing  the  number of phenotypes from the seven  crosses, 262 phenotypes were 
measured, of which 67 additional traits were  derived, totaling 329 phenotypes. 
With  an average  of  -200 markers for genotyping of the progenies  most infor- 
mative for the  phenotypes of interest, approximately 210 000 genotypes  were 
determined. We then analyzed the patterns of inheritance in all rat strains in order 
to find common genomic regions  cosegregating (linkage) with a given phenotype 
(blood pressure related and ‘likely determinant phenotypes’). By integrating these 
data and  the  QTLs reported by others generated in the various  genetically  hyper- 
tensive  models into  one map, we identified several common regions  cosegregating 
with  high blood pressure within the various strains. However,  we did not find 
even one region in common in all seven  crosses, illustrating the complexity  of the 
phenotype  and  the consequences of heterogeneity,  as  well  as gender  and age- 
related consequences. As outlined before,  genes linked with  the  phenotype ‘high 



42 MOLECULAR GENETICS OF HYPERTENSION 

blood  pressure’  may  be identified on practically every  chromosome depending  on 
the rat strains  and  the  phenotyping protocol used. On the other hand, a cluster of 
QTLs within the same  confidence interval suggests that  the  same gene might  be 
causal  for hypertension and a ‘likely determinant phenotype’ (pleiotrophy - one 
gene influencing more  than  one  phenotype) or a tight cluster of genes influencing 
the same phenotype (Figure 2). We may  assume the existence of multiple alleles  for 
a given interval among the various rat strains harboring  polymorphisms/muta- 
tions within the  coding sequence. In another study, not presented here, we have 
used the genetic linkage map and alleles at 1000 genetic markers to determine 
phylogenic relationships between the different strains as a tool to predict where 
multiple alleles are likely to  be  found within the rat genome. Where multiple 
alleles  exist, a comparison of these  sequences  between hypertensive and 
normotensive  strains  should enable investigators to identify mutations in the 
causal  gene, an approach which  is comparable to the approaches  used in human 
genetic studies for the identification of the causal  gene and  its  mutations leading 
to Banter’s syndrome (Simon, D.B. et al., 1996), GRA (Lifton et al., 1992),  Liddle’s 
syndrome  (Shimkets et al., 1994). 

An  example  of the integrated map  for  chromosome 2 which carries at least four 
such ‘phenotypic clusters’ is shown in Figure 2. The clustering of loci that coseg- 
regate with the phenotypes mean arterial pressure (MAP), diastolic blood pressure 
(DBP), systolic blood pressure (SBP)  before and after  salt-load,  as  well as other 
hypertension-related phenotypes  on rat chromosome 2. It is obvious that a variety 
of phenotypes cluster in distinct regions of this chromosome,  of which some are 
direct blood pressure estimates, others are kidney- or growth-related -but again 
showing the complex nature of hypertension. Some  of the identified clusters of 
QTLs harbour ‘positional candidate genes’, such as the  Na+,K+-ATPaseal 
isoform, the  calmodulin-dependent protein kinase 11-delta loci (NaKa, - CAMK) 

DBP 
D2Mitl DBPS 

MAPS 
D2Mit4 SBPS 

LW, .f \ __ MAP  (high  salt) 
Body  weight - F , 

1.: , MAP 
L a /  BW / *,%:.l 

Creatinlne  clearance 
Plasma  clearance 

Tail length l 
Heart  weight 1 

,.;,, \ PP  (high  salt) 

$2; SBP 
Tall BP 
MAPS !l;. \ \ pp SBPS 

DBPS 
MMghl6  

Figure 2. ‘Clustering’ of hypertension-related  quantitative  trait  loci (QTLs) on rat 
chromosome 2. Abbreviations used in  this  figure: LVM (left  ventricular  mass), SBP 
(systolic blood pressure), DBP (diastolic  blood  pressure), BW (body weight), BP (blood 
pressure), MAPS,  SBPS, DBPS (blood  pressures  after 2 weeks  high  salt diet (1% NaCl), 
PP (pulse  pressure). 
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and  the guanylyl  cyclase  A/atrial natriuretic peptide receptor A (GCA), which 
have  been  shown multiple times to cosegregate with  high blood pressure after salt- 
load in various rat strains (Table I). In addition to  these, the genes  for neutral 
endopeptidase/enkephalinase (NEP) and  the angiotensin I1 AT,, receptor have 
been  mapped to this interval (Deng  and Rapp,  1994). The latter genes  have  also 
been investigated for their cosegregation with blood pressure phenotypes in 
various rat crosses using the candidate gene  approach, but  both have  failed to 
reach the threshold of significance (Deng  and Rapp,  1994). Other possible 
candidate genes mapping to the various QTL clusters on rat chromosome 2 are 
fibrinogen gamma,  carboxy-peptidase B  and  the prolactin receptor.  However, the 
intervals spanning the  QTLs are rather large and may contain a variety of as yet 
unknown genes,  which  may contribute to the regulation of blood  pressure. The 
clusters identified do not represent absolute genetic distances because they are 
based on calculation of recombination in several  crosses and from this  an esti- 
mated distance between different loci. This estimated distance,  however,  differs 
depending  on  the coverage  of the genome due to the availability of informative 
markers in  the cross investigated and  the  chance of recombination, and, therefore, 
differs within the various strains. Furthermore,  the data reported in  the literature 
have  been  largely limited to candidate gene  searches,  focusing on a specific subset 
of genes  which  were  previously  associated with hypertension. 

Leaving these problems aside, the integrated map  may provide a tool to focus on 
specific positional candidates for hypertension for further investigation using 
congenic animals and positional cloning, and may provide further insight in the 
pathology of this disease,  as  well  as the  underlying etiology. 

Given the  number (-4000) of genetic markers for the rat, and a two or  more 
standard deviations in the trait of interest between the parental strains; enough 
animals of the appropriate cross  design; and linkage is virtually assured (Lander 
and Botstein,  1986,  1989).  However, linkage is merely the  entry point into deter- 
mining  the causal  gene.  Most  of the studies published to date have  focussed on 
selected  genomic  regions using candidate genes. When linkage is  found to the 
candidate gene, the investigator next must  determine if the gene is causal. As we 
and others have found, proving  the gene is causal is a very time  consuming  (Koike 
et al., 1995a,b;  Simon, J.S. et al., 1996)  effort that  more often than not turns up 
without  the gene. A total genome search provides the investigator with positional 
candidate genes,  which are defined  as a genes within an interval that has  been 
linked to a certain trait. Once linkage is found  to a region, the next step is to look 
for positional candidate genes residing within  the genetic locus, which may then 
serve as a starting point for future investigations. Therefore, the candidate gene 
approach  and  the total genomic search strategies do  not exclude but complement 
each  other. Genetic mapping studies are not capable of confirming or refuting that 
a gene is causal. 

8. From  linkage to gene  identification 

Cloning mammalian  genes  by position remains to be a challenge  even  for  genes 
controlling simple  Mendelian traits. Less than a hundred genes  have  been  cloned 
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by position, and  none of these  for a quantitative trait. However, in anticipation of 
the continuous  improvement in genomic  mapping tools, the task of cloning by 
position is  becoming realistic. In  the following section, we briefly outline  an 
approach to cloning a QTL by position. 

Once linkage has been  confirmed in a second cross using the original parental 
strains and  phenotyping protocol, congenic  strains may  be  created. In a congenic 
animal a relatively small region (10-25  CM) of a genome  from another strain has 
been introgressed onto  its isogenic (inbred) background using a successive  series 
of backcrosses. The advantage of the generating congenic animals is that  the 
multifactorial trait is reduced to a simple Mendelian trait (there is only  one region 
different). By definition it takes 10  successive  backcrosses to generate an  isogenic 
congenic animal. The time,  money and effort behind  making  congenic  animals 
would  seem to dissuade investigators from pursuing this strategy. In mouse 
genetics,  congenics  have  become a relatively common tool.  Even in hypertension 
research using the rat,  several congenic  animals have  been reported by Kurtz  and 
colleagues,  by  Rapp and colleagues and by  ourselves  (Cicila et al., 1997; Deng et aL, 
1997; Frantz et al., 1998;  Iwai et al., 1998; Jiang et al., 1997; Kren et al., 1997;  Rapp 
et aL, 1998;  St. Lezin et al., 1996;  St. Lezin et al., 1997; Zhang et aZ., 1997).  Before 
discussing how congenic animals can be generated more rapidly, it is worth 
discussing the strategy. 

Within  the hypertension field there is a debate about how  congenics should  be 
made.  Some researchers feel that introgression of the gene  region  from the 
normotensive  strain  onto the hypertensive background is all that is required. 
Furthermore, the belief is  that  this approach is most likely to result in seeing a 
change in baseline blood pressure (in  this case a decrease). We and other 
researchers  feel that two congenics should  be  made for  every  region - placing the 
normotensive interval into  the hypertensive background  and  the hypertensive 
region into  the  normotensive  background. This approach allows the investigation 
of how a single locus  may influence blood pressure on a permissive and resistant 
genetic background,  and facilitating the dissection of mechanisms  underlying 
complex  diseases. The generation of two congenic  strains also  provides a classic 2 
x 2 study design;  whereby for the first time physiological experiments have 
appropriate controls. Failure to generate both lines removes an  important control 
and leaves open questions about  the effect  of genetic background.  For example, 
Rapp et al. (1990)  have reported the effects of different backgrounds  on  the 
expression of the  renin gene. While the notion of making  congenic  animals is 
logical,  how likely is it  that  changing  one gene  region in a multifactorial disease 
results in an  observable phenotypic difference? By and large investigators are 
looking for a significant change in blood pressure at baseline. Our data  suggests 
that this definition is likely to be too narrow,  given the effects  of  gender, variations 
in phenotyping protocols and age-related  differences in expression. Our use of 
many different ‘likely determinant phenotypes’  provides  us with additional infor- 
mation within a given interval. Furthermore, we have found that challenging the 
cardiovascular  system  can  be more powerful in illustrating defects in it. 

With the advent of  molecular genetics and  the  complete linkage map for the rat, 
it is  possible to accelerate this process using marker assisted  selection reducing  the 
number of backcrosses to  three  to five generations for the construction of a 
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congenic  strain  (Lounde  and  Thompson, 1990). In these ‘speed  congenics’, 
marker assisted  selection is used to increase the rate of introgression of one genetic 
locus Onto the selected background by  successive  backcrosses. Genetic markers 
flanking  the region are used to ensure that  the genetic locus is not lost during 
introgression and, since recombination is a chance event, to determine  which 
animals have more of the background desired. This approach  has  been  used  by 
many  groups. The major criticism is that  with the speed  congenic  approach is that 
there is an increased risk of passenger loci (the wrong background between two 
markers  showing  the correct genotypes  could not be  determined)  being carried. 
While it is a formal possibility that  the passenger  loci could interact with  the 
introgressed region, we do not believe the risk is so great to offset the 3-fold 
reduction in time  and money required to build these essential reagents. 

Generation of congenic rat strains will  also facilitate cloning by position, since 
they reduce a complex trait  to a Mendelian model and these animals provide a 
region containing a rather small genomic interval from a unique strain. This 
interval may be  further narrowed  by arranging additional crosses and looking for 
recombinant animals (animals that have exhibited a crossover  between the two 
closest flanking markers,  yet still exhibit the phenotype), which points the inves- 
tigator towards the gene. If the recombinant  animal loses the phenotype, then the 
investigator knows  he/she  has  gone past the gene. Once the region  has  been 
adequately  narrowed (-1-2 CM) a physical  map  (a  region of the genome cloned in 
an ordered array) may be constructed to identify the genes in the region and  to 
analyse its sequences  for putative causal mutations. Until now there have  been 
very  few  physical mapping reagents for the rat.  However, thanks to European, 
German and U.S. Rat  Genome Projects there are two 10-fold  coverages  of rat 
genome with yeast artificial chromosomes (YACs)  (Coi et al., 1997; Haldi et al., 
1997); a radiation hybrid panel and a PAC library (Woon et d . ,  1998). 

Unfortunately,  even with the new  physical mapping reagents, identification of 
the gene responsible for high blood pressure will not be  easy. The major  challenge 
is knowing when one has identified the gene in question, since it is likely that  the 
mutations are rather subtle and, therefore, difficult to distinguish from sequence 
variation within the population. Recall that  the congenic rats are comparing  only 
two regions of the genome and within a 2-4 million bp region there will be thou- 
sands of sequence  differences. So how does one  determine  which sequence variant 
is important? Obviously  if there is a marked  change in primary  structure  due  to a 
mutation  such as a deletion, insertion or a point mutation, identification will be 
easy, but what  if it is a point mutation in a novel  gene  sequence. In human 
genetics, the problem is more tractable at  this level  because one can  look at more 
alleles and look  for a clustering of mutations within a single gene. 

We have tried to capitalize on allele variants in  the rat in two  ways. First, we 
have studied seven different crosses  between hypertensive and  normotensive 
strains looking for  regions in common, which would  suggest the same  allele  has 
been  fixed in two different strains of hypertensive rat, or  mutations have occurred 
independently in  the different strains, or  that there is more  than  one gene  capable 
of modifying blood pressure within the same interval. Second, we have deter- 
mined  the allele  sizes of 48 different strains of rats for more  than 2500 genetic 
markers. This information can be used to  determine  the likelihood that alleles are 
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independent by using phylogenic analyses  to determine how similar the rat 
strains are to one another. We believe these tools  will help us to determine  which 
regions of the rat genome will be  the best targets for positional cloning. 

Proving a gene is responsible is another matter. To date only  one gene in  the rat 
is likely to be  causal  for high blood pressure - 11 P-hydroxylase in  the  Dahl salt- 
sensitive rat (SS/JR).  However, this gene was not identified using a positional 
cloning approach, but rather a candidate gene  approach combined  with using 
information from a human genetic study (Cicila et aL, 1993).  Yet,  even in  this case 
the final proof is lacking - transfer of a resistant or susceptible gene with  the 
phenotype. For genes with a recessive  mode of inheritance and  in some  case an 
additive mode of inheritance, transgenic models  will  allow the investigation of 
whether the transfer of a ‘disease-free’  allele  reduces  blood pressure or a ‘disease- 
causing’  allele  increases  blood  pressure. What  about genes with  dominant  or 
additive mode of inheritance? The  first experiment many investigators would 
wish to  perform  is  knock-out  or knock-in, once  this technique is available for the 
rat.  However, a knock-out  or knock-in  may  have difficulties with differential 
genetic background effects.  At  least four studies have reported the loss  of a knock- 
out phenotype  when moved to  an isogenic background by  successive  backcrosses. 
Extensive phenotyping of the  congenic animals including challenges of the 
cardiovascular  system and  the determination of  ‘likely determinant phenotypes’, 
may help to identify defects in cardiovascular regulation, which are not primarily 
accompanied  by a change in blood  pressure. The availability of these phenotypes 
provides additional bioassays to be tested during positional cloning.  Since  ‘likely 
determinant phenotypes’ represent a measurable trait which defines a specific 
element of at least one of the pathways controlling blood  pressure, mapping data 
from these phenotypes can be compared to that of blood  pressure. When blood 
pressure and these other phenotypes  map  to the same  genomic region, they may 
provide potential insight to gene function and therefore gene  identity. In some 
cases the  only solution may  be to construct congenics  with and  without  the 
candidate gene. 

With the background  and caveats  associated with  the  production of congenic 
animals outlined above, let us  review  some literature. Several congenic strains 
have  been reported that do  have  changes in blood  pressure. Starting with a plau- 
sible candidate gene  may  accelerate the process, but does not necessarily  lead to an 
immediate success in proving  that this particular gene  is causal  for a given 
phenotype. The most recent publications on  congenic animals carrying the  renin 
gene  from a hypertensive strain  on a normotensive  background  (and vice  versa) 
(Jiang et al., 1997;  St. Lezin et d., 1996; Zhang et d., 1987) confirm  the foreseen 
difficulties in proving a candidate gene to  correspond to a given QTL and  to  be 
causal  for a given trait. Due to the fact that renin was repeatedly reported to 
cosegregate with  an increased  systolic  blood pressure in various rat strains (Deng 
and Rapp,  1992; Sun et d., 1993),  several investigators started to construct 
congenic animals for the  renin gene.  St. Lezin et al. (1996) reported that  in 
congenic Dahl  R rats carrying the Dahl S renin gene and fed on a 8% high salt diet, 
the systolic  blood pressure was significantly lower than  in  the progenitor Dahl  R 
rats; the opposite of what was predicted from the original linkage data  (Rapp, 
1989). Tlie lower  systolic  blood pressure in  the congenic animals was, furthermore, 
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accompanied by decreased kidney mRNA and decreased  plasma renin levels. 
While these results were  confusing, they were substantiated by Jiang et al. (1997) 
who constructed the other congenic line for the same  region and reported that, in 
his studies, the transfer of an  R-allele on a Dah1 S background  increased  systolic 
blood  pressure,  as  well as renin activity in their congenic animals (again the 
opposite of the original linkage data). Jiang et al. used  pharmacological  agents to 
investigate their congenics. They  found that administration of captopril and 
losartan both reduced  blood  pressure  after a salt  load in  the congenic but not 
SS/MCW parental  line,  suggesting a role of the renin-angiotensin  system. Yet, 
Zhang et d .  (1997)  observed the predicted  effect,  when transferring the R-allele  of 
the renin gene on a susceptible SS/JR background. In their study,  transfer of the 
'normotensive'  R-allele  significantly  lowered  blood  pressure in the congenic 
animals  compared to the progenitor susceptible  SS/JR  rats.  Alam et al. (1993)  have 
reported that the renin genes in  the SWJR and SS/JR  are not different at the 
sequence  level. The discrepancies in these studies may  be due to various  reasons, 
and give  rise to the speculation that the renin gene  by  itself is not the causal  gene  for 
the phenotype  'high  blood  pressure' in these particular strains, but  that there exists 
an as  yet unknown gene or molecular variants residing near or in the renin gene in 
the SWJR  rat. This hypothesis is supported  by the fact that in the three studies, 
different  intervals flanking the renin gene  were  transferred (Figure 3). While in 
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Figure 3. Maps of rat chromosome 13 in  three different congenic  strains developed for 
regions harboring the  renin  gene. This plot  illustrates  the  different  regions transferred on 
the  genetic background of  a different strain. St. Lezin (1996) reported a  congenic strain, 
where the  locus from a  SS/JR rat was moved  onto  a SWJR background, while  Jiang et d. 
(1997) and Zhang et d. (1997) performed the  opposite approach, moving  the locus from a 
SWJR rat on  the background of  a SS/JR rat.  Maps  are  adapted  from their  previous 
publications and markers given  only represent an estimate  of  the  genetic  distance  being 
transferred. 
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the studies performed by  St. Lezin et al. (1996) and Jiang et al. (1987), an interval 
containing the  renin gene and 5' flanking regions  were transferred, in  the study by 
Zhanget al. (1997) it was the  renin gene plus predominantly  the 3' flanking region 
that was transferred. In all  cases, it  is most likely that  the intervals transferred 
contain various additional genes, since the intervals span between 10 and -20 
million bp. The genetic length of the rat genome is -1600  CM with 3 X lo9 bp; 
therefore 1 CM = -2 Mbp and 25 CM = -50 Mbp of rat chromosome  13. Thec 
differential transfer of additional genes or regulatory elements residing in  the 5' 
or 3' flanking region of the  renin gene  may account for the discrepant results 
observed in  the above mentioned  congenic strains. How likely is it that there is 
more  than  one gene responsible for  blood pressure regulation within  the confi- 
dence interval containing renin?  Furthermore  the  phenotyping protocols  used to 
measure  blood pressure were not identical to the phenotyping protocol  used to 
determine the initial linkage of renin to high blood  pressure. Thus, it is obvious 
that  further studies are needed to prove the  identity of a given candidate gene with 
a given QTL involving knock-out approaches using the mouse, transgenic models 
and cloning by position. 

9. Summary 

In this chapter we have outlined the  premise of molecular genetic dissection of 
high blood  pressure.  However, the approaches presented here could equally be 
applied to other multifactorial disorders. The major emphasis in  our laboratory 
has been  to attach various phenotypes to the genome that are viewed  as being 
important in  the regulation of  blood  pressure. It is perhaps surprising that  in  the 
age  of high-throughput  genotyping  and genomics,  disease  discovery  appears to be 
limited by the phenotyping  both at the experimental animal model  level and clin- 
ically. The production of congenic animals for many different genetic regions, 
positional cloning and  combining  congenic rats in controlled ways are likely to 
have far reaching consequences for biomedical  research and clinical applications 
well into  the 21st  century. 
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1. Introduction 

For the last 10 years, rat models of hypertension have  become  an important 
proving  ground  to test the feasibility of large-scale genetic screening approaches 
to detect quantitative trait loci that contribute to complex, multifactorial disease. 
The experience  gained in studying these strains has significantly advanced our 
understanding of polygenic,  complex  disease,  as  well  as of the difficulties of delin- 
eating the underlying, causative  gene variants. This chapter describes  major 
strategies currently used in rat genetics and discusses their application to genetic 
dissection of human hypertension. (See  also Chapter 2 which addresses  comple- 
mentary issues). 

2. The rat as a model  organism  for  complex,  polygenic 
disease 

Historical differences in  the  orientation of scientific discovery that was pursued 
in mice  and rats, respectively, had  profound effects on  the tools and resources 
that were  developed  for and from the two species over the last century. Scientific 
work in  the mouse has traditionally  had a strong focus on genetics, and genetic 
investigation in the mouse has been  pursued  with great sophistication. Because 
meaningful genetic experimentation was more  or less restricted to  monogenic 
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traits for most  of this period, an extensive repository of single gene  mutants, 
displaying categorical phenotypes, has been developed in  the mouse, using 
specific programmed  breeding schemes. While  interest  in  models of complex 
disease in mice  has increased lately (primarily diabetes, obesity, and cancer; 
Frankel, 1995), it was the availability of monogenic disease models  through 
which mouse genetics made its most significant contributions to our  under- 
standing of mammalian genetics and  development. In contrast, inherited 
disease models  arising  in  the  rat were primarily used in physiological research, 
and genetic aspects received little  attention.  The focus on  physiology tradi- 
tionally embraced by rat research has generated a  wealth of experience and 
methodological sophistication for the accurate determination of quantitative 
phenotype  measurements,  such as blood pressure, that take advantage of the 
physical size of the  rat  compared to the mouse. Much of our  current  under- 
standing of integrative physiology  is based on these studies in rats. The compar- 
atively little  interest in, and relative lack  of sophistication applied to genetics in 
the rat until recently,  has, unwittingly  and by serendipity, provided us with  a 
number of disease models that bear particular relevance to  human complex 
disease. These strains, which were created by selective inbreeding, but  without 
further genetic manipulation, such as back-breeding  onto the normotensive 
reference stain, represent examples of polygenic, multifactorial disease 
causation that resembles the  human  situation conceptually much  more closely 
than  the - for the detection of a  particular  gene  more desirable - single gene 
disease  models. 

Thus,  a substantial number of genetic models  for a  broad  spectrum of  complex 
pathological traits, including hypertension and  a  number of cardiovascular 
disorders, have  been  developed. These models  have previously been  used exten- 
sively - and  until recently, almost exclusively - for comparative studies, by 
contrasting the disease strain  with  a  strain  that does not display the phenotype of 
interest, or  that  had been selection-bred for the opposite extreme of a quantitative 
phenotype. Most  of this work is difficult or impossible to  interpret: given both 
the  confounding presence of many trait-unrelated differences among  any two 
strains compared and  the  innate inability of association studies that use interme- 
diate phenotypes  (rather  than direct genetic information) to  determine causality, 
the major and lasting accomplishment of these studies may be the development 
and validation of a set of highly refined tools and  methodologies for the precise 
determination of quantitative  phenotypes  such as  blood  pressure. As molecular 
genetic approaches have  become more sophisticated and powerful, the ability to 
carry out  highly accurate phenotype  determination  has  long become one of the 
major limiting factors in quantitative trait  mapping: while in monogenic 
disorders crude, categorical phenotype determinations usually  suffice, the poly- 
genic nature of complex  diseases  makes ultimate precision in characterizing the 
quantitative phenotype essential. Thus, these disease strains, along with the 
methods for high-precision phenotype  measurements are uniquely suited for the 
investigation of polygenic disease genetics and  the discovery  of relevant genes; 
maybe  even more importantly, they serve as  complex (but, in comparison to 
humans,  still reductionist) model  systems  for the testing of concepts and investi- 
gational approaches for similar diseases in man. 
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3. Genetic  analysis of rat hypertension  using intermediate 
phenotype  markers 

Although the futility of simple comparisons between inbred animal models and 
their ‘control’ strains has  been pointed out for  some time  (Lindpaintner et d . ,  
1992;  Rapp,  1983), only recently has there been an increased trend towards the 
application of genetically  based strategies in experimental hypertension research, 
concomitant  with  the developments of more powerful  molecular genetic tools. 
Early cosegregation studies in  the rat consisted of experiments in which  the co- 
inheritance of elevated  blood  pressure, and another phenotype  trait  that  had been 
found to distinguish hypertensive from normotensive strains, was investigated. 
As pointed out above, this strategy, which infers a causal relationship between 
blood pressure and  the ‘intermediate’ phenotype, presupposes that  the latter is 
genetically controlled (i.e. that  the  phenotype represents an ‘indirect’  genotype as 
elaborated  above; an  assumption  that could today be verified by  performing a 
DNA-marker-based linkage study for the ‘intermediate’ phenotype). Among 
phenotypic traits which have  been  shown to cosegregate with blood pressure are a 
variety of physiological characteristics such as increased vascular smooth muscle 
responses to cations (Rapp,  1982) and  to  ouabain  (Bruner et d., 1986a), enhanced 
oscillatory activity of mesenteric resistance arteries (Mulvany,  1988) and sympa- 
thetic nerve activity (Judy et d . ,  1979),  decreased renal blood  flow and glomerular 
filtration rate (Harrap  and Doyle,  1988), and increased heart rate response to 
stress (Casto and Prinz, 1988) in  the spontaneously hypertensive rat (SHR), 
augmented noradrenaline-induced oscillatory activity in tail arteries (Bruner et 
d . ,  1986b) and increased lymphocyte potassium  efflux (Furspan et d . ,  1987) in  the 
stroke-prone SHR (SHRSP), and increased red blood  cell Na+/K+ co-transport 
(Ferrari et d . ,  1987) in  the Milan hypertensive strain. In addition, cosegregation of 
blood pressure and certain biochemical characteristics has  been demonstrated, 
such as increased adrenal production of 180H-DOC (18-hydroxy-l l-deoxycorti- 
costerone;  Rapp and Dahl, 1976) in Dahl rats,  renin-isoform patterns (Sessler et 
d . ,  1986) in SHRSP, and esterase4 isoforms  (Yamori et d . ,  1972) as well  as  nonspe- 
cific  zymogram characteristics (Yamori and Okamoto,  1970) in  the SHR. In 
contrast, independent segregation  for  blood pressure and salt appetite (Yongue 
and Myers,  1988), sodium balance (Harrap, 1986), and activity score  (Cast0 and 
Prinz, 1988)  has  been documented in SHR (for a more extensive  review and 
critique of this work  see  Rapp,  1991).  Since,  as pointed out above, it is not possible 
to prove that a cosegregating ‘intermediate’ phenotypic  trait is inherited and  thus 
causally related to hypertension, rather than representing simply a secondary 
phenomenon caused  by  elevations of blood  pressure, the ultimate meaning of 
these studies, many  of which were  also conducted  with inadequate statistical 
power, remains unclear. (It is intriguing, though, that a relatively large number of 
these studies found cosegregation  with, in broad  terms,  cell membrane  abnormal- 
ities, although exceptions exist (McLaren et al., 1993); this might  point either to a 
common, inherited etiopathological mechanism, or a rather homogeneous 
secondary effect  of high blood pressure on biological  membranes.) 

A  unique genetic experiment  conducted  prior  to the dawn of the application 
of molecular genetics to  hypertension research deserves special mention:  to 
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interrogate the  potential role of (the) vasopressin (gene) in blood pressure eleva- 
tions  in  the SHRSP, a  congenic line was established where the diabetes insipidus 
phenotype (as carried by the Brattleboro rat) was introgressed onto  an  SHRSP 
background  by selection for both morbid  phenotypes  over several generations. 
The resultant  strain,  termed  SHRSP-DI, displayed both  hypertension  and 
diabetes insipidus  (Ganten et al., 1983), indicating  that  the vasopressin gene 
played no role in SHRSP hypertension; while, at  the time, this could  not  be 
stated with absolute certainty (because the molecular defect responsible for 
diabetes insipidus  in  the  rat was not  known, and could, in theory,  have been 
located elsewhere  within the vasopressin system pathway), subsequent  evidence 
for a  point  mutation  in  the vasopressin gene  (Schmale and Richter, 1984)  as a 
cause  of the diabetes insipidus  phenotype revealed that  this was indeed  the 
proper  interpretation of this experiment. 

4. Molecular  genetic  studies 

With  the  advent of modern molecular  genetics,  new and powerful  tools  have 
become  available that have  obviously  also found  their application in  the field of 
experimental animal research on hypertension in  the rat. While the range of 
materials and resources  available  today  for  molecular genetic work in this species 
are still limited in comparison to mouse or  human,  a concerted effort currently 
undertaken  on  both sides of the Atlantic is expected to remedy this situation in 
the near future. The number of available microsatellite markers is now  close to 
1000, and  the first large insert genomic library has recently gone on-line. 

As in any  other field of genetic investigation, two principal, different, yet 
complementary approaches  have  been  used: one  that tests known  genes  suspected 
to play a role in  the pathogenesis of hypertension and vascular  disorders, and 
another that makes no assumptions  about involved  genes but uses an a prim* 
genetic linkage approach to screen the  entire genome for, in first approximation, 
regions that are linked to the  phenotype  and  that therefore must contain genes 
that are causally  involved in  its occurrence or modulation. 

5. Candidate gene  studies on hypertension 

Among the candidate genes  for which cosegregation studies have  been reported 
using various  systems of polymorphism detection in  a variety of intercross and 
back-cross populations are the genes coding for renin  (Dubay et al., 1993; Kurtz et 
al., 1990;  Rapp et al., 1989), atrial natriuretic peptide, angiotensin-converting 
enzyme  (ACE) (Deng  and Rapp,  1992),  11-beta-hydroxylase  (Ciala et al., 1993), 
kallikrein (Pravenec et al., 1991), the heat shock protein hp70 (Hamet et al., 1992), 
phospholipase C-delta 1 (Katsuya etal., 1992), and  the SA gene  (Iwai and  Inagami, 
1992;  Iwai et al., 1992; Lindpaintner et al., 1993;  Samani et al., 1993). 

It is  important to understand  that while these findings represent positive 
linkage results, the  inherent lack ofprecision of such studies in polygenic  diseases 
allows, strictly speaking, only inferences about  a relatively large chromosomal 
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segment in which these candidate genes are localized. Thus, as long as sequence 
variants of these genes  have not been found  and functionally characterized - 
which, at this writing has not been  accomplished for any of them - these genes  can 
at best tentatively be regarded  as the ‘likely  candidates’: the broad array of 
pathways that could be envisioned as contributing to a complex disorder such as 
hypertension makes it likely that  more  than  one potential ‘candidate’  gene  will be 
present in any chromosomal  region implicated. This holds true also  for the two 
most intensely studied candidate genes, renin  and  the SA-gene,  for  which more 
extensive information from the  study of several independent experimental crosses 
is available. 

A restriction fragment length polymorphism  (RFLP) from the  renin gene (the 
marker used is a tandem repeat element in  intron 1) was the first DNA-based  poly- 
morphism reported to show linkage to blood pressure in a salt-stressed intercross 
of salt-sensitive and salt-resistant Dahl-JR rats (Rapp et al., 1989). A  second inves- 
tigation, performed in a hybrid cohort bred  from  SHR  and Lewis  rats, demon- 
strated elevated  blood pressures in F, animals heterozygous  for the  renin allele, 
but similar low  blood pressures in those homozygous  for either  the  SHR  or  the 
Lewis  allele, a finding interpreted as being,  possibly, due  to  the effects  of a 
recessive,  hypotensive  gene in linkage disequilibrium with  the  renin polymor- 
phism  (Kurtz et al., 1990). A  concomitant study in hybrids derived  from 
Wistar-Kyoto  (WKY) rats and SHRSP, in contrast, showed no cosegregation of 
the renin-locus and baseline or  sodium-stimulated blood pressure (Lindpaintner 
et al., 1990). Lastly, a cosegregation study in a cross generated from the Lyon 
hypertensive and  normotensive  strains again found evidence  for linkage between 
a polymorphic  marker  at  the  renin locus and diastolic blood pressure (Dubay et 
aZ., 1993). These data indicate that renin, or  perhaps more likely a closely linked 
gene (no sequence  differences  have  been found in  the coding region and  the 5’- 
untranslated region among  Dahl SS/JR and  Dahl SR/JR rats; Alam et al., 1993), 
may indeed play a role in  the pathogenesis of hypertension in selected rat strains, 
and  emphasize the fact that  depending  on  the particular genetic constellation, 
linkage to a gene  may or may not be detectable. This variable etiopathological 
importance a given  gene (mutation) may  have, depending  on the genetic reference 
it is compared with, is also illustrated by the  finding of linkage between  blood 
pressure and  the ACE locus in a cross involving the Dah1  SS/JR rat and  the  Milan 
normotensive rat, but not when the  same hypertensive strain was crossed with  the 
WKY rat, nor in several additional cross-bred cohorts involving a variety  of 
different strains (Deng  and Rapp, 1992). 

The SA gene represents a somewhat unusual case ofa candidate gene: while the 
nature and function of the  encoded protein (the gene product) is still obscure, the 
gene (originally discovered  based on differential hybridization techniques applied 
to cDNA libraries prepared from the kidneys of hypertensive SHR and 
normotensive Sprague-Dawley animals) shows significantly enhanced levels  of 
expression in  the kidneys of SHR as  compared to  the normotensive rats (Iwai and 
Inagami, 1991). Its potential contribution to rat hypertension has  been implied 
based on  the  demonstration of  cosegregation  of a genomic polymorphism of the 
SA locus with blood pressure in independent F,-cohorts derived from  SHR/WKY 
(Iwai and  Inagami, 1992; Iwai et al., 1992; Samani et al., 1993), SHRSP/WKY 
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(Lindpaintner et al., 1993) and  Dahl SS/Lewis (Harris et al., 1993)  crosses. Similar 
to previously cited examples, the  makeup of the cross  also impacts  on  the 
biological  role of the SA gene: in a Dahl  SSWKY cross, no effect could be shown 
(Harris et al., 1993).  As much as these discrepancies  may  appear  confusing, they 
reflect  most likely genetic differences  between strains that are nominally  the 
same, but have  been  reared apart for years,  often  decades (Kurtz  and Morris,  1987; 
Kurtz et al., 1989; Louis  and Howes,  1990;  Samani et al., 1990).  Parenthetically, it 
also illustrates the need  for  precise definition of strains by laboratory or breeder, 
and for longitudinal quality control at each breeder to avoid  gross breeding 
mishaps (fully realizing that spontaneously occurring mutations will be missed - 
unless they affect obvious  phenotype parameters). 

It should  be emphasized that  the limited power  of candidate gene studies in 
polygenic experimental crosses is in contrast to the (potential for) considerable 
power  of similar studies in humans: since meiotic recombination is limited to one 
generation in  the rat experiments, linkage disequilibrium remains robust across 
relatively  large stretches of chromosomal  regions, thus, the power  of these studies 
to discriminate among  neighboring genes within a chromosomal  region is 
comparatively  poor. In outbred populations, for example  most human samples, 
linkage disequilibrium is much  more limited, yielding much  higher localizing 
power; a positive study therefore implicates, in essence, only  the gene  from  which 
the  marker is derived. 

6. Genome  screening in rat hypertension 

The genome-scanning  or -screening approach for the dissection of polygenic 
traits is based on  the principle of linkage analysis, using a large number of genetic 
markers  that are polymorphic  (that is, informative among  the strains used to 
create a cross, and distributed as  evenly as possible  across  all  chromosomes). By 
testing each of these markers for  cosegregation with the trait of interest the  entire 
genome is evaluated, and chromosomal  regions likely (within the confines of 
statistical error) to contain a gene contributing to trait variance can be identified. 
This approach  has the advantage of being unbiased and nonparametric, but 
carries the  burden of being based  on a multiplicity of comparisons; thus, very 
small type 1 errors are required to declare  linkage. 

By  now, a substantial number of such genome  screens in different rat crosses 
have  been  completed. The approach was first applied to the SHRSP, a classical 
model strain for  polygenic, multifactorial hypertension (Hilbert et al., 1991;  Jacob 
et al., 1991). A large population of F, animals was bred by  mating, brother-to- 
sister, F,-progeny derived  from cross-breeding SHRSP with a normotensive 
reference strain, the WKY rat. The F, animals underwent extensive characteri- 
zation of a number of hemodynamic  and  morphometric  phenotype parameters, 
such as  blood  pressure, heart rate and ventricular mass. Mini-  and microsatellite 
markers were  used  for genetic characterization of the cross. Both are repetitive 
elements, the  former between 10 and 100  base  pairs, the latter 2-4 base pairs in 
length per repeat element, which show considerable less stability than nonrepet- 
itive DNA, and therefore display a considerable degree of polymorphism  among 
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individual strains. They  are visualized by different techniques, Southern  blotting 
for the former (the initial, classic DNA fingerprinting method pioneered  by Sir 
Alee Jeffreys et al., 1985), size fractionation on sequencing  gels and autoradi- 
ographic or fluorescent visualization for the latter (Weber and May,  1989). The 
first genome screens were  performed  with limited  numbers of markers; since 
then,  the repertoire - almost exclusively in microsatellites - has  been greatly 
expanded  (Jacob et d., 1995;  Serikawa et d., 1992) and now  comprises close to 
1000  markers; still considerably short of  what is available for other species,  such  as 
mouse or man.  A concerted effort of developing rat genomic resources currently 
under way in  both  Europe  and  the USA is expected to remedy this  situation 
within  the next few  years. 

The initial genome screen in  the SHRSP/WKY cross revealed three chromo- 
somal loci which  showed LOD scores in excess  of 3.0 and  thus fulfilled the 
generally accepted criteria for significant linkage. These regions were located on 
chromosome 10,  18 and X (Hilbert et d., 1991;  Jacob et d., 1991). The locus on 
chromosome 10, termedBP/SP-l, identified by a microsatellite, gave the highest 
LOD score (5.3) and appears to account for about 20%  of the blood pressure 
variance encountered in  the F, population. Intriguingly, this locus is part of a 
linkage group  which is homologous to a region on  the  long  arm of human chro- 
mosome 17, which also contains  the gene  coding for ACE. Whereas  subsequent 
analysis using a mouse microsatellite marker for ACE verified the location of this 
gene on  rat chromosome 10, identifying ACE  as a possible candidate gene,  later, 
more sophisticated studies using  congenic strains (see  below)  have recently 
provided strong evidence against ACE  as the gene responsible for the BP/SP-l 
effect (Kreutz et d., 1995),  emphasizing the  limited resolution of genetic mapping 
in complex  disease. While  the SHRSP allele at  both  the chromosome  10 and 18 
loci confers higher blood pressures, the opposite was found  for the locus on  the X- 
chromosome. The hypertensive effect  of this locus associated with  the WKY allele 
may initially appear counterintuitive, but is certainly consistent with  the  nature of 
complex disease where individual gene  effects are expected to differ not  only in 
magnitude, but also in  the  direction with  which they affect the  trait of interest. 

In fact, it is highly unlikely that a hypertensive strain would carry all  possible 
blood pressure-raising gene variants (this would in all likelihood render such a 
strain biologically unfit and preclude its very  existence).  Rather, it is simply the  net 
effect  of  all  blood pressure-raising and all blood pressure-lowering alleles that ulti- 
mately  determines  phenotype;  with an excess  of  blood pressure-raising alleles 
present in hypertensive animals, and a balance of pressure-raising and  -lowering 
alleles (or a relative  lack  of both) in normotensive strains. This has  important impli- 
cations: depending on  the  strain examined, different hypertensive alleles  (i.e. either 
blood pressure-raising molecular variants of different genes, or different molecular 
variants of the same  gene)  may  be present; concomitantly,  depending on  the 
normotensive  ‘reference strain’ that is  used  for the mapping  cross, different results 
may be obtained since only those alleles that differ  among the two strains can  be 
mapped. Thus, if A, B, C, D are the blood pressure-raising alleles  of  genes  a,  b,  c,  d 
that are present in a given hypertensive strain, then a cross  with a normotensive 
strain characterized by A, B, c,  d,  will only  reveal  genes c and d,  while a cross  with a 
phenotypically identical second  normotensive strain characterized by a, B, c, D can 
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of course  only  reveal a and c as  genes with molecular  variants that are causally 
involved in the pathogenesis of hypertension. The large number of  available  hyper- 
tensive  strains, and the even  larger number of normotensive strains therefore, 
represent an important resource that will  allow  us to capture at much  greater 
breadth and  depth  the diversity of  genes/alleles  with a potential of raising  blood 
pressure than would  otherwise be possible. 

Since the original study described above, a large number of studies using  the 
genome screening approach in rat hypertension has appeared in  the literature. A 
number of them, using the salt-sensitive substrain of the Dahl/JR rat as the hyper- 
tensive partner crossed with a series of different normotensive strains (Deng  and 
Rapp,  1992,  1995; Deng et aL, 1994a,b),  have indeed used the above-described 
approach  to scan more  thoroughly for the  entirety of  blood pressure raising alleles 
present in  this strain. In such crosses, both consistent and inconsistent areas of 
genetic linkage have  been found, just as  expected. By  now, taking the results of all 
available studies together, apparent blood pressure relevant loci  have  been iden- 
tified on  at least  half of all chromosomes. While these results demonstrate  the 
feasibility of a reverse genetic approach using random  markers for the investi- 
gation of quantitative, polygenic traits in mammals, the results have  also painfully 
demonstrated  the limitations of this approach, particularly in a species where 
genomic resources  have only recently begun to become  available.  Currently, much 
of the follow-up on the initial genome-screening work is  to some extent on hold, 
awaiting the generation of informative congenic strains, and  the availability of 
genomic resources  for positional cloning efforts. 

7. Congenic  strains  as  a tool for high  resolution  mapping 

Improving  on  the resolution offered  by genetic mapping in polygenic  disease 
models  could,  theoretically, be achieved with extremely large crosses but requires, 
for practical purposes, the conversion of  polygenic into  monogenic traits. This is 
achieved  by creating congenic strains which represent a genetic composite of the 
disease strain  and  the reference strain  such  that  the  congenic  strain is,  ideally, 
identical to the reference strain except for a (single) chromosomal  region of 
interest that  is derived from the disease strain  and has  been grafted onto  the 
reference strain background. In practice, this is achieved  by  back-crossing F, 
hybrids onto  the wild-type or reference strain, followed  by  repeated rounds of 
similar back-crossing of the resultant progeny,  always onto pure-bred reference 
strain animals. This results in a reduction by a factor of 2 of the genetic material 
derived  from the disease strain  in favor of the reference strain per round of  back- 
crossing, thus diluting out the contribution of disease strain-derived genetic 
material in  the hybrids. Meanwhile,  as long as back-cross animals used  for  subse- 
quent  rounds of breeding continue to show the  phenotype of interest, the relevant 
chromosomal  region  will still be disease strain (‘donor’ strain)-derived. After 
round 1, the  donor strain-derived genetic material that  amounted to 50% in the F, 
hybrids will  have  been reduced to 25%, by round 2 to 12.5%, and so on, until by 
round 10 - the number classically  used  for these experiments - only 0.05% of the 
genome  will still be  derived from the disease strain. For all practical purposes, 
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then, these animals will  differ  from the wild-type only  with regard to the region of 
interest, but will be otherwise genetically identical to  the reference (or host) 
strain. As recombinations occur in  the  neighborhood of the disease  gene during 
the back-crossing, the region of interest will  become better and better defined, and 
restricted to  an ever  smaller  chromosomal  region:  by comparing  the position of 
crossover events which result in loss of the  phenotype  with those that  continue to 
display it, one can determine the essential, minimal chromosomal  region that is 
necessary to preserve the  trait  and that, therefore, must contain the relevant 
gene/mutation. Theoretically, the resolving power  of this ‘nested  congenic’ 
approach is absolute, that is,  down  to the  point  mutation  that causes the 
phenotype to change. 

While in monogenic disease  models that are characterized by a categorical trait 
monitoring of the phenotype suffices to carry out  such an experiment, it is 
important to realize that in polygenic traits, each  of the loci  involved contributes 
only a fraction of the overall phenotypic difference  between the disease- and 
reference strains. Thus,  the  approach usually  chosen incorporates the identifi- 
cation by genetic mapping of a chromosomal  region (usually 10-30 CM in size) 
with  high  odds of containing a disease-relevant gene/mutation, and  monitoring of 
the back-crossing  process, initially for the preservation of this  segment using 
strain-specific polymorphic  markers (the back-crossing  process  can be somewhat 
accelerated  by concomitant selection of hybrids that contain maximum of 
reference strain-specific markers elsewhere in  the genome). Only after several 
rounds of  back-crossing,  when the majority of other,  disease strain-related loci  will 
have  been  lost, is it sensible to test the back-cross rats for the  phenotype of interest 
(this  is usually done after an additional round of sister-brother mating  among  the 
back-cross hybrids to create animals homozygous for the congenic  segment). The 
congenic  strain  should display a ‘partial’  disease  phenotype: depending  on  the 
relative contribution to the overall phenotype difference among disease and 
reference strain by the  gene/mutation contained in  the chromosomal region 
grafted onto  the wild type background, a larger or smaller deviation ofthe quanti- 
tative phenotype  from  that typical  for the reference strain towards that typical for 
the disease strain  should  be measurable.  Because the effect  may  be rather small, 
highly accurate and sensitive methods are essential for phenotype determination. 
Since it is not possible to exclude donor-genome derived ‘contamination’ outside 
the  congenic  segment  that could conceivably influence the trait, the  phenotype 
comparisons are ideally  made  between the  congenic line and a sub-congenic  line 
bred from the former by a minimal  number of additional rounds ofback-crossing 
to produce loss  of the congenic segment, other than between the  congenic  line  and 
the wild type strain. 

As indicated above, once a phenotype has  been anchored  to a congenic segment, 
further  rounds of back-crossing are conducted  with  the  aim of encountering 
recombinations within the  congenic segment, thus producing a series  of  ‘nested’ 
congenic lines with progressively smaller congenic segments. Conservation  and 
loss  of the  phenotype, respectively, are the critical events that define the local- 
ization of the gene in question between  crossover points. The larger the  number of 
such crossovers  observed  is, the  higher the resolution of the approach  will be 
(theoretically,  if  two  crossover events that result in phenotype conservation and 
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loss,  respectively,  were to occur one base-pair from  each other, the causative point 
mutation itself would be localized!). 

While  this approach is extremely  powerful, it is also very tedious, time- 
consuming,  expensive, and often technically demanding (if the phenotypic effect 
attributable  to  the locus pursued is of modest  magnitude), and  not universally 
applicable (if  an epigenetic interaction between two genes  remote  from  each other 
is essential for  phenotype expression the congenic route is,  for all practical 
purposes, not feasible). For these reasons, and because the identification of quan- 
titative  trait loci (QTLs)  in  rat models  of cardiovascular disease by  molecular 
genetic mapping approaches only dates back a few  years,  only a few papers have 
been  published on congenic  experimentation in  the applicable rat models of 
cardiovascular disease. One publication describes the transfer of a chromosomal 
region containing  the  renin gene  from the Dahl/JR-salt-sensitive (hypertensive) 
strain to  the normotensive reference strain. This experiment was  based on the 
previously reported cosegregation of the  renin locus with elevated blood pressure 
in  an F, intercross between the two strains; surprisingly, the congenic strain was 
found  to have  lower, rather than, as  expected, higher blood pressures than  the 
reference (host) strain. Although it was concluded that  the experiment  demon- 
strated indeed  the presence  of  blood pressure-relevant genes in  the region and  in 
the congenic  segment, no more specific explanations for the unexpected  outcome 
are presently available (essential epistatic interaction with a strain-specific allele 
of another gene might  be one). The chance observation of a (normotensive) WKY 
strain  that carries a small congenic  segment derived from the hypertensive 
SHRSP allowed the dissection of  what  was previously perceived as a single hyper- 
tension-related QTL on chromosome 10 into two components (Kreutz et aL, 
1995); the congenic strain was found to have moderately, but highly significantly 
elevated, borderline-hypertensive blood pressures when  compared with the 
noncongenic strain.  While  identity of the noncongenic part of the genome 
between  congenic and wild type strains was demonstrated  by  genotyping  with 
more than 400 strain-specific markers, one  cannot exclude with certainty, as in 
any  other congenic  experiment, the presence of small congenic grafts outside  the 
region of interest  that  the markers fail to detect. Finally, a recent study exploited 
congenic  experimentation to  demonstrate cosegregation of loci influencing  both 
biochemical and blood pressure phenotypes. 

8. Blood  pressure-related  morbid  phenotypes 

The concept of primary hypertension as a disease causing various forms of  ‘end- 
organ’ morbidity  remains an  assumption  based strictly on association, but  not on 
demonstrated causality (with the possible - but debated - exception of malignant 
hypertension). A different view, namely that elevated blood pressure is a common 
phenomenon, that accompanies a range of primary tissue disorders, possibly as a 
secondary event, needs to be considered, and is perhaps  more  likely.  Such a possi- 
bility would greatly affect our approach to  studying the disorder, as it would 
strongly favor a focus on actual, tissue-specific manifestations, such as stroke or 
heart failure, rather  than  on elevated blood pressureper se. One would predict that 
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genetic loci should exist that cosegregate with these ailments, but not necessarily 
with blood pressure (although one  cannot exclude a pleiotropic effect  of  disease- 
relevant genes on  the tissue of interest and, concomitantly, on blood  pressure: in 
such a case, the existence of independent effects  will  of course be difficult to 
prove). 

Evidence supporting this view  comes  from a large  body of clinical and experi- 
mental studies, as  well  as  from  molecular genetic studies in two disease  models. 
The dissociation of so-called  ‘end-organ’  disease and hypertension has long been 
noted in clinical practice: while individuals with hypertension are clearly at a 
heightened risk of these ‘complications’, only a small minority of them will 
actually  develop them, even in  the absence  of treatment. Conversely, these morbid 
conditions, outwardly indistinguishably, are sometimes also  seen in individuals 
without hypertension. These observations raise the possibility that elevated  blood 
pressureperse is not sufficient to  produce these morbid conditions, but  that it may 
act, as a permissive or even essential cofactor in concert with organ- or disease- 
specific,  equally essential/permissive gene variants, often termed ‘susceptibility 
genes’ or ‘genetic predispositions’ (the  terms are commonly used to juxtapose 
complex  disease  genes and genes causing simple  Mendelian conditions; they are 
somewhat  misleading, and  should  be  understood to denote not a qualitative, but 
rather a quantitative property with a differential degree of deterministic power, 
and a differential need  for gene-environment interaction to cause  expression of 
the phenotype). 

To address the question whether genes other than  the ones  contributing  to  high 
blood pressure are operative in  the pathogenesis  of stroke, a study was conducted 
using the  SHRSP as a model  organism. The SHRSP provides an inbred animal 
model for a complex  form of cerebrovascular  disease  resembling, in many aspects, 
the  human disease. Stroke occurs only after high blood pressure has developed, 
and  only if animals are exposed to a specific  permissive dietary regimen  (low in 
potassium  and protein, high in sodium);  under these conditions, there is an 
almost 100% incidence within 6-8 weeks  (Nagaoka et d. ,  1976; Okamoto et al., 
1974; Rubattu et al., 1996; Slivka, 1991; Volpe  et aL, 1990). The role of genetic 
factors in this model is highlighted by the resistance to stroke of a closely related 
strain, the SHR,  which, despite a similar degree  of hypertension after exposure to 
the same  diet, remains stroke free. Previous cosegregation experiments, carried 
out in intercrosses of SHRSP  and  normotensive reference strains, were  of limited 
utility because the  concomitant segregation ofblood pressure represented a major 
confounder. TO avoid this complication, a cosegregation study was carried Out in 
F, hybrids bred  from  SHRSP  and SHR, thus  removing blood pressure as a 
confounding variable (Rubattu et al., 1996). It was hypothesized that  an identical 
degree of hypertension in  the two progenitor strains would  remove the possible 
confounding effects  of differential blood  pressure, an  important variable affecting 
stroke incidence, and allow to search for genetic loci with direct impact  on  the 
pathogenesis of stroke. Based on previous  evidence indicating that  the relative 
abundance of SHRSP-gene  dosage correlates with  the  time to develop stroke in 
crossbred  animals, time  span (latency) after initiation ofthe permissive diet until 
occurrence of a cerebrovascular accident was considered the  primary  phenotype 
parameter to assess genetic susceptibility for stroke in  the F, cohort. Latency  until 
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occurrence of a cerebrovascular accident among  the  hybrid animals showed 
indeed a large  variance, ranging from 23 to 440 days, with a 50% cumulative inci- 
dence  during  the  first 11 weeks and a 5% event free-rate at 8 months, consistent 
with the independent segregation of multiple genes. 

The genetic proximity between the two strains used (the SHRSP was estab- 
lished by  selective breeding from partially inbred SHR) presented a major  chal- 
lenge to identifying informative markers. A total of 1038 genetic markers  had  to 
be screened to yield a mapping panel of 112 polymorphic  markers in  the 
SHRSP/SHR cross, using previously described methods.  While overall 77.3 and 
94.9% of the genome  was within 10 and 20 CM,  respectively,  of an informative 
marker,  coverage  was considerably sparser for certain chromosomes. 

The cosegregation  analysis  revealed three loci in linkage with the stroke- 
latency phenotype. A locus on chromosome 1, centered at  the  anonymous marker, 
DIMit3, was found to show highly significant linkage to the occurrence of stroke. 
This quantitative trait locus, termed STRI ,  strongly affected latency to stroke in a 
recessive mode  with a LOD score of 7.4, accounting for 17.3% of overall 
phenotype variance. Additional consideration of age-adjusted  blood pressure 
values  as a covariate  had no effects on the resultant statistic, indicating that  this 
locus acts independently of  blood pressure (presumably,  given a certain 
permissive  level). The 100: 1 odds interval of placing the gene in question, which 
spans a 34 CM interval around the marker, DIMit3, is not known to contain any 
candidate genes. In contrast to STRI,  a locus on rat chromosome 5, termed STR2, 
was found to confer a significant protective effect against stroke in  the presence of 
SHRSP alleles. The presence of one  or two SHRSP alleles at  this locus was  asso- 
ciated with a proportional delay in  the occurrence of stroke. STR2 accounted for 
9.6% of overall  variance in stroke latency; while this quantitative trait locus 
occupies a broad confidence interval, the peak protective effect (LOD score 4.7) 
mapped  close to the gene coding for atrial natriuretic factor  (ANF), a hormone 
with  important vasoactive properties and a potential candidate gene. STR2 
showed epistatic interaction with STRI,  with  the interaction term  accounting for 
an additional 3% of  overall phenotype variance. Thus, the protective effect  of the 
SHRSP allele at STR2 on stroke was maximal in animals homozygous  for the 
SHRSP allele at STRI .  An additional locus on chromosome 4, STR3, was  also 
found to confer a similar, but less significant, recessive  effect on preventing stroke 
in  the presence  of  two  SHRSP-derived  alleles. The LOD score at STR3 was 3.0, 
and  the locus accounted for 4.7% of the phenotype variance. 

Of note, none of the genetic markers tested, including those found to be linked 
to stroke latency,  displayed either suggestive or significant linkage to baseline 
blood  pressure,  blood pressure after dietary exposure, or individual pre-event 
actual or age-adjusted  blood pressure values. Histopathological diagnosis  showed 
no association with blood  pressure, stroke latency or zygosity at  any of the stroke- 
linked markers. 

The  finding  that several genetic loci, along  with  permissive  environmental 
factors, affect predisposition to  stroke validates the SHRSP as an  appropriate 
model for the complex, polygenic  and  multifactorial disease that  stroke repre- 
sents  in humans. The observations of two loci that confer a protective effect 
against stroke  in  the presence of SHRSP alleles, as well as of epistatic  and 
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ecogenetic interactions, are typical for complex diseases where the  net cumu- 
lative effect  of many  genes that affect a  quantitative  trait  in  either direction, 
modulated  by gene-gene and gene-environment interplay, determines  the 
ultimate  phenotype.  While parallels drawn  between the SHRSP and  human 
stroke are, by  necessity, speculative, a  number of features, such as the depen- 
dence on  dietary factors (in particular, sodium  and  potassium  intake)  and  on 
elevated blood pressure for manifestation of stroke  in  this model  bear striking 
resemblance  to the characteristics of human disease (Alam et al., 1993; 
Lindpaintner et al., 1990). 

These results did not only provide the first direct evidence  for the existence  of 
genes that specifically contribute  to susceptibility to a complex  polygenic  form of 
stroke, identifying them as distinct of gene loci previously  shown to contribute to 
hypertension in  the  same  strain (Cicila et al., 1993; Deng  and Rapp, 1992; 
Pravenec et al., 1991), but also lend clear support to the notion outlined above, 
namely that hypertension-associated morbid conditions do  not  simply represent 
mere  mechanical  sequelae (end-organ damage)  of  blood pressure elevation. The 
data  also demonstrated  the power  of animal models in  the  study of  complex traits. 
In a similar fashion, to test the possibility that hypertensive nephropathy may be 
caused  by the coincident presence  of  genes causing hypertension and gene 
variants conferring susceptibility for renal damage, a cross involving the fawn- 
hooded rat, an  animal model of hypertension that develops chronic renal failure 
was studied (Brown et al., 1996). Using  the genome screening approach in pheno- 
typically  well-characterized hybrid animals that showed a wide distribution of 
renal pathology,  two QTLs linked to renal impairment, but not to blood  pressure, 
and  one locus linked to blood  pressure, but  not to indices of renal disease,  were 
localized. 

Additional morbid traits associated  with hypertension that are currently 
pursued by a  number of groups using similar experimental design strategies 
include congestive heart failure,  left ventricular hypertrophy, and susceptibility to 
cardiac arrhythmias. 

9. Utility of rat genetic  investigation in hypertension 

Clearly, almost all biomedical research conducted in animal models  has,  as its 
ultimate aim  and purpose, the generation of information that will help address 
human health issues. On  a rather simplistic and ambitious level, one  might 
therefore hope  that genes and  their molecular variants that are found to contribute 
to disease in  the rat will  have human homologs that are analogously  involved in 
the pathogenesis  of hypertension/cardiovascular disease in man. We need to  be 
cautious in considering this possibility,  for  several  reasons. 

First, even though hypertensive rat  strains are models of polygenic and  multi- 
factorial disease origin, and are thus certainly more representative of  complex 
disease than classically used  monogenic disease, they differ in an  important 
aspect from  human hypertension, namely  they are inbred, and  thus genetic 
heterogeneity does not affect any of the experimental crosses done in rats. 
Thus, since the same  limited  number of loci are operative in any cross, their 
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recognition is relatively easy. In contrast, the presence of genetic heterogeneity 
in humans, that is, the fact that different sets of  ‘polygenes’ are operative in  one 
individual  or family as compared to another, dramatically lowers the statistical 
power and, thus, the likelihood of recognizing the effect  of a gene  identified  in 
the animal model. Doing so requires the performance of  very large-scale studies, 
with  the size of the  study  population  indirectly  proportional to the frequency of 
the gene in question and  its relative effect on phenotype. Of  course,  if  we had a 
better  means of characterizing genetically diverse hypertensive subgroups than 
by blood pressure, which represents a rather  indirect  and  remote  phenotype, a 
gene(-variant) could  be tested with  much greater sensitivity and power. Thus, 
attempts to measure so-called ‘intermediate phenotypes’ - biochemical  or phys- 
iological characteristics that would  allow such  sub-stratification - are being 
undertaken  by a number of investigators. While  it is certainly reasonable to test 
in  human populations any  gene that has been identified as potentially blood 
pressure-relevant using  the  animal model, it is  not very likely that  this will yield 
positive results, unless very large and very well-characterized populations are 
studied. 

This reservation  refers to the second important limitation of applying rat data 
to human investigation: for none of the candidate genes so far suspected on 
account of their localization within a QTL to contribute to rat hypertension has 
proof been  rendered as to their actual identity using the above-described congenic 
approaches  (specific gene-replacement  methodology would  yield similar power 
and discrimination). Thus,  the ‘candidate  gene’  may in effect only represent a 
genetic marker for the locus, or chromosomal  region,  where an as  yet unknown, 
actual disease-gene is localized. Transferring this data, then, to a human popu- 
lation faces the  problem  that  only linkage studies, but  not  the  more  commonly 
used (since logistically much simpler to perform) case-control (association-, 
linkage-disequilibrium) studies would actually be applicable to testing the locus 
information derived  from the rat; and even linkage approaches  may  prove a piion’ 
incapable of testing such  markers if syntenic regions are not preserved among  rat 
and man (in  other words,  if the chromosomal contiguity - or proximity - of the 
‘candidate  gene’ marker used  for mapping  and the actual disease-causing  gene is 
not preserved  across  species, that is,  from rat to man). 

In addition, there  is of course no guarantee that all human hypertension genes 
are in fact represented in (one of the available) rat strains; and unless extensive 
breeding  experiments  employing  many different constellations of the various 
hypertensive and  normotensive strains available are carried out, not even all rat- 
specific hypertensive loci  will  even be detectable. 

The application of knowledge  gained in  the  rat towards the discovery of 
homologous  genes  or  pathways that  contribute  to  human hypertension is an 
extremely  attractive vista that would directly provide targets for the design and 
development of novel  therapeutic  and preventative strategies. However, it is 
important  to realize that  finding causal genedpathways in rat hypertension may 
have major  implications for human  hypertension  even if the homologous  genes 
are not  found to play a role in  the pathogenesis of the disease in humans, as they 
would  still  provide  potential  novel targets for drug  development: if pharmaco- 
logical modulation of the respective pathway results in blood pressure lowering 
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(or  organ  protection),  these  drugs would  merely  resemble currently used anti- 
hypertensive  agents that  are effective in  the absence  of targeting - as best as  we 
can tell - pathways causally involved in  the pathogenesis of hypertension  (with 
the possible exception of the renin-angiotensin system). The development and 
use of such  drugs would in effect replicate  what we have done so far, but target 
novel  pathways or mechanisms. Indeed,  depending  on  our  ultimate  unravelling 
of the complexity  of human  hypertension, it may be difficult or impossible  truly 
to  administer  what we envision  today as the ideal therapy; namely, one  that 
targets the  true cause of hypertension,  for  a  number of different reasons: first, 
although  unlikely to  be a generalized problem,  certain  individuals or social 
groupings may not allow the  kind of genetic  profiling necessary to  determine 
the  (predominant) cause  of hypertension  for  individualized  choice of the most 
appropriate  agent; second, we may find  that  in  the majority of hypertensives the 
disease is sufficiently polygenic to  render  the specific influence of any of the 
involved disease-genes so small as to  not offer a clear choice of mechanism to be 
targeted; or, third,  subgroups  defined by disease causation may be so small as to 
make it economically impossible to develop specific agents  for each and every 
one. 

Lastly,  an important caveat applies to most, if not all genetically hypertensive 
rat strains  with regard to the extrapolation of data to humans:  while they certainly 
provide at present the best model  systems for elevated blood pressure, most of 
them show  very little  or  none of the associated vascular and end-organ  pathology 
that makes  hypertension a clinically relevant and epidemiologically important 
issue in man. This is not altogether surprising, as selective breeding for - some- 
times extremely - high blood pressure may  have resulted in concomitant selection 
pressure for the  elimination of other disease-genes the effects  of  which are 
augmented  by hypertension. This leads us to  the theoretical consideration 
whether hypertensive genes in man are  independent of those causing actual 
vascular morbidity (although their effects  may certainly either  augment or even 
represent essential permissive factors for the manifestation of such morbidity), or 
whether certain genes cause hypertension  concomitant  with the clinically 
relevant vascular pathology  (as primary pleiotropic manifestations of one gene, or 
with  hypertension as a secondary phenomenon  brought  about  by  primary vascular 
changes; in  both cases,  hypertension might  either  further aggravate the patho- 
logical events, or,  possibly, represent a mere, innocent epiphenomenon).  If we 
subscribe to  the  latter notion, we are unlikely to  find  such genes  using currently 
available rat models. If we assume that  the former scenario is correct, then  rat 
experimentation - within  the  constraints discussed above - has the  potential  to 
lead us to  human genes; and  although  their role would  be  viewed primarily as a 
permissive or disease-enhancing one, this  information would clearly be of major 
importance. 

It comes, therefore, neither as a surprise, nor does it represent a robust finding 
that  no convincing linkage or association could be  demonstrated so far between 
polymorphisms of the ACE (Jeunemaitre et d . ,  1992a), renin (Naftilan et d . ,  
1989), and SA (Nabikaet d . ,  1995)  genes (all - variably- linked  to hypertension in 
the  rat)  and blood pressure in panels of hypertensive sibpairs  and case-control 
cohorts, respectively; and conversely, that  no linkage exists between  blood 
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pressure and  the angiotensinogen locus in  the SHRSP/WKY cross-bred rats 
(Hubner et al., 1994), as opposed to findings in human hypertension (Jeunemaitre 
et al., 1992b). 

Wherein, then, lies the value of studying the genetics of hypertensive rats? As 
progress is made in  the field of molecular genetics in experimental hypertension, 
it is becoming increasingly evident that  the  true value  of these animal systems  lies 
at least in part in  their paradigmatic nature as  models of  polygenic, multifactorial 
cardiovascular  disease. While it is not a priori likely,  as outlined above, that they 
will provide quick  and direct access to genes causing hypertension in humans, 
they represent a probing  ground for the investigation of complex human disease 
where  methodologies  can  be  evaluated and strategies developed. Thus,  the lessons 
to  be learned are probably  mainly conceptual in nature: identification of rat 
hypertension genes  will provide us with  important new  tools to study the mech- 
anism  by  which blood pressure-regulating genes  operate; this knowledge, in  turn, 
may  allow  us to devise  new and powerful algorithms for the stratification of inter- 
mediate  phenotypes in  the absence of knowing  human genes,  yet still enhancing 
the power attainable by studying such populations. 

In addition, these  experiments may help  devise  novel  molecular and statistical 
strategies  with  impact on  human studies; thus, their importance may extend well 
beyond the immediate  topic,  hypertension, into other aspects  of  cardiovascular 
disease, and of  polygenic traits in mammalian  systems in general. This has  already 
been borne out by  advances in the investigation of human disease  made  possible  by 
original  work in the rat model. To gain such insights requires not only the avail- 
ability of  molecular  genetic  tools, but - perhaps more importantly - of a model 
system in which  methodologies  for  precise and sophisticated  measurements of 
phenotype parameters are well established and have a proven  track  record. The 
detailed  expertise  accumulated in cardiovascular and hypertension  research in the 
rat over  past  decades  makes  these animal models strong and extremely  useful  candi- 
dates in our endeavors to understand  the workings of polygenic  disease.  Several 
examples  from the limited number of experiments  reported so far  shall illustrate the 
notion that this research  will  broaden our perspectives and introduce new concepts 
that will enrich our  understanding of human disease in much  more  profound ways 
than the discovery  of a particular gene is likely to do. Thus,  the demonstration that 
a hypertensive  locus was contributed to by the normotensive progenitor in the 
SHRSPWKY cross illustrates the fact that  it is the net sum of influences  derived 
from both blood  pressure-raising and blood  pressure-lowering (or, more  general,  of 
plus- and  minus-) loci that determines ultimately an  individual’s  phenotype. The 
finding also indicates that even  very  hypertensive  animals like the SHRSP do not, 
by  any  means,  express  all potentially blood  pressure-raising  genes; in contrast, it is 
most  likely that the balance  of a number of hypotensive  genes  may  be  essential  to 
prevent  early lethality and  permit the survival of the strain. As another example, the 
inconsistent findings regarding  linkage of  several candidate genes  (i.e. renin) with 
blood  pressure in different rat strains may be viewed  as  paradigmatic  for the  human 
situation; thus, what at first glance might appear a weakness  of the experimental 
systems  may in fact  very  well  represent a strength by  which  these  ‘conflicting’ 
models  approximate - in certain  aspects - quite closely the nature of human hyper- 
tension. The study revealing  linkage  between the carboxypeptidase B locus and 
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pulse  pressure  demonstrates how important it will  be to go  beyond  conventional 
concepts of hypertensive  phenotype  characterization and focus on a range of 
phenotype parameters,  particularly  less  complex, intermediate ones,  such  as 
biochemical,  metabolic,  cell-biology, and so on,  characteristics. Under the 
assumption that such intermediate phenotypes  may be governed  by a less  complex 
integrative regulatory circuitry than blood  pressure  itself, they may provide  more 
reliable  measurements  for phenotyping  and enhanced statistical power  for the 
detection of genetic  linkage. 

As indicated above, one of the most visible accomplishments greatly aided by 
rat  experimentation has been the  establishment of random-marker  genome- 
screening  techniques as feasible for the dissection of the genes  involved in 
complex polygenic, multifactorial and  quantitative  traits.  Thus,  the accom- 
plishments  made so far in molecular genetic approaches  to rat  hypertension 
may certainly  be viewed  as providing  important  procedural  and  conceptual 
(although  thus far not genetic) road  maps  towards the investigation of human 
hypertension. 

I O .  Conclusion and outlook 

Progress in molecular genetics has greatly enhanced our ability to find  the genes 
causing polygenic disorders, of which hypertension is  an  important one. It has 
also opened our eyes about a number of misconceptions  and  assumptions  about 
our categorization of human disease,  as  well  as about the way experimental 
models of hypertension should  be used and experimental results interpreted. 
Scientific discovery is dynamic, and we must expect that concepts which we 
embrace today,  based on our present level of understanding, as valid and mean- 
ingful may, in  turn, have to be revised, or  abandoned, in  the near  or  distant  future 
as a consequence of  newly emerging knowledge. This does not invalidate their 
importance, as they are the stepping stones to these future developments, just as 
past  work represents an essential basis for our work  today, as scientific pursuit 
not only (tries to) answer questions, but continually raises  new  ones,  based on  the 
more differentiated understanding  it provides of the topic studied. Thus, it took 
many years of comparative studies in  rat  models of hypertension until most 
investigators realized that  this approach would not provide causal  evidence; but 
the data accumulated  during  this period are now extremely helpful in  the design 
of the linkage studies we  now conduct. 

The final answer to the enigma  that  shrouds the etiology of hypertension may 
thus  be still further away than  our  enthusiasm  about newly found means of 
probing the genetics of the disease  may  lead  us to believe.  However, it is important 
to recognize that  any advance in  our understanding, no matter how trivial it may 
appear later on,  does - directly or indirectly - translate into progress in the clinical 
arena. Thus, even with  our present very limited understanding of the disease, 
tremendous progress  has  been  accomplished in  the management of hypertension 
and  the prevention of some of its most crippling complications. It is reasonable to 
expect further, rapid progress in which  the use of animal models  will continue to 
play an  important role. 
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1. Introduction 

The Dahl salt-sensitive (S) rat is the most  widely studied animal model  of  salt- 
sensitive  hypertension  (Rapp, 1982; Rapp and Dene, 1985). In  the Dahl S strain, 
supplemental  dietary  NaCl  increases  blood  pressure  whereas in  the  Dahl salt- 
resistant  (R) strain, increased  dietary  NaCl  has little or  no effect on blood  pressure. 
In  the Dahl model  as in humans,  variation in the blood  pressure  response  to  changes 
in dietary intake of  NaCl  involves the interaction of multiple environmental  and 
genetic  factors.  Although the exact  relevance of the Dahl model  to  blood  pressure 
control in humans remains to be determined, it is hoped that identification of genes 
that influence the blood  pressure  response to dietary NaCl in S and  R rats may  shed 
light on the pathogenesis of human forms of salt-sensitive  hypertension. 

The Dahl S strain was originally  derived  by Dahl  and colleagues  from non-inbred 
Sprague-Dawley  rats  by recurrent selective breeding of animals that exhibited 
severe  hypertension  when  fed a high NaCl diet (Dahl et al., 1962; Rapp, 1982). The 
Dahl  R strain was derived in parallel  by recurrent selective  breeding  of 
Sprague-Dawley rats that exhibited unusually  low  blood  pressures  despite  being  fed 
a high NaCl diet (Dahl et al., 1962; Rapp, 1982). Rapp  subsequently  derived inbred 
strains of Dahl salt-sensitive and salt-resistant rats (designated SS/JR and SR/JR, 
respectively) using S and R breeding stock obtained from Dahl. In this article, we 
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use the notation ‘S’ and ‘R’ in the generic  sense to denote the phenotypes of  salt- 
sensitivity and salt-resistance. In Dahl’s  original breeding studies,  most of the 
Sprague-Dawley rats displayed at least  some  elevation in blood  pressure  when  fed 
the high NaCl diet (Dahl et al., 1962). In other strains of  rats, high NaCl  diets  have 
also  been  reported to induce moderate  increases in blood  pressure  (Meneely et al., 
1953; Preuss and Preuss,  1980;  Smith-Barbaro et al., 1980). Thus,  both  the robust 
salt-resistance of the  Dahl  R rat and  the marked  salt-sensitivity of the Dahl S rat 
constitute unusual cardiovascular  phenotypes that have important genetic  compo- 
nents.  Accordingly, in the Dahl model, a search  for  genes that contribute to the 
strain differences in blood  pressure may  yield information on molecular  variants 
that confer protection against  salt-induced  increases in blood  pressure as  well  as on 
molecular  variants that promote  salt-sensitive  hypertension. 

In linkage studies in F, and backcross populations derived from  Dahl rats, 
multiple genetic variants have  been reported to cosegregate with effects on blood 
pressure (Deng  and Rapp,  1992; Deng et al., 1994a,  1994b; Gu et al., 1996; Rapp et 
al., 1989;  Stec et al., 1996). Most of these variants have  involved noncoding 
sequences of unknown functional significance and may simply represent markers 
for linked genes  involved in the pathogenesis of hypertension. Total  genome  scans 
have  been  very  successful in identifying specific chromosome regions that 
regulate  blood pressure in Dahl S rats and intense efforts are underway to dissect 
these regions  genetically using congenic strains (Garret et al., 1998).  Recently, a 
Q276L variant in  the a1 Na,K-ATPase  gene that affects  sodium-potassium pump 
activity by increasing the Na:K coupling ratio from 3:2 to 3: 1 has  been linked to 
increased  blood pressure in the Dahl S rat (Herrera et al., 1998). In addition, trans- 
genic  overexpression of the  Dahl R variant of the a-l Na,K-ATPase  gene on  the 
Dahl S background was reported to attenuate hypertension (Herrera et al., 1998). 
These findings support a role for  genetically determined alterations in 
sodium-potassium pump activity in  the pathogenesis of hypertension in  the Dahl 
S rat. Unfortunately, it is difficult to identify the Q276L variant by sequencing of 
PCR amplified DNA or by  sequencing  DNA from genomic libraries (Herrera et 
al., 1998; Simonet  and Kurtz, 1991).  Moreover, the genetic contamination of 
commercially  available Dahl S rats could  complicate independent attempts to 
confirm  the existence of this sequence variant (St. Lezin et al., 1994). Thus,  the 
precise status of the Q276L variant in  the pathogenesis of hypertension in  Dahl S 
rats requires further study. In addition to the putative mutation in the a1  Na,K- 
ATPase  gene,  sequence variants in genes  involved in mineralocorticoid biosyn- 
thetic pathways  have  been linked to effects on blood pressure in  the  Dahl model. 
In  the following  sections, we discuss  evidence suggesting that molecular variants 
in  the  coding sequences of  key  genes regulating mineralocorticoid biosynthesis 
may contribute to differences in mineralocorticoid levels and blood pressure 
between the  Dahl S and  R strains (Cicila ef al., 1993;  Cover et al., 1995). 

2. Molecular  basis of mineralocorticoid  biosynthesis 

The molecular  basis  for steroid hormone synthesis, including the steroidogenic 
pathways, the enzymes mediating steroidogenesis and  the genes encoding these 
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enzymes,  is  well  known  (Jamieson and Fraser,  1994;  Miller,  1988).  Most steroido- 
genic enzymes are cytochromes  P450, a generic term for the group of oxidative 
enzymes  which interact  with specific steroids  and which  reduce  oxygen  with  elec- 
trons from  NADPH. The synthesis of ll-deoxycorticosterone (DOC)  from 
cholesterol uses the same adrenal enzymes in  both  the adrenal glomerulosa and 
fasciculatdreticularis (Jamieson and Fraser,  1994;  Miller,  1988; see also Chapter 
7). DOC is then converted to mineralocorticoids in  the glomerulosa and  to gluco- 
corticoids in  the  fasciculatdreticularis  by  the zone-specific expression of two 
P450cl1 enzymes, P450cllp (1 l p  hydroxylase) and P450cllAS (aldosterone 
synthase) (Lauber  and Muller, 1989;  Malee and Mellon, 1991; Ogishima et d . ,  
1989;  Sander et d . ,  1994). The  CYPllBl gene encoding P450cllp is regulated by 
ACTH, is expressed solely in  the fasciculatdreticularis, and  its encoded  enzyme 
converts DOC to corticosterone or to 18-hydroxy-l l-deoxycorticosterone (18- 
OH-DOC)  (Ogishima et d . ,  1992;  Sander et d . ,  1994). Thus, P450cl l p  has both 
ll-hydroxylase  and 18-hydroxylase activity. The  CYPllB2 gene is largely regu- 
lated by sodium  and potassium  via the renin-angiotensin system, is expressed 
solely in  the zona glomerulosa, and encodes P450cllAS  that converts DOC to 
aldosterone (Curnow et d . ,  1991; Donnalik et d . ,  1991;  Malee and Mellon, 1991; 
Muller et d . ,  1989;  Sander et d . ,  1994). Hence, this enzyme has 11  hydroxylase,  18 
hydroxylase and 18 oxidase activities. Two other P450cll genes, called CYP11B3 
and  CYPllB4, were recently cloned  from a rat genomic library (Mellon et d . ,  
1995; Mukai et d . ,  1993; Nomura et d . ,  1993).  CYP11B4 appears to  be a 
pseudogene,  as two exons are replaced by unrelated DNA. The protein encoded  by 
CYPllB3, P45OcllB3,  closely  resembles P450cllAS  in mRNA and  its predicted 
amino acid sequence of  498 amino acids. This protein has 11 hydroxylase and 18 
hydroxylase activities but not 18 oxidase activity Mellon et al., 1995. Relatively 
little is known  about the functional significance of rat P450cllB3 and it is 
expressed for only a few  weeks after birth. No  gene  corresponding to  CYPllB3 or 
CYP11B4 has been  found in  humans  (Zhang  and Miller,  1996). Thus,  it appears 
that  P450cl1 p and P45OcllAS are the principal enzymes responsible for miner- 
alocorticoid biosynthesis in  the rat  and human. 

3. Molecular variation in CYPl1 B1 as a determinant of blood 
pressure in the Dah1 model 

Based on a classic series of  biochemical and genetic studies of steroid biosynthesis 
in  the  Dahl S and R strains, Rapp and  Dahl proposed that  strain differences in  the 
adrenal synthesis of 18-OH-DOC stemming from genetically determined differ- 
ences in l l p  hydroxylase contribute to  the  strain differences in blood pressure 
observed with  administration of a high NaCl diet (Rapp and Dahl,  1971,  1972, 
1976). Rapp and  Dahl  not  only observed  lower circulating levels of 18-OH-DOC 
and reduced adrenal synthesis of 18-OH-DOC in  Dahl R rats versus S rats, they 
also found  that in segregating populations derived from  R and S rats, the differ- 
ences in adrenal synthesis of 18-OH-DOC  cosegregated with differences in blood 
pressure; rats  that exhibited the low rates of adrenal synthesis of 18-OH-DOC 
characteristic of the  Dahl R strain exhibited lower  levels  of  blood pressure than 
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rats that exhibited greater rates of hormone synthesis (Rapp and Dahl, 1971,1972, 
1976;  Rapp er  al., 1978). Although 18-OH-DOC  has much lower affinity for the 
mineralocorticoid receptor than aldosterone (Feldman  and  Funder, 1973), circu- 
lating levels  of  18-OH-DOC far exceed those of aldosterone (Nicholls er  al., 1979; 
Rapp er  al., 1978).  Moreover, administration of a high NaCl diet suppresses circu- 
lating levels  of aldosterone but does not affect the  production of 18-OH-DOC. 
Thus, in rats fed  large amounts of  NaC1, it has  been  proposed that 18-OH-DOC 
may  act  as the principal steroid that  promotes  sodium retention even though  its 
mineralocorticoid effects are much weaker than those of aldosterone (Feldman 
and  Funder, 1973). These observations, together with studies in uni-nephrec- 
tomized NaC1-fed rats in which parenteral administration of physiological 
amounts of 18-OH-DOC has  been found  to increase blood pressure (Carroll et  al., 
198l), are consistent with the proposal that  in  Dahl S versus Dahl  R rats, geneti- 
cally determined differences in adrenal production of 18-OH-DOC  contribute to 
the  strain differences in blood  pressure. 

To investigate the molecular genetic basis  for the differences in 18-OH-DOC 
production between Dahl S and  R rats,  Cicila er al. cloned and sequenced near full 
length cDNAs for P450cl l p  from the adrenals of inbred Dahl S and R rats (Cicila 
er  al., 1993). The predicted protein sequence of P450cl1 p in  the  Dahl S rat was 
found to be identical to that reported in a noninbred Sprague-Dawley rat. 
However,  five amino acid substitutions were found in  the deduced P450cllp 
sequence of the  Dahl  R rat (Table 2) with two of the substitutions being located at 
positions 381 and 384 near the putative steroid binding site of the enzyme. In a 
backcross population derived  from Dahl S and  R rats,  Cicila er al. further  demon- 
strated that an intragenic RFLP marking  the CYPllBl variant of the  Dahl  R rat 

Table 1. Molecular variants causing amino acid substitutions  in 11p hydroxylase and aldos- 
terone synthase in the  Dahl  model 

Gene: CYP11B1 CYPl1 B2 

Protein: P450cl1 p P450cl1  AS 
(1  1p  hydroxylase)  (aldosterone synthase) 

Location of mutation 
Nucleotide# 379 1052 1141 1150 1327 408 752 
Residue# 127 351 381 384 443 136 251 

Sprague-Dawley 
Codon  CGT GTT GTA  ATC GTG  GAA CAG 
Amino  acid  Arg Val  Val He Val Glu Gln 

Codon CGT GTT GTA ATC GTG GAA CAG 
Amino acid Arg Val Val Ile Val Glu Gln 

Codon LGT GCT I T A  GTC ATG GAG CSG 
Amino  acid Cys Ala Leu Leu Met Asp Arg 

Rat strain 

Dah1 SS/JR 

Dah1 W J R  

The  nucleotide  variants  giving  rise  to  each  amino  acid  substitution  in  the  Dahl  salt-resistant  (SWJR) 
rat  vs.  the  Dahl  salt-sensitive (SS/JR) rat  and a Sprague-Dawley  rat  are  underlined.  Modified  from 
Cicila  G.T. et al. (1993)  Linkage of 1 lp-hydroxylase  mutations  with  altered  steroid  biosynthesis  and 
blood  pressure  in  the  Dahl  rat. Name Generics, vol. 3,  pp.  346-353.  Reprinted  by  permission  of 
Nature  America  Inc. 
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on chromosome 7 cosegregated  with significant decreases in  the adrenal synthesis 
of 18-OH-DOC and  in blood pressure (Cicila et al., 1993).  Matsukawa and 
colleagues detected the same amino acid substitutions described by  Cicila et al. in 
the  Dahl R strain  and  found significantly lower  conversion  of DOC  to 18-OH- 
DOC in heterologous COS-7 cells expressing P450cllp from the R rat than  in 
those expressing P450cl l p  from the S rat (Matsukawa et d. ,  1993). Transfection 
experiments  with chimeric enzymes  have suggested that  the  amino acid substitu- 
tions at positions 381,  384, and possibly 443 are likely to  be responsible for the 
altered P450cllp activity of the  Dahl R rat (Matsukawa et al., 1983). Thus, 
consistent with the original proposal of Rapp and Dahl,  molecular genetic studies 
have  confirmed that  coding sequence variants in  the  CYPllBl gene  give rise to 
altered activity of P450cllp  and reduced adrenal synthesis of 18-OH-DOC in 
Dahl R rats versus Dahl S rats. 

Recently,  Cicila et al. derived a congenic strain of Dahl S rats in which a segment 
of chromosome 7 that includes the CYPllBl gene  was replaced by the corre- 
sponding chromosome region from the  Dahl R rat (Cicila et al., 1997). In experi- 
ments using  diets  that contained 0.24% NaC1, the blood pressures and heart 
weights  of the  Dahl S congenic rats carrying the  CYPllBl gene of the  Dahl R 
strain were significantly lower than those of the  progenitor  Dahl S rats (Cicila et 
al., 1997). The  Dahl S congenic rats fed a 4% NaCl diet also survived much longer 
than  the  Dahl S progenitor rats fed a 4% NaCl diet. The differences in survival 
between the two strains could be accounted for by the differences in blood 
pressure. These findings, together with the results in backcross populations 
demonstrating  that  RFLPs in  CYPllBl cosegregate with effects  on  blood 
pressure and  adrenal synthesis of %OH-DOC,  provide further  support for the 
hypothesis that differences in blood pressure between Dahl S and R rats may be 
due  in part to genetically determined differences in 18-OH-DOC synthesis 
mediated  by structural differences in P450cl l p. 

The  CYPllBl gene of the  Dahl R rat differs from  those of 12 other  commonly 
used strains of laboratory  rats and is associated with  uniquely reduced capacity 
to synthesize  18-OH-DOC (Cicila et al., 1993). In contrast, the  CYPllBl gene of 
the  Dahl S rat appears similar to  that  in  other  strains of rats  and is associated 
with  normal  activity of P450cl l p  (Cicila et al., 1993). Thus, it would  appear that 
the difference in blood pressure between Dahl S and R rats  is  related at least in 
part  to  abnormally reduced synthesis of  18-OH-DOC by  P450cllp  in  the  Dahl 
R rat  rather  than  abnormally  increased  production of 18-OH-DOC  by the Dah1 
S rat. 

P450cllp also catalyzes the formation of 19-OH-DOCY the precursor for the 
potent mineralocorticoid 19-nor-DOC  (Nonaka and Okamoto,  1991). The 
urinary excretion of 19-nor-DOC  is significantly lower in  Dahl R rats  than  in sex- 
matched  Dahl S rats  (Dale et al., 1985).  Accordingly, it is possible that  the 
difference in blood pressure between Dahl S and R rats involves differences in 
P450cllp mediated synthesis of 19-nor-DOC  as  well  as  18-OH-DOC.  Gomez- 
Sanchez and Gomez-Sanchez  have suggested that because urinary excretion of  19- 
nor-DOC  in female Dahl R rats is lower than  in female Dahl S rats, but greater 
than in male Dahl S rats, the  strain differences in blood pressure cannot  be clearly 
related to  strain differences in production of 19-nor-DOC  (Gomez-Sanchez and 
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Gomez-Sanchez,  1988).  However, this interpretation is based on  the assumption 
that  the hypertensinogenic effect  of 19-nor-DOC in female rats is identical to that 
in male  rats.  Because it is possible that  19-nor-DOC  might have different effects 
on blood pressure in male  versus  female  rats, one  cannot use comparisons of  male 
versus female rats  to discount the possibility that 19-nor-DOC contributes to  the 
differences in blood pressure between the S and  R strains. 

4. Molecular variation in CYP1182 in the Dah1 model 

Because the aldosterone synthase gene (CYPllB2) encoding P450c11AS is 
tightly linked to the  CYPllBl gene  on rat chromosome  7 (Cicila et al., 1993), it is 
possible that  the blood pressure results observed in linkage and  chromosome 
transfer studies in  Dahl rats are reflecting hemodynamic effects of molecular 
variants in  CYPllB2 (or another  linked  gene  such as CYP11B3) rather  than 
CYP11B1. In the  Dahl S rat, adrenal and plasma  levels  of aldosterone are lower 
than  in  the  Dahl  R rat and, therefore, it has been  assumed that genetically deter- 
mined alterations in aldosterone biosynthesis do not contribute to the  strain 
differences in blood pressure (Rapp et al., 1978). The lower aldosterone levels in 
Dahl S versus Dahl R rats have been  proposed  to  be  a physiological consequence 
of the lower renin concentrations in Dahl S rats. However, in  Dahl S rats, the 
ratio of a1dosterone:renin in  the adrenals and  in  the plasma is greater than in 
Dahl  R rats (Kusano et d., 1986;  Rapp et d., 1978). This observation suggests that 
in Dahl S and  Dahl  R rats, differences in aldosterone biosynthesis may involve 
something  more  than just differences in plasma renin activity. To investigate this 
possibility, we cloned, sequenced  and expressed P450cllAS cDNAs from Dahl S 
and R rats and tested for strain differences in  the  structure  and regulation of 
P45OcllAS  that  might  contribute to strain differences in aldosterone levels and 
a1dosterone:renin ratios (Cover et d., 1995). 

The amount of adrenal P450cllAS mRNA in Dahl S rats was found to be 
similar to that  in  Dahl  R rats regardless of the amount of  NaCl in  the diet (Cover et 
d., 1995). In both strains, NaCl depletion increased P450cllAS mRNA and NaCl 
loading decreased P450cllAS mRNA in  a similar fashion  (Cover et al., 1995). 
Thus,  the  reduced adrenal and plasma  levels  of aldosterone in S rats versus R rats 
cannot be readily attributed to physiological reductions in aldosterone synthase 
gene  expression secondary to reduced levels  of adrenal and plasma renin. Indeed, 
the finding that  P450cllAS mRNA  levels are similar in Dahl S and  R rats despite 
the fact that adrenal and plasma renin levels are known to be  reduced in  the S 
strain suggests that  Dahl S and  R rats may  differ with respect to the transcrip- 
tional regulation and or message stability of aldosterone synthase. That is, 
enhanced transcription or message stability of P450cllAS in Dahl S rats versus R 
rats could account for similar levels of P450cllAS message despite reduced renin 
levels in  the S strain. This could serve to explain the greater  a1dosterone:renin 
ratios that have been reported in Dahl S versus R rats. 

Given that  P450cllAS mRNA levels are similar  in  Dahl S versus Dahl  R rats, 
it appears that  the lower aldosterone levels in S rats are not simply  a conse- 
quence of reduced  gene expression. However, sequence analysis has revealed 



STEROID BIOSYNTHESIS IN DAHL RATS - CHAPTER 4 79 

structural alterations in CYP11B2 encoding P450cllAS  that could definitely 
contribute  to differences in aldosterone synthase activity between Dahl S and R 
rats (Cover et al., 1995). We found that  in  the  Dahl S rat, the mRNA for 
P45OcllAS  is identical to  that of a  normotensive Sprague-Dawley rat whereas 
the  P450cllAS mRNA of the  Dahl R rat contains seven mutations  that result in 
two amino acid substitutions  in aldosterone synthase (Cover et al., 1995). Both of 
the  substitutions  in  the  Dahl R rat (Glu136-Asp and Gln25l-Arg) generate the 
same  amino acids found  at  the  corresponding residues in  the gene  encoding 
P450cllp. Transfection studies  demonstrated that these two amino acid substi- 
tutions  produce  a  form of P450cllAS  with an increased apparent V,, and 
decreased apparent K,, resulting  in  an  enzyme  that catalyses the conversion of 
DOC  to aldosterone at  a greater rate in  Dahl R rats  than  the  P450cllAS  in  Dahl 
S rats  or Sprague-Dawley rats (Cover et al., 1995). In transfection studies with 
mutant forms of human  P450cllAS,  the  same  substitutions resulted in 50-80% 
more aldosterone production than was observed  with wild-type P450cllAS 
(Fardella et al., 1995). 

Given that  the  CYPllB2 allele of the  Dahl R rat promotes greater aldosterone 
levels than  the CYP11B2 allele of the  Dahl S rat, one  might expect increased 
aldosterone levels and increased blood pressures in  the congenic Dahl S rats that 
carry the corresponding  segment of chromosome  7  from the  Dahl R strain 
(Cicila et al., 1997).  However, the differential chromosome  segment in  the 
congenic  Dahl S strain includes multiple  genes (e.g. CYPllBl as well  as 
CYPllB2)  and therefore, the blood pressure effect conferred by this segment of 
chromosome  7  is not necessarily the result of a single gene (Cicila et al., 1997). If 
the  CYPllB2 allele of the  Dahl R strain  promotes greater aldosterone synthesis 
and  hence greater blood pressure than  the  CYPllB2 allele of the  Dahl S strain, 
then  the  Dahl R strain  must carry other alleles in  this region of chromosome 7 
that promote  lower  blood pressure than  their S counterparts, because transfer of 
this region of chromosome 7 from the R strain  onto  the S background resulted 
in  a decrease in blood pressure. A likely example is the R CYPllBl allele that 
results in reduced  production of 11-OH-DOC, explaining the importance of this 
steroid to  the syndrome in  the  Dahl  strain. Blood pressure is  under  the  control 
of multiple  genes  and it is well recognized that normotensive  strains  can  harbor 
variants that promote increased blood pressure as well as variants  that  promote 
decreased blood pressure. Alternatively, it is conceivable that  the CYP11B2 
allele of the  Dahl S rat  promotes greater blood pressure than  the  CYPllB2 allele 
of the R rat even though  the R allele encodes  a  more active form of aldosterone 
synthase. As previously noted, aldosterone: renin ratios are  higher  in Dah1 S 
rats than  in  Dahl R rats, perhaps as a  consequence of differences in  the  tran- 
scription of aldosterone synthase. This raises the possibility that  in  Dahl S rats 
versus R rats, increased blood pressure may be  due  in  part  to  overproduction of 
aldosterone relative to  the activity of the renin-angiotensin system (i.e. despite 
lower absolute levels of aldosterone, the increased ratio of a1dosterone:renin in 
the  Dahl S rat may be  promoting hypertension). As emphasized  by  Gordon, 
patients  with  hypertension  due to primary aldosteronism often present with 
increased a1dosterone:renin ratios and normal plasma  levels of aldosterone 
(Gordon et d . ,  1993a,  1993b). 
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5. Implications  for future research 

Are the genes that regulate blood pressure in animal models of hypertension 
relevant to those involved in  the heritable control of blood pressure in humans? 
Lifton and colleagues  have demonstrated  that fusion of the  CYPllBl (1 l p  
hydroxylase) and  CYPllB2 (aldosterone synthase) genes  causes  glucocorticoid- 
remediable aldosteronism (GM), a rare form of salt-sensitive hypertension in 
humans (Lifton et al., 1992). Recent studies by Brandet al. have  also  suggested that 
a variant in  the promoter region of aldosterone synthase is associated with 
essential hypertension (Brand et al., 1998). Although the precise  molecular  lesions 
present in humans  with GRA or with essential hypertension are different from 
those in  the  Dahl model, it appears that  in both  humans  and in rats, molecular 
variants affecting l l p  hydroxylase and aldosterone synthase are involved in  the 
inherited control of blood pressure and mineralocorticoid biosynthesis. Of  course, 
one does not necessarily  expect to find the  same molecular variants in animal 
models of hypertension that are present in humans  with increased blood  pressure. 
However, the findings in  the  Dahl model and those in patients with GRA or  with 
essential hypertension confirm  that loci contributing to the genetic control of 
blood pressure in animals can  also be involved in the pathogenesis of at least  some 
forms of human hypertension. Based on these observations, it indeed appears that 
genes regulating blood pressure in animal models  can be relevant to the inherited 
control of blood pressure in humans. 
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Transgenic rats and 
hypertension 
Cathy  Payne, Linda J. Mullins,  Donald Ogg and  John J. Mullins 

1. Introduction 

Essential hypertension is a multifactorial or complex genetic trait. An individual's 
susceptibility to high  blood pressure is influenced not  only  by  the many genetic 
factors which  effect control  through biochemical and physiological pathways, but 
also  by environmental determinants. By this token, the  multitude of contributory 
factors make identification of the  underlying etiology very difficult. Transgenesis 
may be defined as the  introduction of exogenous  DNA into  the genome  (by 
microinjection into  the pronucleus of a fertilized oocyte; seeFigure I )  such  that it 
is stably maintained in a heritable manner. The genetic modification of animals 
through transgenic technology is playing an increasingly important role in  the 
field of hypertension research, allowing analysis of gene function  and regulation 
in vivo. In this chapter, we will briefly discuss general considerations for designing 
a transgenic experiment. We will then  outline the usefulness of transgenic rat 
models in  the context of hypertension research, reviewing the most important 
transgenic lines that have  been generated to date. Finally, we will allude to  future 
possibilities for transgenic research in  this field. 

2. General  considerations in experimental design 

2. I Choice of species 

The mouse  has traditionally been the species  of choice for transgenic research, and 
with the emergence  of  embryonic  stem  (ES)  cell  technology, the versatility of the 
mouse for generating disease  models is unsurpassed. However,  for certain physio- 
logical  and  biochemical studies, the rat may  be  preferable,  because  of the  inherent 
size constraints of the mouse. This is true for techniques such  as radiotelemetry and 
echocardiography,  where miniaturization and resolution must  be improved  before 
the methods  can be readily  and reproducibly applied to  the mouse. Though such 
improvements are inevitable, present limitations prevent many researchers from 
taking full advantage of the molecular genetics available in  the mouse. 
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Figure 1. Microinjection  of  the fertilized oocyte.  The fertilized egg is  held  by  gentle 
suction  using  a  holding  pipette  (left).  The  microinjection  needle  is  gently pushed 
through the zona pellucida and the nuclear membrane of  one pronucleus (right) and 
DNA is  introduced. 

The rat has historically been the animal of choice in hypertension research by 
virtue of the  number of available models including  the spontaneously hyper- 
tensive rat (SHR), the spontaneously hypertensive stroke-prone rat (SHRSP), the 
Dah1 salt-sensitive, the Milan hypertensive and the Lyon hypertensive strains. 
Extensive study has  generated a large body of data regarding the progression of 
hypertension in each  model, and  it is clear that  the observed phenotypic manifes- 
tation reflects pleiotropic changes in interconnected homeostatic  pathways, in  an 
attempt  to redress the balance affected  by the  underlying  (and often unknown) 
etiology. Transgenesis allows targeting of key  components in order  to  determine 
their role in basic physiological processes leading to the overall control of blood 
pressure. 

Apart  from general considerations of space and cost when undertaking  a trans- 
genic rat program, one  must also bear in  mind  the relative values of using inbred 
versus outbred  strains. The benefits of fecundity of an  outbred  strain  such as 
Sprague-Dawley must be  balanced against the poorer  breeding  efficiency, but 
perhaps greater suitability, of a particular inbred  strain for a given experiment. 
Additionally, the genetic background  can  play a highly significant part in  the 
phenotypic manifestation of the expression of a given transgene, as  will be  high- 
lighted  in specific examples later in  the chapter. 

2.2 Candidate  transgenes 

Genes which  are  potentially involved in  the development of hypertension have 
been identified  by  a  number of different strategies, including genetic, 
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biochemical and linkage analyses, apparent  involvement in classical hyper- 
tensive rat  models  or association with pathological findings. Mutations  in aldos- 
terone synthase, 11 P-hydroxysteroid dehydrogenase,  and  subunits of the 
amiloride-sensitive epithelial sodium  channel have been identified as the 
genetic defects underlying  the  Mendelian  forms of hypertension - glucocor- 
ticoid-remediable aldosteronism (Lifton et aL, 1992), apparent mineralocor- 
ticoid excess syndrome  (Mune et al., 1995) and Liddle’s syndrome  (Hansson et 
aL, 1995; Shimkets et al., 1994), respectively. 

Linkage analysis in both  animal models and man has  been  used to identify 
factors contributing to hypertension based on  their chromosomal  location.  Both 
partial and whole-genome  searches using microsatellite markers have  been  used 
to correlate blood pressure and hypertension with genetic regions. Mapping DNA 
polymorphisms in a cross  between SHRSP  and Wistar-Kyoto  (WKY)  revealed a 
locus, Bp], which is closely linked to the rat gene encoding ACE (Jacob et aL, 
1991). Crosses involving Dahl salt-sensitive rats have  suggested that loci near the 
calmodulin-dependent protein kinase 11-d locus (Deng et al., 1994) and  the 1  1P- 
hydroxylase  locus  (Cicila et al., 1993) may influence rat blood  pressure. 
Furthermore, variants of the SA gene  have  been found to cosegregate with blood 
pressure in a cross  between SHR  and WKY rats (Samani et aL, 1993). Though 
linkage analysis identifies the chromosomal location of factors contributing to 
hypertension, an obvious candidate gene falling within this region  may not be  the 
causitive agent. It is therefore necessary to substantiate the linkage analysis with 
gene  expression studies. Once a suitable candidate has  been identified, transgenic 
studies can aid in determining its role in  the development of hypertension. 

2.3 Anomolies  due  to  strain and species  specificity 

One  must be cautious in  attributing  the influence of a particular candidate gene to 
blood  pressure. When  the contribution of several different renin alleles to blood 
pressure was analyzed in appropriate F, populations, only  one allele, the r allele of 
Dahl salt-resistant rats, was found to cosegregate with blood pressure (Rapp et al., 
1994). The  net result of multiple alleles,  differences in genetic background, 
linkage relationships and  genotype-environment interactions is to make  cosegre- 
gation results strain- and cross-specific. The need  for caution when searching for 
disease-relevant genetic loci is even greater due to anomolies  between  species. For 
example, the association  between angiotensinogen (AGT)  and hypertension 
demonstrated in humans  with different Agt alleles (Jeunemaitre et al., 1992) was 
not  confirmed by a study on F2 hybrids between SHRSP  and WKY (Hubner et al., 
1994). Such  examples  suggest caution in  the extrapolation of transgenic experi- 
ments across strain  and species boundaries. 

2.4 Transgenic  experiments 

Transgenic animals derived  by microinjection share a common problem - namely 
that  the researcher  has no control over the  site of insertion of the transgene. 
Positional effects  may  adversely  affect transgene expression - integration near a 
strong  enhancer may  lead to overexpression,  possibly in a novel range of tissues, 
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while integration into a silent region of the genome  may silence an otherwise 
active  transgene.  Clearly,  expression  of the transgene is also dependent  on the 
presence  of appropriate control elements  within it. Since control elements can lie 
at some distance from the gene, it may be necessary to include large amounts of 
flanking DNA within the transgene, through the use of  PACs,  BACs or YACs 
(Linton et al., 1993; Mullins et al., 1997; Schedl et al., 1993). 

Additionally, a phenotype may only  be observed  if transgene expression 
achieves sufficient levels - hypertension in transgenic mice carrying the rat AGT 
gene was dependent  on expression  level (Kimura et al., 1992; Ohkubo et al., 1990). 
Finally, the introduction of a foreign gene  may produce  no phenotype, or alterna- 
tively an unexpected phenotype  due  to differences in substrate specificity or 
action. 

All the above must  be  borne in  mind when designing or interpreting transgenic 
experiments. However, despite these caveats, an  immense  amount can be learnt 
from  specific transgenic models,  as  reviewed below. 

3. Transgenic rat models  relevant to cardiovascular  research 

The following  review of transgenic rat lines is not exhaustive, but has  been  chosen 
to exemplify points raised in the previous section. The first three lines demon- 
strate how animal models  can be modified in order to answer  specific questions 
raised  by the  phenotypic analysis of the parental transgenic strain. 

3. l TGR(mRen2)27 

The TGR(mRen2)27 transgenic rat harbors a 24 kb transgene spanning  the mouse 
Ren2 gene (Figure 2) and is a monogenic  model of fulminant hypertension (Mullins 
et al., 1990). The exact  mechanisms  involved in the onset of hypertension in this 
transgenic rat are still unclear, although the  high circulating mouse prorenin 
levels, the enhanced expression of renin in  the adrenal gland and  the corre- 
sponding increase in the levels  of circulating mineralocorticoids (Sander et al., 
1992),  have  all  been  implicated. Fulminant hypertension develops within 10  weeks 
of  age (Mullins et al., 1990), with a systolic  blood pressure of  230-265 mmHg in 
heterozygotes and  up to 300 mmHg in homozygotes.  Animals exhibit secondary 
complications  associated with hypertension, such as stroke, heart failure and renal 
sclerosis, but can  be maintained when treated with ACE inhibitor (Mullins et al., 
1990;  Tokita et al., 1995). The Ang I1 receptor  (AT,) antagonist DuP753  has a 
similar protective effect  (Bader et al., 1992; Sander et al., 1992), demonstrating that 
the renin-angiotensin  system (RAS) plays a key  role in the hypertensive 
phenotype. Further, the AT, receptor antagonist, Telmisartan, is able to reduce 
cardiac hypertrophy  and renal  glomerulosclerosis in the TGR(mRen2)27 rats 
(Bohm et al., 1995), indicating a specific  involvement of  Ang 11. 

Renin  is barely detectable in  the kidney of TGR(mRen2)  rats (Mullins et al., 
1990; Zhao et al., 1993), indicating  that  both  endogenous-  and transgene- 
derived renin  gene expression are down-regulated. In situ hybridization and 
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Figure 2. Schematic  diagram  comparing  three  transgenes.  (a) A 24 kb genomic  fragment 
spanning RenZ from the  DBN2 mouse strain, used to generate  TGR(mRen2)27. (b) Ren2 
cDNA  fused  to the human or1 antitrypsin  promoter,  used  to  generate  TGR(a1AT 
mRen2). (c) Rat renin  cDNA  fused to the human a 1 antitrypsin  promoter,  used to 
generate  TGR(hAT  rpR). 

immunohistochemical  studies  show that  the majority of juxtaglomerular 
afferent arterioles  are  almost devoid of renin expression, and  the  JG cells are 
relatively dedifferentiated  (Bachmann et al., 1992). Additionally, Ren-2 is highly 
expressed in  the adrenal cortex (V6niant et al., 1995; Zhao et al., 1993), and is 
moderately expressed in other  extrarenal tissues including  the gastrointestinal 
tract, lung, brain  and vasculature, but  not  in  the submaxillary  gland (SMG), 
despite  high expression ofRen2  in  the SMG  of the mouse  (Mullins et al., 1989). 
This is probably  due to  the lack of essential transacting factors necessary for 
expression in  this tissue. 

Components  of the M S ,  were  analyzed by radioimmunoassay (Hermann et al., 
1988; Schelling et al., 1980). There is some controversy about plasma renin 
concentrations, though recent evidence suggests that  the level  of circulating renin 
increases with age, up to 50 ng Ang I ml-l  h-' at 7 weeks  compared to 20 ng Ang I 
ml-l  h-' in  the controls (Vkniant et al., 1995),and is approximately 70% transgene- 
derived (Peters et al., 1993). The observation that  the kinetics of the reaction 
between  mouse renin  and rat AGT is 10 times that of rat  renin  on  the  rat  substrate 
(Tokita et al., 1994),  suggests that  the  enhanced kinetics associated with mouse 
renin  might  be involved in  the development of hypertension. Plasma angiotensin 
I (Ang I) concentrations are significantly lower than  in control animals, while 
plasma AGT and Ang I1 levels are  not significantly changed.  However, the plasma 
prorenin concentration is approximately 20-fold higher  than in age-matched 



Table 1. Comparison of the three transgenic rat lines expressing renin or prorenin 

Plasma 
prorenin 

Transgenic line Transgene BP (mmHg) (ng Ang I ml-l h-l ) Pathology References 

TGR(mRen2)27 Mouse Ren-2 230-265 850' 
genomic (at 10 weeks) 
sequence 

TGR(alATmRen2) alAT -promoter 185 
fused to mouse 
Ren-2 cDNA 

(at 7 weeks) 
17000'" 

TGR(hAT rpR) alAT- promoter Normal 9557"' 
fused to rat 
cDNA 

(at 10 weeks) 

Sprague-Dawley - 
control 

110,130 20-30 
(at 7 and 10 
weeks 
respectively) 

Stroke 
Heart failure 
Left ventricular hypertrophy 
Hypertrophic vascular rnyocytes 
Severe g lomerulosclerosis 
Thickening of walls of arcuate 

interlobular arteries 

Concentric left ventricular hypertrophy 
LVBW at 3 weeks: 6.8+/-0.26: 1' 
Hypertrophic cardiomyocytes 
Kidney lesions 

Left ventricular hypertrophy 
HW/BW 0.38+1-0.02" 
Hypertrophic cardiomyocytes 
Subendocardial fibrosis 
Kidney sclerosis and thickening of 

arterial walls 

LVBW (3 weeks): 4.4+/-0.21: 1 
HW/BW 0.29+/-0.02 

Mullins et a/., 1990 
Bohm etal., 1995 
Bachmann eta/., 1992 
Lee etal., 1991 

Ogg, 1997 

VBniant et a/., 1996 

~ ~ ~~~ 

BP measured by tail plethysmography under light anesthesia; plasma prorenin analysis for males only; LV: BW is the left venmcular mass to body weight ratio X 
lP3L HW/BW is the heart weight to body weight ratio x 100); P c 0.05, '* P c 0.01, -P c 0.001 vs. nontransgenic rats. 
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Sprague+Dawley controls (see Table I; Peters et al., 1993). The plasma prorenin 
and  renin are partly derived from the adrenal gland, as shown by bilateral adrena- 
lectomy  which decreased the concentrations by 20% and 40%, respectively 
(Bachmann et al., 1992; Tokita et al., 1995). It is important  to  note  that  the mouse 
zymogen  can be activated in rats despite amino acid  differences at the pre- 
proenzyme  cleavage site (Morris, 1992). 

The pathological alterations arising from  prolonged hypertension in 
TGR(mRen2)27 rats are shown in Figure 3 and  summarized in Table I. The mech- 
anisms  behind the cardiovascular hypertrophy are unknown,  although a direct 

Figure 3. Hypertension-induced  morphological  alterations  in  TGR(mRen2)27  rats. 
Compared  with  a  control  (a), the  tunica  media of  the  renal  arcuate  artery in TGR  (b) is 
significantly  thickened  and  there  is  expansion of the  interstitial  matrix.  Note  the 
difference in thickness of the  internal  elastic  lamina  (arrows).  There is no obvious  size 
difference of media  myocytes  between the  hypertensive  and  the  normotensive.  (a,  b: 
ultrathin  sections, X 2166.  (c)  Higher  magnification of a  TGR  renal  arcuate  artery 
revealing  increase in basement  membrane-like  material  and  collagen  fibers  between 
myocytes of the  tunica  media.  (Ultrathin  section, X 10 355.) Coronary  arteries of a  similar 
external  diameter  in  a  control  (d)  and  a  TGR  heart  (e);  note  the  increase  in  tunica  media 
thickness  as  well  as  the  obvious  myocyte  hypertrophy in the  TGR  arteriole. The TGR 
arteriole  reveals  perivascular  fibrosis.  (d,  e:  semithin  sections,  toluidine  blue, X 243.) 
Reprinted  with  permission  from  Bachmann S., Peters J., Engler E. et al. Transgenic  rats 
carrying  the  mouse  renin  gene - morphological  characteristics of a  low  renin  hypertensive 
model. Kidney Inmatiom1 1992; 41: 24-36.0  1992  Blackwell  Scientific  Inc. 
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Figure 4. Pathological  consequences  of  malignant  hypertension  in  TGR(mRen2)27  rats. 
Kidneys  from  control  rats (a) and  rats  exhibiting  malignant  hypertension (MH) (b, c) 
were  paranin-embedded,  sectioned (3 km)  and  stained  with  hematoxylin  and  eosin 
(g = glomeruli).  Fibrinoid  necrosis (b) and  myointimal  proliferation  (c)  can be observed 
in  the MH samples. Two further  features of the MH group  were the occurrence  of 
microscopic  infarcts  in  heart (d), and  microangiopathic  hemolytic  anemia (f) which  was 
absent  from the controls (e). Reprinted  with  permission  from  Whitworth C., Fleming S., 
Kotelevtsev Y. et al. A genetic  model of malignant  phase  hypertension in  rats. Kidney 
Intenzatwnall995;  47: 529-535.0 1995 Blackwell  Scientific  Inc. 

growth-promoting effect  of Ang I1 on cardiomyocytes and vascular smooth 
muscle cells has been demonstrated (Schelling et al., 1991), suggesting that  the 
local  increase in Ang I1 concentration may contribute to  the cardiac hypertrophy 
in TGR(mRen2)27. 

Malignant  phase  hypertension. Malignant hypertension (MH) is a rare clinical 
complication of human essential hypertension, and  is characterized by a rapid 
elevation  of blood pressure,  accompanied by cellular myointimal proliferation, 
endothelial swelling and fibrinoid necrosis  (Kincaid-Smith,  1982;  Wilson et al., 
1939). The renal RAS is presumed to  be activated by the renal afferent  vascular 
pathology, and  sodium and water excretion further increases blood pressure, 
leading to progressive renal damage. 

A small percentage of the original TGR(mRen2)27 animals maintained  on the 
‘Hannover’  Sprague-Dawley (HanSD) genetic background developed MH. The 
penetrance of MH increased when HanSD  rats homozygous for the Ren2 
transgene were  crossed with ‘Edinburgh’  Sprague-Dawley rats (EdinSD). 
Seventy-six per cent of the offspring showed  a spontaneous appearance of MH (see 
Figure 4), with  similar clinical features to  human MH, providing a potential 
animal model  of the  human condition. Further  studies have identified genetic 
factors  associated with the increased incidence of MH  in this model 
(Kantachuvesiri et al., 1999; Whitworth et al., 1994; Whitworth et al., 1995). 
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3.2 TGR(alAT mRen2) 

The TGR(a1AT mRen2) rats were  generated in order to study the role of  elevated 
circulating mouse prorenin levels on  the hypertensive phenotype.  Expression of 
mouse  Ren2  was directed to the liver since an  abundance of nonactivated prorenin 
would be secreted into  the circulation. Liver-specific  expression  (assessed  by 
RNase protection) was achieved  by fusing the Ren2 cDNA to a previously  charac- 
terized promoter fragment from  human a1  antitrypsin (Figure 2) (Jallet et al., 1990; 
Ogg,  1997;  Sifers et al., 1987). One  founder died at 5 weeks  of  age, exhibiting severe 
left ventricular hypertrophy, and a second founder developed malignant phase 
hypertension, as  assessed  by fibrinoid necrosis of the kidney.  Blood  pressure 
measurements, determined by  tail-cuff  plethysmography, demonstrated a steep 
rise in systolic  blood pressure from 4 to 7 weeks  of  age  (see Table I). The maximum 
blood  pressure  (approximately 200 mmHg systolic),  was similar to that reached  by 
the TGR(mRen2)27  rats, albeit at an accelerated  rate. The plasma RAS levels  were 
measured at 4 weeks  of  age  by  radioimmunoassay. Prorenin levels  were  signifi- 
cantly  elevated,  whereas  plasma  active renin, Ang I and Ang I1 levels  were not 
significantly different  from the negative  controls. Immunoprecipitation with a 
rabbit antimouse-renin antibody revealed that 75%  of active renin was  of  RenZ 
origin, although the site of mouse prorenin activation in  this model is as  yet 
unknown.  All  pathological alterations observed (Table I )  were consistent with 
either chronic or acute blood  pressure  effects. 

To estimate the timing of onset of left  ventricular  hypertrophy,  left  ventricular 
mawbody weight (LVBW) ratios  were  determined (Jones et al., 1992). By 3 weeks  of 
age the rats  demonstrated  marked  cardiac  hypertrophy  even though  no statistical 
difference in systolic  blood  pressures was observed  between  transgenic and  nontram- 
genic  animals at this age. The LVBW ratios clearly  show that left  ventricular  hyper- 
trophy occurs prior to the development  of  hypertension in this line. 

3.3 TGRlhATrpR) 

A third  line of transgenic rat, TGR(hAT rpR), which expresses rat prorenin exclu- 
sively in  the liver,  was established to facilitate comparison  between  species- 
specific kinetic differences in  the RAS (Veniant et al., 1996). The  rat prorenin 
cDNA was fused to the same promoter as that described for line  TGR(a1AT 
mRen2) (Figure 2) and RNase protection analysis, using a rat renin riboprobe, 
showed  liver-specific  expression. In, situ hybridization studies demonstrated 
reduced  endogenous renal renin expression in male  animals,  as  observed in 
TGR(mRen2)27, although  normal levels of renin staining were  seen in female 
transgenics and nontransgenic controls. Plasma prorenin, renin, and 
angiotensinogen concentrations, measured  by  radioimmunoassay,  showed that 
plasma prorenin levels  were significantly higher for both male  (400-fold  increase) 
and female  (2-3-fold increase) animals (Table I). Plasma  active renin and plasma 
AGT levels  were not elevated  for either sex  compared to nontransgenic controls. 
Importantly, despite having  normal systolic blood pressure as  young adults, the 
males exhibited cardiac and renal histopathological alterations (Table l )  (Vtniant 
et al., 1996). 
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In conclusion, since TGR(hAT rpR) rats have  similar prorenin levels to 
TGR(a1AT mRen2) but show no increase in blood  pressure until the cardiac  hyper- 
trophy  and renal  pathology are well  advanced, this suggests that increased  plasma 
prorenin is sufficient to cause  cardiac and renal  histopathology independent of 
hypertension. The increased kinetics of  mouse renin with rat substrate contributes 
to the advanced  hypertensive phenotype seen in TGR(mRen2)27 and  TGR(a1AT 
mRen2)  animals. 

4. Other  cardiovascular-related  transgenic rat strains 

4. I Human renin and angiotensinogen  transgenics 

When  the  human renin gene was introduced into  the rat genome, the rats 
remained normotensive, confirming  that  human  renin did not recognize rat AGT 
as a substrate (Ganten et al., 1992).  Likewise, rats expressing the human AGT gene 
failed to develop hypertension, again indicating species  specificity of the RAS 
system. This was further  borne  out by the observation that infusion of human 
renin into  the  TGR(hA0GEN) animals caused  elevation of blood  pressure. When 
the two lines were  crossed  together, the progeny remained normotensive, but  this 
was probably a function of low transgene expression  levels (Ganten et al., 1992). 
An equivalent series of transgenic mouse  lines,  expressing rat renin  and AGT 
(Ohkubo et al., 1990), did result in elevated  blood pressure in  the  double transgenic 
animals, and exemplifies the possibilities for using nonprimate  animal models 
expressing human transgenes,  for primate-specific in vivo analyses. 

4.2 Human endothelin-2 

A transgenic rat line overexpressing the  human endothelin-2 gene in the  kidney 
has  been  described (Hocher et al., 1996).  Since long-term activated paracrine 
endothelin has  been implicated in chronic renal failure, due  to progressive 
glomerular injury, the kidneys were  examined in detail. Using in  situ 
hybridization, the human endothelin-2 gene was found to be almost  exclusively 
expressed within the glomeruli. This resulted in significantly increased 
glomerular injury  and protein excretion, though glomerular filtration rate was 
unaltered, and blood pressure was normal. This model should be  useful  for 
studying renal endothelin in relation to kidney pathophysiology. 

4.3 Human afla,K-ATPase 

A transgenic rat line expressing the chloramphenicol  acetyltransferase reporter 
gene, driven by the  human cx,Na,K-ATPase regulatory  region was generated  (Ruiz- 
Opazo et al., 1997), in order to investigate transcriptional pressure  response  mecha- 
nisms.  Parallel  tissue-specific  regulation of the transgene and  the endogenous rat 
gene was demonstrated, as  was coordinate  load-induced deinduction of both cardiac 
and vascular  expression  of the two genes. This suggests that both the rat and the 
human have similar systolic  pressure gradient-dependent responses. 



TRANSGENIC RATS AND HYPERTENSION - CHAPTER 5 93 

4.4 ACE 

Recently, a transgenic line over-expressing human ACE under  the control of the 
rat MLC2 promotor, was described (Pinto et d., 1997). The 50-fold increase in 
cardiac specific ACE activity had  no effect on left ventricular weight under 
normal conditions. However, left ventricular hypertrophy was seen in response to 
suprarenal aortic stenosis. This suggests that increased  myocardial ACE could be 
an  independent risk factor in  the pathogenesis  of  cardiac  hypertrophy. 

5. Future  directions 

Transgenic  technology  has greatly enhanced  the development of animal models in 
cardiovascular  research, providing the pharmaceutical industry  with better tools 
for the testing and development of  new drugs. The relative speed with  which 
transgenic models  can be characterized, given that  the  underlying genetic alter- 
ation is known, is pivotal to the design of more refined models in  the future. 
Despite the subtleties of species  specificity, or  in some  cases  because  of it, much 
has  been learnt about  many aspects of hypertension and cardiovascular  biology, 
which may ultimately lead to the identification of those at risk of developing 
hypertension. 

To improve the design of transgenic  models, there are a number of strategies 
available. The inclusion of extensive flanking sequences  reduces  position  effects, 
and increases the possibility that important locus control elements  will be retained 
within the transgene,  making its expression site independent. Alternatively,  one  can 
include regulatory  elements within the construct,  which  allow the researcher  to turn 
transgene  expression on or off at will. This is  exemplified  by the tetracycline-regu- 
lated transcription system  (Gossen et al., 1995; Kistner et al., 1996)and  applications 
ofthe cre-loxp  recombination  system  (Sauer,  1998). 

Ever  more  ingenious and elegant  strategies  are  being published for the 
refinement of gene  control, but many of these depend  upon gene  targeting in order 
to replace the endogenous  copy of a given  gene  with a mutated or mutatable 
transgene  (Brocard et al., 1997; Li et al., 1996;  Meyers et al., 1998). The importance of 
ES cell  technology, and homologous  recombination  as  tools  for generating disease 
models in the mouse  has  already  been  alluded  to.  Since the development of ES cell 
technology in  the rat would  enormously  increase the possibilities  for manipulating 
the rat genome,  many  groups  are striving towards this goal (Iannaconneet al., 1994). 
Ultimately,  one  would  envisage  being able to derive ES cells from rat strains such as 
SHR, so that ‘correction’  of  candidate  genes, through homologous  recombination, 
might modify or cure the hypertensive  phenotype, and positively identify the 
underlying etiology,  with  obvious  repercussions  for the classification and treatment 
of essential  hypertension in man. 
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Mutating genes to study 
hypertension 
John H. Krege 

1. Introduction 

Normal  blood pressures are maintained  by  homeostatic regulatory systems in 
the face  of widely  varying  environmental  conditions. However, in some indi- 
viduals, a pathological interaction of environmental  and/or genetic factors 
results  in hypertension. Several complementary  approaches are being  taken  to 
determine  the causes  of this disease. One  important approach  is to analyze the 
blood pressure effects  of environmental factors, such as dietary  sodium  intake 
(Dah1 et al., 1962). Other approaches  include  searching in hypertensive and 
control  humans  or  animal  models for disturbances  in  biochemical  blood 
pressure-controlling  systems  or  in  blood  pressure-controlling  genes  (Rapp, 
1983). 

Our approach to studying the genetics of hypertension is to study the blood 
pressure effects  of experimentally mutating candidate blood pressure-controlling 
genes in mice (Krege et aL, 1995d; Smithies and Maeda,  1995). With careful 
attention to experimental design, it is possible to study the effects of these muta- 
tions as single variables free of interference from environmental influences, 
unlinked genes and linked genes. The combination of this  and  the above 
described approaches should help to clarify the complex genetic determination of 
hypertension and related diseases. We will describe some of the theoretical consid- 
erations involved in  this approach, summarize some of illustrative results from 
some  gene targeting studies, and present a classification of candidate genes  based 
on experimental results. 

2. Theoretical  considerations related to gene targeting 

This section will  discuss  some of the theoretical considerations relevant to using 
gene targeting to study blood pressure regulation. These considerations include 
the selection of genes  for  gene targeting, the choice of mutation to be generated, 
genetic background considerations, and  environmental considerations. 

Molecular Generics of Hflerrension, edited  by A.E Dominiczak,  J.M.C.  Connell  and E Soubrier. 
0 1999 BIOS Scientific  Publishers  Ltd,  Oxford. 97 



98 MOLECULAR GENETICS OF HYPERTENSION 

2. I Selection of genes  for  gene  targeting 

The selection of target genes  may be directed at testing specific hypotheses arising 
from the results of genetic analysis experiments in humans  or in animal models. 
For example, our mouse studies of the angiotensinogen gene  were motivated by 
the association of human angiotensinogen gene variants with increased circu- 
lating levels  of angiotensinogen and increased  blood pressure (Jeunemaitre et d., 
1992b). Alternatively, the selection of target genes  may be based on  the  hypothe- 
sized functions of the protein encoded by the gene. 

2.2 Choice of mutation  to  be  generated 

Almost any  mutation can be generated in mice to address relevant hypotheses 
(Bronson and Smithies, 1994). For example, mutations  can  be  induced  to elim- 
inate gene function, alter gene function quantitatively, or to alter gene function 
qualitatively. 

Often, the most initially relevant mutation is inactivation (‘knockout’)  of the 
target gene to determine what critical functions can be ascribed to the encoded 
protein (Capecchi, 1994; Koller and Smithies, 1992). This is in general  accom- 
plished by insertion of disruptive sequences (usually a selectable marker gene) 
into  the coding sequences of the target, with or without deletion of some or all  of 
the target gene. Two general comments bear mentioning. First, the strategy 
employed can affect the completeness of inactivation of a target gene. For 
example,  several groups have inactivated the mouse C f i  gene which encodes the 
murine cystic fibrosis transporter protein; groups  employing strategies that 
completely inactivated the gene  observed a severe  cystic fibrosis phenotype 
(Colledge et aL, 1992; Snouwaert et aL, 1992), while a group  employing a ‘leaky’ 
mutation  which may  have  allowed alternate splicing and  the generation of  some 
intact protein (Smithies, 1993) observed a mild cystic fibrosis phenotype  (Dorin et 
al., 1992). Second, the common practice of inserting a selectable marker gene, such 
as the neomycin-resistance gene, into  the target locus  may  have  unexpected  effects 
on the transcription of neighboring genes.  An  example of such  neighborhood 
effects  emerged from work involving the myogenic  basic-helix-loop-helix  gene 
M#4; the phenotypes of homozygous mutant mice for three different insertional 
disruption mutations of this gene  ranged  from  complete viability to complete 
lethality, with these differences being most likely due to differing effects of the 
selectable markers used on the level of expression of the adjacent MyP gene 
(Olson et al., 1996). Thus, investigators should consider gene inactivation 
strategies that include removal of the selectable marker gene and  its  promoter; 
this can be accomplished  for  example using the Cre-loxP  system  (see, e.g., Jung et 
al., 1993). If this precaution is not taken, it is important to consider the identities 
and activities of neighboring genes in  interpreting experimental results (Olson et 
d., 1996). 

However, complete inactivation of important blood pressure genes is  probably 
uncommon in  the population. Much  more commonly, genetic variants affect the 
level of function of blood pressure genes quantitatively. To study whether quanti- 
tative changes in  the level  of  gene function impact  on  phenotypes of interest, 
Smithies and  Kim have published a strategy using gene targeting to induce graded 
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quantitative change in gene function (Smithies and Kim,  1994). This 'gene 
titration' strategy involves the generation of a  strain carrying an inactivation of 
the target gene  as  well  as the generation of a second strain carrying a duplication of 
the target gene at  its  normal chromosomal location (Figure I ) .  This strategy does 
not  require  any knowledge of the relevant target gene regulatory sequences 
although successful increase of gene expression in  the  duplication mice will only 
occur  if sufficient regulatory sequences are present in each of the two  tandem 
copies of the duplicated gene.  Using appropriate breeding strategies, the investi- 
gator can study  the blood pressures of mice  having  one,  two (normal mice), three, 
and four copies  of a target gene and directly determine  whether  quantitative 
change (in  both  a positive and negative direction) in  the level  of candidate gene 
expression influences blood pressure. Sucessful demonstration of a statistically 
significant slope in  the relationship between  gene  copy number  and blood 
pressure establishes that  quantitative change in  the level of target gene expression 
directly influences blood pressure. 

Genetic variants may  also exist in humans  that exert more qualitative changes 
in gene function, resulting in  an altered protein or a  normal gene product 
expressed in differential locations. For example, the  Dahl salt-resistant (R) rat has 
coding sequence mutations of the gene  encoding 1 l-P-hydroxylase that reduce the 
capacity of the R rat  to synthesize 18-hydroxy-l l-deoxycorticosterone (180H- 
DOC). It has  been  proposed that  this  mutation may explain the robust salt resis- 
tance of the  Dahl R rat (Cicilia et al., 1993).  To test the physiological relevance of 
mutations of this type, it is possible to  either  mutate  a mouse  gene in  a precise 
fashion, such as  by altering specific nucleotides, or to replace the homologous 
mouse  gene  with that from another species (Bronson and Smithies, 1994). 
However, species differences will sometimes  complicate this approach; for 
example, neither  human  renin  nor  human angiotensinogen enzymatically 

- 
Figure 1. Schematic  diagram of the  homologous  recombination  events  used  to  generate 
two  strains of mice  having  disruption  (a)  or  duplication  (b)  of  the  target  gene  at  its 
normal  chromosomal  location  for  a  gene  titration  experiment.  The  target  gene  is  shown 
as a  black  box  (top),  the  targeting  constructs  are  shown  with  areas of homology  to  the 
target  gene  indicated  by  smaller  black  boxes  and  plasmid  sequences  indicated  by  thin 
lines  (middle).  Sites of homologous  recombination  are  indicated  by Xs. (a)  With  an i2- 
type  replacement  targeting  construct,  the  gap  between  the  two  arms of homology  is 
deleted  and  replaced  by  the  plasmid  sequences  resulting  in  the  targeted  chromosome 
shown  at  the  bottom.  (b)  With  an  O-type  insertional  recombination  event,  the  gap  is 
repaired  fiom  chromosomal  information  and  the  entire  targeting  construct  is  inserted 
resulting  in  the  targeted  locus  shown  at  the  bottom  having two copies of  the  target  gene 
separated  by  plasmid  sequences. 
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interacts with  the endogenous murine renin-angiotensin  system (Fukamizu et aL, 
1993). 

2.3 Genetic  background  considerations 

If  possible, the  breeding strategy employed should result in the experimentally 
induced  mutation  being  the  only difference  between experimental groups.  If this 
ideal cannot  be obtained, various controls can be employed  to test for confounding 
influences of linked or  unlinked genes on  the experimental results (Krege et al., 
1995d,  Krege,  1996; Smithies and Maeda,  1995). 

Theoretically, experiments  should  be  performed in a single inbred strain of 
mice SO that  the experimental mice differ only in genotype at the target locus.  For 
example, mutations are typically generated in vitro in embryonic stem  cells  from 
strain 129.  If chimeric mice generated from these cells transmit a strain 129 
gamete to a strain 129  mate,  completely inbred and genetically uniform offspring 
are obtained with  the exception of being either wild-type (+/+) or heterozygous 
(+/-), depending  on  whether  the  sperm  or egg  from the 129 carries the wild-type 
or  mutant target gene.  Heterozygous  mice  can  be mated together to generate mice 
of all genotypes (+/+, +/-, and -/-). In practice,  however, strain 129  mice breed 
poorly, are susceptible to disease, and  in  our experience are difficult to study in 
physiological experiments. These practical problems suggest that it will be 
necessary to use embryonic  stem cells  from other inbred strains in experiments 
requiring genetic rigor. 

Because  of the above limitations of strain 129  animals, chimeras (or a strain 129 
+/- male) are frequently mated to a second inbred strain  such as  C57BL/6  (B6). 
Offspring from this particular mating receive one copy  of  each  chromosome from 
strain 129 and  one copy of  each  chromosome  from strain B6. F, mice of this type 
are large and healthy due to ‘hybrid vigor’ and are genetically identical except at 
the target locus (Smithies and Kim,  1994). Thus, +/+ and +/- F, mice can  be 
experimentally compared with rigorously interpretable results. To investigate the 
impact of a mutation in a variety of genetic backgrounds, mating of the target 
strain  to several inbred strains can be used to generate a panel of F, mice having 
different genetic backgrounds. 

To obtain homozygous mutant (-/-) mice, investigators frequently intercross 
+/- F, mice to obtain F, mice of all three genotypes (+/+, +/-, -/-). 
Unfortunately, F, mice  of this type  may  suffer  from the problems of linked or 
unlinked genes. With regard to the chromosomal  region  near the target gene,  all 
mutant targeted genes and  their linked sequences  will originate from strain 129 
while all non-targeted genes and  their  linked sequences  will originate from strain 
B6 (or  whatever  second inbred strain is used). Thus, +/+ mice  will  have both 
wild-type genes and linked sequences originating from B6, +/- mice  will  have one 
wild-type gene and linked sequences  from B6 and  one targeted gene and linked 
sequences  from 129, and -/- mice will  have  two targeted genes and all linked 
sequences originating from 129. In an experiment of this type, it is important to 
note that observed phenotypic differences  may arise either from the genotype at 
the target locus or from inheritance of differing sequences linked to the target 
gene (or unlinked genes,  as  discussed  below) that  impact  the  phenotype  under 
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investigation. To underscore the importance of this point, genes with similar 
function are in fact frequently linked. For example, the genes encoding atrial 
natriuretic peptide and brain natriuretic peptide are separated by only 15 kb of 
DNA  (Huang et aL, 1996), and  the genes  for the p and y subunits of the epithelial 
sodium  channel as well  as the potentially important SA locus exist on  the  same 
segment of human chromosome  16 (Hansson et aL, 1995). 

A genetic strategy to evaluate the effects  of linked genes in an F, set in which a 
mutation is segregating  involves the generation of a parallel F2 set of mice which is 
wild-type at the target gene.  Mice  of this  second F, set can be evaluated  for the 
phenotype of interest, such as  blood  pressure, and  then genotyped at the target 
locus  for  presence of  129 or B6 wild-type target gene and linked sequences using 
restriction fragment  or  simple sequence length polymorphisms tightly linked to 
the target gene. The presence or absence of a phenotypic  impact of these 129 or B6 
wild-type target and linked sequences  will then allow a rigorous interpretation of 
the results in  the F, set involving mutant mice (Figure 2). For example, we have 
used this  approach to demonstrate  that  the increased  blood pressure observed in 
mice lacking the endothelial nitric oxide synthase (eNOS)  gene is not due  to other 
strain 129 linked genes that cosegregate with the  mutant eNOS locus  (Shesely et 
aL, 1996). 

Another way to eliminate the systematic effects  of linked genes in experiments 
involving F, animals is to generate two  mouse strains having different mutations 
in the same target gene and  compare mice  heterozygous for one  mutation  with 
mice  heterozygous  for the other mutation. For example,  mice  heterozygous for a 
disruption mutation  and mice  heterozygous  for a duplication mutation of the 
same gene  differ  systematically only at the targeted gene  locus and are directly 
comparable (Figure 3). 

In experiments involving F, animals, unlinked sequences  will usually segregate 
randomly  and independently, and will not systematically influence the results. By 
chance,  however, unlinked sequences  may sometimes segregate in unexpected 
fashion and influence the observed results. The maximal  effect of unlinked genes 
on  the blood  pressures of a group is proportional to  the  number of blood pressure- 
affecting  loci that differ  between the two strains and  the  magnitude of the effect 
imparted by  each  locus. Although these numbers are currently unknown,  the 
probability of unlinked genes  affecting the mean of a group by chance is reduced 
by increasing the size of the group. 

Investigations of the  impact of a mutation in varying genetic backgrounds can 
be  undertaken  by backcross breeding of the  mutation  into  other inbred genetic 
backgrounds. For example, a mutation generated in  strain 129  can be transferred 
into  the B6 genetic background. The transfer of a chromosomal segment of strain 
129 DNA including the induced  mutation is accomplished  by  backcross 
breedings in which offspring of successive generations are genotyped and those 
carrying the  mutation are selected  for further backcrossing to B6. Studies in back- 
cross  ‘congenic’  mice do not suffer  from problems of unlinked genes.  However, 
even after many generations of backcrossing, the  congenic  strain will  have a rela- 
tively  large  piece of strain 129  DNA, including many genes linked to the  mutant 
gene of interest. Thus, observed  differences  between congenic  and wild-type  mice 
are due to the transferred chromosomal  segment, but  the effects  of the  mutation 
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cannot  be distinguished from those of linked sequences which may  differ in  the 
two strains. A theoretical solution to this  problem would  be to transfer the chro- 
mosomal segment containing the strain 129 mutated gene into  the B6 background 
by  backcross  breeding, and  in parallel to transfer the wild-type strain 129 chromo- 
somal segment  into  the B6 background. This creates two mutant  strains  that are 
effectively B6, except  for having either the targeted or nontargeted strain 129 
chromosomal  segment. However, the two congenic strains will  also  differ at  the 
location of chromosomal  crossover on each side of the target gene, so that the 
transferred strain 129  sequences linked to the target gene  will  differ in length in 
the two strains. 

The rapid generation of  mice having  mutations in cardiovascular  genes  raises 
the exciting possibility of combining  mutations  through breeding. In the even 
more complex situation in which two or  more loci are involved,  rigorous interpre- 
tation of the  impact of  each mutation will only  be possible  if  very  careful attention 
to breeding strategies is observed. As an example of a rigorous experiment, we 
investigated the impact of genetic variation of the Ace (angiotension converting 
enzyme)  gene on atherosclerosis by introducing an insertional mutation of  theAce 
gene (Krege et al., 1995c) into  the atherogenic background  (Zhang et al., 1994) of 
heterozygosity  for a disrupted apolipoprotein e gene (Apoe) and  high fat diet. 
Strain 129  males +/-for  theAce gene mutation  (Krege et d., 1995c)  were bred to 
female  mice  homozygous  for an insertional disruption of the A p e  gene  back- 
crossed six generations to strain C57BL/6J. Resulting F, offspring  were uniformly 
heterozygous  for the Apoe mutation  and systematically  differed only in their 

Figure 2. A rigorous test for assessing the blood pressure (or other phenotype) effect of a 
mutation in two parallel sets of F, mice. The target gene is shown as a box with delta 
indicating a mutation; absence ofhatching indicates a 129 gene and hatching indicates a B6 
gene. The 129 chromosome is shown as a straight  line, the B6 chromosome as a wavy line. 
Centromeres are  not shown because of recombination. (a) The target gene and linked 
sequences of the  three possible categories of mice for the two F2 sets are shown. The first 
set (Cross I) involves mice from a +/- X +/- F, mating in which a mutation and linked 
strain 129 sequences are segregating; the second set (Cross 11) involves mice from a +/+ 
X +/+ F1 mating in which strain 129 sequences linked to a nontargeted target gene are 
segregating. (b) By comparing the blood pressure results from F, set I with the results 
from F, set 11, the investigator can interpret  the effect of the mutation on blood pressure. 
The arrozvs indicate the observed effects of the mutation or linked sequences from 
comparison of F2 set I animals A, B, and C or comparison of F2 set I1 animals D, E, and E 
The interpreted effect of the mutation is deduced from the cross I and cross I1 results. 
Up, down, and  side arrows indicate increase, decrease, and no effect  respectively. For 
example, consider permutation 2. If analysis of set I animals A, B, and C indicate that the 
mutation, strain 129 target gene, and linked sequences increase blood pressure and 
analysis of set I1 animals D, E, and F show no effect of the strain 129 target gene and 
linked sequences on blood pressure, the mutation can rigorously be  interpreted to 
increase blood pressure. Additionally, note that animal  pairs BYE and C,F differ only in 
the presence or absence of the mutation and are rigorously comparable if the F, sets were 
analyzed concurrently  Reprinted from Trends in  Cardiovascular  Medicine, vol. 6, Krege, 
J.H., Mouse systems for studying the genetics of hypertension and related disorders, pp. 
232-238, Copyright 1996, with permission from Elsevier Science. 
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genotypes (+/+ or +/-) at  the Ace locus (Figure 4). This experimental design 
therefore allowed a direct assessment of the impact  ofAce  genotypes on athero- 
sclerosis (Krege et aL, 1996). 

2.4 Environmental  considerations in evaluating  mouse  blood  pressures 

In otherwise unstressed and  intact animals, the effects of quantitative or subtle 
mutations  are likely to be small. To demonstrate small differences in cardiovas- 
cular parameters  induced  by genetic changes, the investigator should  strive to 

(a) 
Cross 1. F2 set  from +/- x +/- F1 mating 

A B C 

Cross II. F2 set  from +/+ x +/+ F1 mating 

D E F 
(b) Observed  phenotypic Observed phenotypic Interpreted 

effect of mutation, linked effect of linked effect of 
sequences or difference in sequences  or difference mutation 

target gene from in target gene from 

Permutation Cross I Cross II 

1 4 
2 4 
3 4 

4 * 
5 U 
6 w 

7 + 
9 + 8 + 

4 

+ c) 

4 

+ 
4 

+ 

c) 

c) 



104 MOLECULAR GENETICS OF HYPERTENSION 

Taqet gene 
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Figure 3. The gene titration approach results in F, animals  having zero,  one, two, three 
and  four copies of the target gene. The target gene is shown as a box with delta indicating 
a  mutation; absence ofhatching indicates  a 129 gene and hatching indicates  a B6 gene. The 
129 chromosome  is  shown as a straight line, the B6 chromosome as a wavy line. 
Centromeres  are not shown because of recombination.  Note  that  animals  having  one  and 
three copies of the target  gene differ systematically only  in  inheriting  a  disrupted or a 
duplicated  strain 129 target gene. Additionally, animals  with zero and  four copies are 
rigorously comparable. Reprinted  from Trends in  Cardiovascular  Medicine, vol. 6, Krege, 
J.H., Mouse systems for  studying  the genetics of hypertension  and  related disorders, pp. 
232-238, Copyright 1996, with permission from Elsevier Science. 

eliminate all other variables  between experimental groups. Attention should be 
given to age, diet, time of  day, smells and sounds, and uniformity of handling 
procedures. 

We have described a noninvasive computerized tail-cuff  system  developed  for 
the mouse  as  well as an invasive intra-arterial blood pressure protocol (Kregeet d . ,  
1995a). These two complementary  methods allow  blood pressure evaluations 
under two different environmental conditions. The tail-cuff  system requires 
restraint, heating, and training of the mice; the intra-arterial approach is in awake, 
unanesthetized mice at least 4 h after surgery. We have established a correlation 
(R=0.86) of blood pressures in mice  given enalapril, L-NAME or  nothing  in  their 
drinking water first evaluated  by  tail-cuff and subsequently by intra-arterial 
methods while awake and unrestrained (Kregeet d . ,  1995a).  Nevertheless, it is not 
anticipated that these differing environmental conditions will always  give 
concordant results. Data Sciences (St Paul, Minnesota, USA) has  developed a 
radiotelemetry system  for the mouse, a smaller  version of the system  available for 
the rat (Brockway  et aL, 1991), that  should provide new experimental options and 
precision in using the laboratory mouse  for  blood pressure investigation. 

3. Gene targeting studies of the renin-angiotensin  system 

This section will describe results from  gene targeting studies involving compo- 
nents of the renin-angiotensin system. 
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Figure 4. An  example  strategy  for  combining two mutations  to  generate  mice  genetically 
uniform  except  at  a  target  locus.  The  target  gene  is  shown  as  a box with delta indicating  a 
mutation; absence ofhatching indicates  a 129 gene  and hatching indicates  a B6 gene. The 
129 chromosome  is  shown  as  a straight  line, the B6 chromosome  as  a waery line. 
Centromeres  are  shown  as circles in  some  mice  and  are  not  shown  in  other  mice  because of 
recombination.  (a)  Parental  mice  are  a  strain 129 male  mouse +/- for  a  disruption  of  the 
chromosome 11  Ace gene  (and +/+ for Apoe) and  a  strain B6 (backcrossed)  female -/- for 
a  disruption  of  the  chromosome 7 A p e  gene  (and +/+ for Ace). (To be  precise,  it  should 
be  noted  that  the  strain 129 sequences  flanking  the  mutation  may  differ  in  size  in  the 
chromosome 7 pair of the  strain B6 backcrossed  female.)  (b) The  two types of offspring 
are  shown  and  differ  only  in  the  presence  or  absence of the  chromosome 11 mutation of 
the Ace gene.  Note  that  all  offspring  receive  a B6 X chromosome;  females  will  also  inherit 
a 129 X chromosome  while  males  will  also  inherit  a 129 Y chromosome.  Reprinted  from 
Trends in Cardiovascular  Medicine, vol. 6, Krege, J.H., Mouse  systems  for  studying  the 
genetics of hypertension  and  related  disorders,  pp. 232-238, copyright 1996, with 
permission  from  Elsevier  Science. 
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3. I Angiotensinogen  gene 

After  reviewing six lines of evidence suggesting the angiotensinogen (AGT)  gene 
(AGT in human, Agt in mouse)  as a hypertension candidate gene, Jeunemaitre et 
al. (1992b) found  that siblings sharing hypertension also shared genotypes at  the 
AGT locus more frequently than would  occur  by  chance. Further, the M235T 
variant, which causes a threonine rather than a methionine to  be present at 
position 235  of the protein, was significantly more prevalent in hypertensive 
patients than in controls. Finally, inheritance of the M235T variant compared to 
M235  was found  to  be associated with  approximately 20% higher steady state 
plasma AGT concentrations. These studies suggested that genetic variation ofthe 
AGT gene associated with increased circulating levels  of angiotensinogen may 
confer increased risk for hypertension. 

The observed quantitative change in level  of AGT being associated with 
increased  blood pressure motivated  the development of the gene titration 
approach to directly test experimentally whether changes in the level ofAgt gene 
expression  were  blood pressure determining (Smithies and Kim,  1994).  Mice 
engineered to have one  and three copies of the  murine Agt gene demonstrated 
steady state circulating AGT levels of  35% and 124%  of that observed in wild-type 
mice. These results demonstrated  that altering gene  copy number quantitatively 
influences the level  of  gene product. Smithies and  Kim  concluded  that  being able 
to genetically increase or decrease the expression of a gene  over  physiological 
ranges without altering the chromosomal location or sequence of the gene or its 
regulatory elements offered a promising  approach to analyzing complex quanti- 
tative genetic traits. (The less than 150% levels  of AGT in mice having three 
copies of the Agt gene  suggests that  the two tandem genes introduced by  the gap 
repair gene targeting function at a less than  normal level, due either to  the 
presence of the neomycin-resistance gene  between the two tandem copies or else 
to inadequate regulatory sequences  for one  or  both duplicated copies.) 

In independently generated strains, two groups  (Kim et al., 1995;  Tanimoto et 
al., 1994) found  that blood pressures in mice  completely lacking the  coding 
sequences  for angiotensin were about 25 mm Hg lower than those in wild-type 
mice, indicating that AGT is essential for the  maintenance of normal blood 
pressure.  Additionally, Kim et al. reported a severe kidney pathology in mice 
lacking AGT characterized by thickening of the medial  layer of blood  vessels  of 
the  kidney  and cortical atrophy, indicating that angiotensinogen is necessary  for 
normal  kidney vasculature and  maintenance of renal cortex in the mouse. The 
presence of this  kidney pathology was studied in more detail in a third indepen- 
dently generated strain  having a functionally similar&  mutation  (Niimura et al., 
1995). 

Because complete absence  of AGT is probably exceedingly  uncommon, the 
blood pressure results of mice having quantitative variation in  the  number  ofAgt 
genes is probably  more relevant to understanding blood pressure variation in the 
human population. In mice having from one to four copies of the Agt gene, we 
observed that  the slope of the relationship between intra-arterial blood pressure 
and gene  copy number was 8.3 mm Hg per Agt copy (Kim et al., 1995). These 
results in F, mice  were not due to effects of sequences linked to  the A@ locus 
because  mice  heterozygous  for the duplication (three-copy mice)  had significantly 
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higher blood pressures than mice  heterozygous  for the disruption (one-copy 
mice).  Because these mice  differ  systematically only in Agt genotype, it was estab- 
lished that Agt copy number directly and causatively influences blood  pressure. 

Mice having  mutations in  important blood pressure regulatory genes  would be 
expected to demonstrate homeostatic adjustments directed at  normalizing blood 
pressure. The above-mentioned observation of 35% rather than  the expected 50% 
circulating angiotensinogen levels in mice  heterozygous  for the Agt disruption 
suggest the possibility of relatively  increased consumption (conversion to 
angiotensin I) of angiotensinogen generated from the  remaining functional Agt 
copy. This hypothesis was supported by the  finding  that mice having  only  one 
functional Agt gene had elevated  plasma renin levels; the levels in F, heterozygous 
mice  were 250% those of otherwise identical F, wild-type mice (Kim et d . ,  1995). 
This finding suggests that Agt genotype might have different effects in other 
genetic backgrounds. For example, it is reasonable to hypothesize that  mutations 
in the gene  for angiotensinogen might have an increased (or decreased)  effect 
within genetic backgrounds differing at  the  renin locus. 

3.2 Renin  gene 

The genes encoding  renin have  been  of considerable interest in  the investigations 
of hypertension both in humans  and in animal models  (St. Lezin  and Kurtz, 
1993). The mouse renin locus  has the interesting feature that some inbred strains, 
such as strain B6, have a singleton renin gene (Ren-lc), while other strains such as 
129  have  two tandemly arranged renin genes (Ren-2 and Ren-Id; Abel and Gross, 
1990). These genes  differ in conferring different patterns of tissue renin 
expression;  for  example, the two-renin-gene locus  confers high levels  of renin 
expression in the submandibular  gland  and adrenal gland, while the  one renin 
gene  locus  confers  very little  renin gene  expression at these sites (Sigmund  and 
Gross,  1991). The mouse Ren-2 gene is  at least partially regulated by androgens 
(Wagner et d . ,  1990;  Wilson et d . ,  1981) with expression ofRen-2 being higher in 
some  tissues in males than  in females. 

Interestingly, rats transgenic for the mouse Ren-2 gene  expressed predomi- 
nantly in  the adrenal gland  develop fulminant hypertension (Mullins et d . ,  1990). 
Thus, because rats transgenic for the Ren-2 gene are hypertensive and because the 
Ren-2 gene is expressed in some  tissues at higher levels in male than  in female 
mice, a testable hypothesis is that inheritance of the two-renin-gene locus in mice 
might confer  increased  blood  pressure,  especially in males.  Experimentally, this 
was indeed  the case in two F, sets of strain 129 x B6 mice, in which sequences at 
or linked to the mouse two-renin-gene locus on chromosome 1 were linked to 
increased  blood pressures in male but not female  mice (Krege et d . ,  1995b). 

Targeted inactivations of each renin gene  has been accomplished  (Clark et d . ,  
1997; Sharp et d . ,  1996). Sharp et al. observed that mice lacking the Ren-2 gene  are 
healthy and viable, and have  tissues and resting blood pressures that were indis- 
tinguishable from  wild-type. Interestingly, compared to wild-type mice having 
both  renin genes,  mice lacking Ren-2 had  increased  plasma renin concentrations 
and  reduced plasma prorenin concentrations. This data suggests that in the 
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absence of tissue expression of Ren-2, increased circulating renin is generated 
from Ren-I resulting in maintenance of normal blood pressure homeostasis. 

Clark et al. (1997) inactivated the Ren-Id gene  by replacing part of  exon 3 and 
intron 3 with  the neomycin-resistance  gene. Although blood pressures in male 
mice lacking Ren-Id were indistinguishable from  wild-type,  blood pressures in 
female  mice lacking Ren-Id were  reduced  by  12.7 mmHg compared to wild-type. 
Sexually dimorphic changes  were  also  observed in plasma renin concentrations: 
males lacking the Ren-Id gene had plasma renin concentration indistinguishable 
from  wild-type, while females lacking the Ren-Id gene  had reduced plasma renin 
concentrations. In both male and female mice lacking Ren-Id, plasma prorenin 
concentration was increased compared to wild-type. These overall  data indicate 
that  in mice having  only Ren-2 genes,  males but not females are able to maintain 
their plasma renin concentrations and blood  pressures. A major  lesson  from these 
complex results is clear - the functional effects  of mutations in genes that have 
sexually dimorphic expression patterns may frequently also  be  sexually 
dimorphic. 

An additional finding of importance was that absence of Ren-Id resulted in 
altered morphology of macula  densa  cells and complete  absence  of  juxta- 
glomerular cell granulation. Compared to  the granularity of juxtaglomerular  cells 
from  wild-type  mice,  mice lacking Ren-Id exhibited diffise, uniform, low-level 
cytoplasmic renin staining consistent with constitutive secretion rather  than 
high-level storage in granules. The authors concluded  that Ren-Id gene 
expression is essential for secretory granule formation and maturation. 

In these gene targeting studies of the renin genes  (Clark et al., 1997; Sharp et al., 
1996), the investigators maintained  an entirely inbred genetic background by 
breeding  their male  chimeras, which were derived from  typical strain 129/01a 
embryonic  stem cells, with stain 129/01a  females.  By examination of  coat  color, 
the investigators selected offspring that had  received a strain 129/01a  gamete  from 
the  chimera  and were therefore inbred strain 129/01a  mice. With  this approach, 
the investigators achieved genetic rigor in  that  the experimental mice  differed 
genetically only in genotype at the target locus. In  our hands, the difficulty of this 
approach is that inbred strain 129/01a  mice are small and breed  poorly. 

Because the Ren-2 and Ren-Id genes are tightly linked, it is unlikely that  the 
above described mutations in  the renin genes  can be  combined  through breeding. 
However, it may be possible to generate a targeting construct designed to delete 
the whole of the Ren-2,  Ren-Id locus and  hence inactivate both genes. 

3.3 Angiotensin-converting  enzyme  gene 

The angiotensin-converting enzyme  (ACE) gene (ACE in humans,Ace in mice) is 
composed  of two homologous  regions and codes  for both a somatic isozyme found 
throughout  the body, including bound to endothelial cells and in  the circulation, 
and a testis isoenzyme found  only in post-meiotic developing and  mature  sperm 
(Bernstein et al., 1989; Sibony et al., 1993; Soubrier et al., 1988). Pharmacological 
inhibitors of  ACE are commonly used  for the treatment of hypertension in human 
patients. Experiments  with hypertensive rats (Hilbert et al., 1991; Jacob et al., 
1991) and some (Duru et al., 1994;  Morise et al., 1994;  Zee et al., 1992), but not 
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other  (Harrap et al., 1993; Higashimori et al., 1993; Jeunemaitre et al., 1992a; 
Schmidt et al., 1993), studies of humans suggest that sequences at  or linked  to  the 
gene influence blood pressure. 

We reported the generation and physiological evaluation of  wild-type, 
heterozygous, and homozygous mutant mice for an insertional disruption of both 
ACE  isozymes  (Krege et al., 1995~). Serum  ACE activities were  reduced in  the 
heterozygous mutant mice and were not significantly different from zero in  the 
homozygous mutant mice. The homozygous mutant animals  showed three major 
phenotypes: first, their blood pressures were  reduced  about  33 mm Hg compared 
to wild-type, demonstrating  that ACE is essential for the  maintenance of normal 
blood pressures. Second,  homozygous mutant males and females demonstrated  a 
severe kidney pathology indistinguishable from that observed in mice lacking the 
gene for angiotensinogen. Third, male but  not female  mice lacking ACE  demon- 
strated significantly reduced fertility. 

Another group generated and  studied mice  having a functionally similar 
disruption of the Ace gene (Esther et al., 1996). The three  findings above  were 
confirmed  with the  additional  finding  that homozygous mutant kidneys  have a 
thin medulla with dilated renal calyces.  Additional  experiments  revealed that 
mice lacking ACE demonstrated  an approximately  2-fold increased creatinine. 
Also, urine  output of mice lacking ACE under  both  normal  and  fluid restricted 
conditions was approximately  2-fold increased; this  finding was accompanied  by 
an  approximately  2-fold decreased urine osmolality and  urine aldosterone concen- 
tration. 

Because a common  polymorphism of the human ACE gene exists which is asso- 
ciated with about a 35% change in circulating ACE  levels (Tiret et al., 1992), the 
results of quantitative change in Ace gene expression are probably  more relevant to 
understanding  the physiological role of  ACE in regulating blood pressure. 
Towards this end, both groups studied  the blood pressures of mice  heterozygous 
for Ace gene inactivation. Krege et al. (1995~) found  that  the blood pressures of 
heterozygous mutant female  mice  were not significantly different from wild-type, 
but  the blood pressures of heterozygous mutant male  mice  were  lower than wild- 
type controls. Esther et al. (1996)  found no difference in  the blood pressures of 
heterozygous and wild-type males or females. In  our study of the role of the Ace 
gene in atherosclerosis, we also did  not observe blood pressure differences 
between +/+ and +/- males or females (Krege et al., 1996). 

We have subsequently used the gene  titration  approach  to  more  definitively 
assess the cardiovascular effects of quantitative  variation in Ace gene copy 
number  (Krege et al., 1997). Study of more  than 150  mice having one, two (wild- 
type), or  three copies of the  murineAce  gene showed that  quantitative increase 
in Ace gene  copy number  resulted in a  roughly  linear  increase in circulating 
ACE  levels, but  did  not directly  influence blood pressure. However, we have 
observed three  phenotypes  demonstrating  that  quantitative  change in Ace gene 
copy number does influence  the cardiovascular system. Ace gene copy number 
was inversely related to modest but statistically  significant changes in  heart  rate 
and  heart weight. Also,  mice  heterozygous for the Ace gene  inactivation  had 
significantly  higher  kidney  renin mRNA levels than  otherwise genetically iden- 
tical wild-type controls. Clearly, additional work is  needed to  determine 
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whether in different  environmental or genetic backgrounds, full homeostatic 
compensations of this type become inadequate  and  demonstrable blood pressure 
changes  become observable. 

3.4 Angiotensin type IA receptor  gene 

The physiological effects  of angiotensin I1 are mediated  by  two  pharmacologically 
distinct receptor types designated AT1 and AT2. In rodents, two subtypes of AT1 
exist,  with ATlA being present in  higher  amounts  than ATlB  in most tissues 
except the adrenal gland and the anterior pituitary. In a study of humans with 
essential hypertension, an association between several AT1 receptor gene  poly- 
morphisms  and  hypertension but not linkage of a highly polymorphic  AT1 
marker  in 267 hypertensive sib pairs was observed  (Bonnardeaux et al., 1994). The 
authors concluded that  their  results were  compatible  with a common variant of 
the AT1 receptor gene imparting a small effect on  human blood pressure. 

Two groups  used  gene targeting to inactivate the  murine gene  encoding the 
ATlA receptor (AgwZA) (It0 et al., 1995;  Sugaya et d . ,  1995). Studies by Ito et al. 
showed that complete  absence of the  ATlA receptor resulted in virtual absence of 
AT1 binding  in  the kidney. In contrast to mice lacking AGT or ACE, mice lacking 
the  ATlA receptor had  normal  kidney  histology. In mice lacking this receptor, 
acutely infused angiotensin I1 had virtually no effect on blood pressure, and 
resting blood pressures were 24-43 mm Hg lower than wildtype controls. Sugaya 
et al. also observed this blood pressure result, and also dramatically increased 
kidney renin mRNA and plasma renin concentration in mice lacking the  ATlA 
receptor. 

To study  quantitative change in Agwla gene function, both groups also 
compared the blood pressures of wild-type and heterozygous mutant mice.  Both 
groups  observed a significant reduction ranging  from  10 to 17 mm Hg  in  the blood 
pressures of heterozygous  mice, indicating  that  quantitative change in  the level of 
function of  theAgwZa  gene is indeed  blood pressure determining. 

3.5 Angiotensin type IB receptor  gene 

The targeted  replacement (and hence elimination) of the mouse ATlB gene (Agcrlb) 
with the lacZ reporter gene  has  been reported (Chen et al., 1997).  As an  assay  for iden- 
tifying cells  having AgcrZb gene transcriptional activities,  tissues of homozygous 
mutant mice  were stained with  p-galactosidase  as  an  assay  for  lacZ  activity. p- 
Galactosidase staining was  observed in adrenal zona  glomerulosa  cells and in the 
testis,  with  lower  levels in anterior pituitary cells  and choroidal plexus  vessel  walls; 
activity was not observed in the kidney,  liver,  lung, or heart.  Homozygous mutant 
mice  were indistinguishable from  wild-type  mice in assays  of  histology,  blood  pres- 
sures,  and  plasma aldosterone levels. These results indicate that  the  ATlB receptor 
does not appear to be  essential  for  normal  cardiovascular  homeostasis. 

In  the initial characterization of mice lackingdgwlb, no important roles for the 
gene  were identified. In cases  of this type, additional genetic or environmental 
perturbations of the  mutant mice  may  be necessary to identify  functional signifi- 
cance for the gene. For example,  as  noted  above,  mice lacking Agt or Ace but not 



MUTATING GENES TO STUDY HYPERTENSION - CHAPTER 6 11 1 

mice lacking AgtrZa have reduced survival and a severe kidney defect.  However, 
mice generated through  breeding  to lack both AgtrZa and AgtrZb have  reduced 
survival and a severe kidney  phenotype similar to  that present in mice lacking& 
or Ace (Tsuchida et al., 1998). Thus, the presence of either AgtrZa or AgtrZb is 
essential for normal survival and  kidney morphology. 

3.6 Angiotensin type 2 receptor  gene 

The high levels  of  expression  of the AT2 receptor in fetal  tissues (Grady et al., 
1991) and certain brain nuclei (Tsutsumi and Saavedra,  1991)  suggested  possible 
roles  for the receptor in growth,  development, and  neuronal functions. The 
cardiovascular significance of this receptor was previously  unclear. 

In situations involving genes of unclear function, the most informative 
mutation is the gene inactivation. To determine the physiological  role of the AT2 
receptor, two groups  (Hein et al., 1995; Ichiki et al., 1995) disrupted the X chro- 
mosome AgtrZ gene in embryonic  stem cells.  Mice lacking this gene  grew and 
developed normally  and were  histologically indistinguishable from  wild-type. 
However,  mice lacking the receptor had significantly reduced exploratory 
behavior (Ichiki et al., 1995) or spontaneous movements (Hein et al., 1995). 
Because the AT2 receptor has  been implicated in  the dipsogenic response, Hein et 
al. studied the water intake of hemizygous and wild-type males  after  cessation of a 
40-h period of water deprivation, and observed that mice lacking the receptor 
drank significantly less  water than  normal mice. 

Regarding the role of the receptor in cardiovascular regulation, both teams of 
investigators studied the baseline  blood  pressures and responses to captopril or 
infused angiotensin I1 in male  hemizygous (lacking their only X-chromosome 
located AgtrZ gene) and wild-type mice. Hein et al. reported that absence of the 
receptor did not influence baseline  blood pressures or  the response to acutely 
infused angiotensin 11, while Ichiki et al. found  that the baseline  blood pressures 
of mice lacking the receptor were significantly increased  compared to wild-type. 
Both groups also  evaluated the blood pressure responses of hemizygous and wild- 
type  males to infusions of angiotensin I1 given under conditions in which 
endogenous  production of angiotensin I1 was blocked  by concomitantly adminis- 
tered ACE inhibitors. In these experiments, mice lacking the AT2 receptor 
showed significantly increased  blood pressure responses to infused angiotensin 11 
compared to normal mice. The results of these experiments suggest that  the blood 
pressure effect  of the AT2  receptor is to antagonize the AT1-mediated  pressor 
action of angiotensin 11. 

For illustrative purposes, we will  discuss two possible genetic explanations for 
the different conclusions regarding the impact of theAgtr2  mutation on baseline 
blood  pressures. First, the results in one or both  experiments may  have  been 
systematically influenced by linked genes: the targeted Am2 gene and linked 
sequences  were  always  from strain 129, while the nontargeted AgtrZ gene and 
linked sequences  were  from B6 in  the  Hein et al. (1995) study and  from strain 
FVB/N in  the Ichiki et al. (1995)  study.  To evaluate the potential effects of linked 
genes, the investigators could  compare  the baseline  blood pressures of 
hemizygous  males with those of otherwise genetically similar wild-type  males 
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whose nontargeted Agtr2 gene and linked X-chromosome  sequences  were  also 
from strain 129.  As a second explanation, the breeding strategy used  by Hein et al. 
gave a genetic background of approximately 50% strain 129 and 50% strain B6, 
while the  breeding strategy of Ichiki et al. gave a genetic background of approxi- 
mately 25% strain 129 and 75% strain FVB/N. Thus,  the  impact of the functionally 
similarAgzr2 mutations may  have  differed within these genetic backgrounds. 

4. A classification of candidate  blood  pressure  genes 

This section will describe a way to  think  about  the outcomes  of  cardiovascular 
gene targeting experiments. In general, the first investigation of a cardiovascular 
gene is gene inactivation; studies in mice lacking a cardiovascular  gene are useful 
in determining  whether  the  gene  is essential or not essential for normal blood 
pressure regulation. As described in  the preceding section, overt phenotypes were 
observed  for almost all null mutations of renin-angiotensin  system  genes, 
supporting the central importance of this system in blood pressure homeostasis. 

Because  complete inactivation of cardiovascular  genes is probably unusual, the 
cardiovascular  effects of quantitative changes in gene function are particularly 
relevant to predicting the blood pressure effects of genetic variation within the 
human population. We propose  that candidate genes  may be classified by  the 
observed  cardiovascular  effects  of quantitative variation in  their function in mice 
(Table l ). 

As discussed  above,  gene titration  experiments in mice having one, two, three 
or four copies of the  murine gene  for angiotensinogen have demonstrated  that 
quantitative variation in this gene directly influences blood  pressures (Kim et al., 
1995), indicating that  the angiotensinogen gene is of the type we will  call  Class I. 
Sequence variation that quantitatively affects the level  of function of homologous 
human genes  classified in mice as class I would therefore be  expected to directly 
affect  blood  pressures. 

However, studies in mice  having quantitative variation in the level  of  ACE gene 
function revealed that compensatory  homeostatic adjustments were  present in  the 
heart rate and  kidney renin mRNA concentrations of mutant mice; it is likely that 
these and other compensatory adaptations normalize the blood  pressures (Krege et 
al., 1997). The ACE gene is therefore of the type we will  call  class 11. The significance 
of  class I1 genes is that quantitative changes in the expression of these  genes,  when 
accompanied by additional genetic or  environmental factors,  may  measurably  affect 
blood  pressures  by  stressing the homeostatic  machinery  beyond its limits.  For 
example,  mice  wild-type and heterozygous  for  an  inactivation mutation of the atrial 
natriuretic peptide gene  had indistinguishable blood  pressures in experiments 

Table 1. A classification of  candidate  genes based on the  cardiovascular  effects o f  quantia- 
tively  varying  their  function 

Class I: Measurably affects blood pressures 
Class II: Compensatory adaptations normalize the blood pressures 
Class 111: No measurable compensatory adaptations or changes in blood pressures 
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involving a 0.8% sodium chloride diet; however, the blood  pressures of 
heterozygous  mice  significantly  exceeded  those  of  wild-type  mice in experiments 
involving a 8% sodium chloride diet (John et d., 1995). Thus,  the gene  encoding 
atrial natriuretic peptide is a class I1 gene  because quantitative changes in its 
expression  affect  blood  pressures  when  accompanied  by the additional factor of a 
high salt  diet. The existence of  class I1 genes  emphasizes the need to explore both 
genetic  variants and the context in which they exist. 

In some  cases, it may  be informative to find that quantitative change in  the level 
of function or even complete inactivation of a gene  unexpectedly  does not 
influence cardiovascular  phenotypes. For example, we have studied the cardiovas- 
cular effects  of genetic reduction and complete inactivation of the gene encoding 
estrogen receptor m. Mice lacking this receptor have quite severe reproductive 
abnormalities (Lubahn et al., 1993). However, estradiol inhibits  the  normal prolif- 
erative response to carotid artery injury in mice lacking estrogen receptor a 
(Iafrati et al., 1998). Additionally, we have found  that absence of this estrogen 
receptor in both males and females  does not influence blood  pressures, heart rates, 
heart or  kidney weights, or lipid profiles (J. Moyer et al., unpublished data). These 
results indicate that  the cardiovascular  effects of estrogen are not  mediated by 
estrogen receptor a and  that  the gene  for this receptor  is  an  example of a class I11 
gene. A candidate receptor  for mediating the cardiovascular  effects of estrogen is 
the recently reported estrogen receptor p (Kuiper et d., 1996). We have generated 
mice lacking estrogen receptor b  and  found  that male  mice lacking this receptor 
reproduce  normally  and female  mice lacking this receptor have subtle repro- 
ductive abnormalities (Krege et d., 1998). Investigations are underway to 
determine  the role of estrogen receptor p in cardiovascular  homeostasis. If the 
cardiovascular and reproductive effects of estrogen are mediated by different 
receptors, it may be possible to develop drugs that confer the beneficial  cardiovas- 
cular effects of estrogen without conferring its adverse reproductive effects such as 
increased  risk  for breast and uterine cancer. 

The proposed  classification of candidate genes according to their effects in gene 
targeting experiments may be useful in  thinking  about  the complex effects of 
mutations  on whole animal biology and also in making predictions of  how and 
under  which circumstances human genetic variants are likely to affect blood  pres- 
sures.  Specifically, it is  reasonable to predict that class I genes such as the 
angiotensinogen gene are likely to directly affect resting blood pressures in  the 
population, class I1 genes such as the ACE gene are likely to affect blood pressures 
only in  the presence of additional genetic or  environmental factors, and class 111 
genes such as the estrogen receptor a gene are unlikely to affect blood pressures 
under  any circumstances. 

5. Summary and the future 

Our  approach to studying blood pressure regulation is to analyze the blood 
pressure effects of mutating genes in  the mouse. With carefully planned experi- 
mental designs and controls, it is possible to study the effects of these mutations 
as single variables. The  first mutation usually involves inactivation of the target 
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gene  for determination of whether the gene is essential for normal homeostasis. 
Mice lacking the genes  for angiotensinogen, angiotensin-converting enzyme, 
and  the angiotensin type 1A receptor, for examples, all have significantly reduced 
blood  pressures, indicating that these genes are essential for normal blood 
pressure regulation. 

Common  variants of blood  pressure determining genes are likely to influence the 
level  of gene  expression; to test whether the quantitative level  of gene  expression 
directly  influences  blood  pressure, we use the gene titration approach in which  mice 
are  generated  having  decreased,  normal, and increased  expression  of the target  gene 
for  development of a blood  pressure  dose-response  curve.  Using this approach, we 
have  observed that angiotensinogen  gene  copy number directly  influences  blood 
pressures,  while  angiotensin-converting  enzyme  gene  copy number results in 
compensatory  changes that likely  normalize the blood  pressures. 

We propose a classification of candidate genes  based on  the experimental effects 
of quantitatively varying their level  of  expression in mice.  Class I genes are those 
genes that directly affect  blood  pressures;  class I1 genes are those genes in which 
compensatory adaptations normalize the blood  pressures;  class I11 genes are those 
genes that result in no measurable compensatory adaptations or changes in blood 
pressures. 

Although most  of the  initial work in  the field of gene targeting has  been 
directed at mutating individual genes,  second generation experiments in which 
more  than  one  mutation are combined  through  breeding will likely shed  light  on 
how individual genetic variants interact with  other genetic factors. For example, it 
will be  important  to test the hypothesis that  the angiotensin-converting enzyme 
gene, a class I1 gene, directly affects  blood pressures when combined  with other 
mutations  or  environmental factors. 

It is anticipated that  the widespread application of these sorts of genetic 
approaches in combination  with careful  physiological  analyses  will help to clearly 
resolve the complexities  of the genetics of blood pressure control. 
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Monogenic forms of 
mineralocorticoid 
hypertension 
Perrin C. White 

1. Introduction 

A useful way to analyse the contribution of genetic factors to the  development of 
human hypertension is the study of hypertensive syndromes  inherited as  mono- 
genic traits. The syndromes  that have  been identified and studied thus far are all 
caused  by direct or indirect dysregulation of the kidneys’  system for controlling 
intravascular volume through  sodium resorption from the urine. 

The regulated step in renal sodium resorption is passive  diffusion through  a 
sodium-permeable  channel in  the apical membranes of epithelial cells lining  the 
distal convoluted tubule and collecting duct. Activating mutations in regulatory 
subunits of this  channel lead to Liddle’s syndrome  which  is characterized by 
excessive resorption of sodium, increased intravascular volume and hypertension. 
The normal regulator of this  channel  is  a steroid, aldosterone,  secreted  by the 
adrenal cortex.  Because aldosterone regulates sodium resorption and potassium 
excretion, it is referred to as a ‘mineralocorticoid’  hormone. 

Aldosterone  increases resorption of sodium from the  urine  through  at least two 
mechanisms (Figure I, reviewed in White, 1994). It increases the apparent number 
of epithelial sodium channels. This may  reflect an increase in  the percentage of 
time  that each channel stays  open,  possibly mediated  by methylation of the 
channel (Duchatelle et d., 1992), and/or an increase in  the actual number of 
channels (Palmer  and Frindt, 1992). Aldosterone  also  increases synthesis of a 
sodium/potassium ATPase  located in  the basolateral  cell membrane which 
generates the electrochemical gradient that drives diffusion through  the  sodium 
channels (Horisberger and Rossier, 1992). These actions are the result of tran- 
scriptional effects mediated by a specific nuclear receptor referred to as the  miner- 
alocorticoid or ‘type 1 steroid’  receptor. These receptors are expressed in renal 
distal tubules and cortical collecting ducts and also in other mineralocorticoid 
target tissues, including salivary glands and  the colon. Mineralocorticoid 
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receptors are also  expressed in the myocardium (Lombes et al., 1995) and aldos- 
terone has direct actions on  the heart in animal studies including induction of 
myocardial hypertrophy  and fibrosis (Brilla et al., 1993;  Young et al., 1994). 

Excess secretion of aldosterone or other mineralocorticoids, or  abnormal sensi- 
tivity to mineralocorticoids, may result in hypokalemia, suppressed plasma renin 
activity and hypertension. This chapter reviews studies of several such conditions. 
In order to understand  the pathophysiology  of these disorders, it is first necessary 
to review  several  aspects  of aldosterone biosynthesis and action. 

2. Normal synthesis  and  actions of aldosterone 

2. I Enzymes  required  for  synthesis  of  aldosterone and cortisol 

Cortisol is synthesized from cholesterol in  the zona fasciculata of the  adrenal 
cortex. This process requires five enzymatic conversions (Figure 2): cleavage  of 
the cholesterol side-chain to yield pregnenolone, 17a-hydroxylation and 3p- 
dehydrogenation  to 17-hydroxyprogesterone7 and successive hydroxylations at 
the 21 and l l p  positions. A ‘17-deoxy’ pathway  is also active in  the zona fascic- 
ulata, in which  17a-hydroxylation does not occur  and the final product is 
normally corticosterone. 

Aldosterone is synthesized via a similar 17-deoxy  pathway in  the adrenal zona 
glomerulosa.  However, corticosterone is not  the final product in  the zona 
glomerulosa; instead, corticosterone is successively  hydroxylated and oxidized at 
the 18 position to yield  aldosterone. 

The same  enzymes  catalyze cholesterol side-chain cleavage, 3p-dehydro- 
genation and 21-hydroxylation,  respectively, in  the zona  fasciculata. Although 
cortisol and aldosterone syntheses both require 11P-hydroxylation of steroid 
intermediates, these steps are catalyzed  by different isozymes,  respectively termed 
steroid 11  p-hydroxylase and aldosterone synthase (reviewed in White et al., 1994). 
The  latter isozyme  catalyzes the  subsequent 18-hydroxylation and 18-oxidation 
steps required for aldosterone synthesis as  well  as  11P-hydroxylation, and  thus 
itself converts deoxycorticosterone to aldosterone (Curnow et al., 1991;  Kawamoto 
et al., 1990a;  Kawamoto et al., 1992; Ogishima et al., 1991). 

Figure 1. Schematic of mineralocorticoid  action. Top: a  normal  mineralocorticoid  target 
cell in  a  renal  cortical  collecting  duct.  Aldosterone  occupies  nuclear  receptors (MR) that 
bind  to  hormone  response  elements,  increasing  transcription of genes  and  directly  or 
indirectly  increasing  activities of apical  sodium  (Na)  channels  and  the  basolateral 
sodium-potassium (Na/K) ATPase.  This  increases  resorption of sodium  from  and 
excretion of potassium  into  the  tubular  lumen.  Cortisol,  which  circulates  at  higher  levels 
than  aldosterone,  cannot  occupy  the  receptor  because it is  oxidized  to  cortisone  by 1 Ip- 
hydroxysteroid  dehydrogenase (11-HSD). Bottom: a  cell  from  a  patient  with  the  syndrome 
of apparent  mineralocorticoid excess. Because 11-HSD is  absent,  cortisol  inappropriately 
occupies  mineralocorticoid  receptors,  leading  to  increased  gene  transcription,  increased 
activity of sodium  channels  and  the Na/K ATPase,  increased  resorption of sodium  and 
excretion of potassium,  and  hypertension. 
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Figure 2. Pathways of adrenal steroid biosynthesis. The conversions taking place within 
the zonae glomerulosa and fasciculata are marked by  broken rectangles; note that several 
conversions take place in both zones. The pathways of biosynthesis of aldosterone and 
cortisol from cholesterol are shown with the planar  structures of these substances, 
respectively, at the bottom and top of the figure. Aldosterone exists in two conformations 
(18-aldehyde and hemiacetal) that are freely interconvertible; the hemiacetal 
predominates under physiological conditions. The enzymes responsible for each 
biosynthetic  step  are listed in boxes on  the left; the last three steps of aldosterone 
biosynthesis are mediated by a single enzyme, aldosterone synthase (CYPllB2). 
Deficiencies of the enzymes listed in bold boxes cause congenital adrenal hyperplasia. 

With  the exception of 3P-hydroxysteroid  dehydrogenase,  which is a 'short 
chain dehydrogenase'  (see  below) all of the enzymes required for cortisol and 
aldosterone biosynthesis are cytochromes P450, heme-containing enzymes  with 
molecular  weights of about 50 000. P450s comprise a gene superfamily and  are as 
little as 15-20% identical in  their amino acid sequences. They  are systematically 
designated by 'CYP'  followed by a number and, if there  are closely related 
isozymes,  by additional  letters  and numbers.  Schenkman and Greim  (1993) is an 
extensive review  of  cytochrome P450 enzymes. Steroid 17a-hydroxylase  (CYP17) 
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and 21-hydroxylase  (CYP21) are located in  the endoplasmic reticulum (‘micro- 
somal’  enzymes)  whereas cholesterol desmolase (CYPl1 A), 1 l p-hydroxylase 
(CYPllBl)  and aldosterone synthase (CYPllB2)  are  found  in  the  inner 
membrane of mitochondria. 

P450s are ‘mixed function oxidases.’ They carry out oxidative conversions 
utilizing molecular  oxygen and  reducing equivalents (i.e. electrons) provided  by 
NADPH via  accessory electron transport proteins. Microsomal P450s utilize a 
single accessory protein, NADPH-dependent cytochrome P450 reductase. This is 
a flavoprotein containing  one molecule  each of FAD and  FMN (Porter and 
Kasper,  1985). Mitochondrial P450s require two proteins; NADPH-dependent 
adrenodoxin reductase donates electrons to adrenodoxin  which in  turn transfers 
them to  the P450. Adrenodoxin (or ferredoxin) reductase is also a flavoprotein but 
contains  only a molecule of FMN (Solish et al., 1988).  Adrenodoxin (or ferre- 
doxin) contains  nonheme  iron complexed with  sulfur (Picado-Leonard et al., 
1988). Only  one isoform of each  accessory protein has been  documented in 
mammals. 

2.2 Normal regulation of cortisol and aldosterone  biosynthesis 

Cortisol synthesis is primarily controlled by ACTH (corticotropin) (Waterman 
and Simpson,  1989). ACTH secretion is stimulated mainly  by corticotropin 
releasing hormone (CRH)  from the paraventricular nucleus of the hypothalamus 
and is subject to feedback inhibition by cortisol and  other glucocorticoids. ACTH 
acts through a specific G protein-coupled receptor on the surface of cells of the 
adrenal cortex (Mountjoy et al., 1992) to increase levels  of  CAMP (cyclic adenosine 
3’3’ monophosphate).  CAMP has short  term  (minutes  to  hours) effects on 
transport of cholesterol into mitochondria  through increasing the synthesis of a 
short lived protein, steroidogenic acute regulatory (STAR) protein (Clark et aL, 
1995;  Clark et aL, 1994). It has longer term  (hours  to days)  effects on transcription 
of genes  encoding the enzymes required to synthesize cortisol (John et aL, 1986). 
The transcriptional effects  occur at least in  part  through increased activity of 
protein kinase A  (Wong et aL, 1989)  which  phosphorylates transcriptional regu- 
latory factors, not all of which  have  been identified. 

The rate of aldosterone synthesis, which is normally 100-1000  fold  less than 
that of cortisol synthesis, is regulated mainly  by the renin-angiotensin system and 
by potassium  levels  with  ACTH  having only a short  term effect (Quinn  and 
Williams, 1988).  Renin is a proteolytic enzyme secreted by the juxtaglomerular 
apparatus of the  nephron  in response to decreased volume,  as  sensed  by stretch 

. receptors in  the afferent arteriole. Renin digests angiotensinogen to angiotensin I, 
a decapeptide which is converted  by angiotensin converting  enzyme to an 
octapeptide, angiotensin 11. Angiotensin I1 occupies a G protein-coupled receptor 
(Curnow et al., 1992; Murphy et al., 1991;  Sasaki et al., 1991), activating phospho- 
lipase C. The latter  protein hydrolyses phosphatidylinositol bisphosphate  to 
produce inositol triphosphate  and diacylglycerol,  which raise intracellular 
calcium  levels and activate protein kinase C. Phosphorylation of an  unidentified 
factor(s) is  presumed to increase transcription of enzymes required for aldosterone 
synthesis. 
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Because the necessary precursors for aldosterone biosynthesis (in particular, 
deoxycorticosterone) are also synthesized in  the  much larger zona  fasciculata, it is 
apparent that there must  be  unique regulated steps in aldosterone biosynthesis in 
the zona  glomerulosa or aldosterone biosynthesis would simply  be regulated by 
ACTH. These regulated steps seem to  be those mediated by aldosterone synthase 
(CYPllB2) (Adler et al., 1993). 

The C Y P l l B l  and CYPIIBZ genes encoding  the two  11P-hydroxylase 
isozymes are regulated in a manner consistent with  their respective  roles in 
cortisol and aldosterone biosynthesis. CYPl lBI  is expressed at high levels in 
normal adrenal glands (Mornet et al., 1989), and transcription of this  gene is 
appropriately regulated by cAMP (Kawamoto et al., 1990b). CYPIIBZ transcripts 
cannot  be detected by hybridization to  Northern blots of normal adrenal RNA 
(Mornet et al., 1989), but  such transcripts have  been detected in normal adrenal 
RNA using a more sensitive assay wherein RNA is reverse-transcribed (RT)  and 
then amplified using the polymerase chain reaction (PCR;  RT-PCR) (Curnow et 
al., 1991). CYPIIBZ transcripts are present at increased  levels in aldosterone 
secreting tumors (Curnow et al., 1991; Kawamoto et al., 1990a). In primary 
cultures of human zona  glomerulosa  cells, angiotensin I1 markedly increases 
levels  of both C Y P l l B l  and CYPIIB2 transcripts. ACTH increases CYPIIBI 
mRNA  levels more effectively than angiotensin I1 does, but  it has no effect on 
CYPIIB2 transcription in these cells  (Curnow et al., 1991). In NCI-H295 human 
adrenocortical carcinoma  cells, which synthesize both cortisol and aldosterone, 
angiotensin I1 increases CYPllB2 mRNA  levels and aldosterone synthesis (Bird 
et al., 1993). These cells are apparently unresponsive to ACTH, but both CYPllBl 
and CYPllB2 mRNA  levels are increased by administration of a cAMP analog 
(Clyne et al., 1997;  Staels et d . ,  1993). 

Although studies with  primary cultures of  zona  glomerulosa  cells  suggests that 
C Y P l l B l  is expressed in both  the zonae  fasciculata and glomerulosa, these two 
genes  seem to be expressed in a mutually exclusive manner when examined  by in 
situ hybridization of normal  human adrenal cortex  (Pascoe et al., 1995). The 
difference in regulation of CYPIIBI and CYPIIB2 is presumably  due to the 
extensive  divergence  between the 5' regions flanking these genes (Honda et al., 
1993;  Lala et al., 1992). 

Both human genes include (Mornet et al., 1989) a TATA  box variant, a palin- 
dromic cAMP response element, and several recognition sites for steroidogenic 
factor-l (SF-l).  SF-l sites appear in  the regulatory regions of all steroid hydrox- 
ylase  genes  expressed in  the adrenal cortex and  the  gonads  (Morohashiet al., 1992; 
Rice et al., 1991). SF-l (also  called  Ad4BP)  is an  orphan nuclear receptor, that is, it 
is a member of the steroid and thyroid hormone receptor superfamily but  its 
ligand is not known. Intriguingly, it is closely related in its predicted amino acid 
sequence to FTZ-F1, a Drosophila protein that regulates transcription of a 
homeobox  gene,fushi taram (Honda et al., 1993; Lala et al., 1992). 

All  of these sequences are required for normal transcription of murine  and 
bovine CYPIIB genes (Hashimoto et al., 1992; Honda et al., 1990;  Mouw et al., 
1989;  Rice et al., 1989). Whereas CYPIIBI expression  has not yet  been studied in 
detail (Kawamoto et al., 1992),  5' flanking elements have  been identified that are 
required for basal and  hormone  induced expression of CYPIIBZ reporter 
constructs in H295R human adrenocortical carcinoma  cells  (Clyne et d . ,  1997). 
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These elements include the putative CAMP  response element  and  an  element 
located  between  129 and 114 upstream from the  start of translation that  binds  both 
SF-l and COUP-TF, another orphan nuclear receptor (Wang et al., 1989). 

As yet, the genetic elements responsible for the differential regulation of human 
CYPZZBZ and CYF‘ZZBZ in  the zonae  fasciculata and glomerulosa  have not been 
identified. 

2.3 Mechanisms conferring  specificity  on the mineralocorticoid  receptor 

Although aldosterone has actions that are distinct from those of cortisol, the 
mineralocorticoid (‘type 1’) receptor has a high degree of sequence identity with 
the glucocorticoid or ‘type 2’ receptor (Arriza et al., 1987). The central portion of 
the polypeptide contains a DNA binding  domain consisting of  two  ‘zinc  fingers’; 
this region is also  involved in dimerization of liganded receptors. The amino acid 
sequences of the mineralocorticoid and glucocorticoid receptors are 94% identical 
in  this region, and  the two receptors interact with similar hormone response 
elements. The carboxyl terminus is a ligand binding  domain  that is 5740% iden- 
tical in amino acid  sequence in  the two  receptors. In fact, the mineralocorticoid 
receptor has  very similar in vitro binding affinities for aldosterone and for  gluco- 
corticoids such as corticosterone and cortisol (Arriza et al., 1987;  Krozowski and 
Funder, 1983).  If the mineralocorticoid receptor can bind glucocorticoids and can 
interact with glucocorticoid  response elements in transcriptional regulatory 
regions  of  genes, it is not obvious how mineralocorticoids can  have distinct phys- 
iological  effects. 

The mechanism by which  the glucocorticoid and mineralocorticoid receptors 
influence transcription of distinct sets of genes probably involves the  amino 
terminal domains of these receptors, which are less than 15% identical in amino 
acid  sequence. In  the glucocorticoid  receptor, this region is known to interact with 
other nuclear transcription factors  (Pearce and Yamamoto,  1993). Presumably  the 
mineralocorticoid receptor interacts with a different set of  accessory transcription 
factors, permitting it to have distinct transcriptional effects. 

Whereas the mineralocorticoid  receptor  has  similar in vitro affinities  for  aldos- 
terone,  cortisol and corticosterone, the latter two steroids  are weak mineralocorti- 
coids in vivo. It has  been  proposed  (Edwards et al., 1988; Funder et al., 1988;  Stewart 
et al., 1987) that the physiological  mechanism  conferring  specificity  for  aldosterone 
upon the mineralocorticoid  receptor is oxidation of cortisol and corticosterone to 
cortisone or 1 l-dehydrocorticosterone,  respectively,  by  11P-hydroxysteroid  dehy- 
drogenase (1 1-HSD) (Figure I). Whereas  cortisone and 11-dehydrocorticosterone  are 
poor  agonists  for the mineralocorticoid  receptor,  aldosterone is a poor  substrate  for 
11-HSD  because, in solution, its 11P-hydroxyl  group  is  normally  in a hemiacetal 
conformation  with the 18-aldehyde  group and is not accessible  to the enzyme. 
Evidence supporting this hypothesis  comes  from  studies of a form  of  hypertension, 
the syndrome of apparent  mineralocorticoid excess  (AME,  see  below). 

3. Hypertensive  forms  of  congenital  adrenal  hyperplasia 
Congenital adrenal hyperplasia  (CAH), the  inherited inability to synthesize 
cortisol,  can be caused  by mutations in any of the latter four enzymes required for 
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cortisol biosynthesis (Figure 2) or by mutations  in  the STAR protein required for 
cholesterol transport  into  mitochondria (Lin et d . ,  1995).  More than 90%  of cases 
are caused  by  21-hydroxylase  deficiency. This usually affects both aldosterone and 
cortisol biosynthesis, leading to signs of aldosterone deficiency including hypona- 
tremia, hyperkalemia and hypovolemia that may,  if untreated, progress to shock 
and death within weeks after birth.  In contrast, most remaining cases  of  CAH are 
associated with hypertension. Most of these are  due to 1lP-hydroxylase  defi- 
ciency, and a lesser number  to 17a-hydroxylase  deficiency. These autosomal 
recessive disorders represent the first Mendelian  forms of hypertension in which 
the affected  genes  were  cloned and causative mutations  identified  (White et d . ,  
1994 and Yanase et d . ,  1991 are detailed reviews). 

3. I I IpHydroxylase deficiency 

Clinical  presentation. In most populations, 1 1 @-hydroxylase deficiency 
comprises  approximately 5-8%  of cases  of  CAH  (Zachmann et d . ,  1983) and  thus 
it occurs in approximately 1 in 200 000 births. A large number of cases  of  11 P- 
hydroxylase deficiency has been reported in Israel among  Jewish immigrants 
from  Morocco; the  incidence  in  this  group is currently estimated to be 
1/5000-U7000 births (Rosler et d . ,  1992). 

In 11 P-hydroxylase  deficiency, 1 l-deoxycortisol and deoxycorticosterone are 
not efficiently converted to cortisol and corticosterone, respectively.  Decreased 
production of glucocorticoids reduces their feedback inhibition  on  the hypo- 
thalamus and  anterior pituitary, increasing secretion of ACTH. This stimulates 
the zona fasciculata of the adrenal cortex to overproduce steroid precursors 
proximal to  the blocked  11  P-hydroxylase step. Thus, 11 P-hydroxylase deficiency 
can  be  diagnosed  by detecting high basal or ACTH-stimulated levels  of  deoxycor- 
ticosterone and/or 11-deoxycortisol in  the serum, or increased excretion of the 
tetrahydro metabolites of these compounds in a 24-hour urine collection. Obligate 
heterozygous carriers of 11P-hydroxylase deficiency alleles (e.g. parents) have no 
consistent biochemical abnormalities detectable even after stimulation of the 
adrenal cortex with intravenous ACTH (Pang et d . ,  1980), consistent with  an 
autosomal  recessive  mode of inheritance. 

Approximately two-thirds of patients with the severe,  ‘classic’  form  of 1lP-  
hydroxylase deficiency have  high  blood pressure (Rosler et d . ,  1992; Rosler et d . ,  
1982), often beginning in  the first few  years  of life (Mimouni et d . ,  1985). 
Although the hypertension is usually of mild  to moderate  severity, left ventricular 
hypertrophy  and/or  retinopathy have  been  observed in  up to  one-third of patients, 
and  deaths from cerebrovascular accidents have  been reported (Hague and 
Honour,  1983; Rosler et d . ,  1992). Other signs of mineralocorticoid excess such as 
hypokalemia and muscle  weakness or  cramping occur in a minority of patients 
and  are  not well correlated with  blood pressure. Plasma renin activity is usually 
suppressed in older children  and levels  of aldosterone are consequently  low  even 
though  the ability to synthesize aldosterone is actually unimpaired. 

The cause of hypertension in 11  P-hydroxylase deficiency is not well under- 
stood. It might  be assumed that it is  caused  by elevated serum  levels of deoxycor- 
ticosterone but blood pressure and deoxycorticosterone levels are poorly 
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correlated in patients (Rosler et aL, 1982; Zachmann et aL, 1983). In addition, this 
steroid has only weak mineralocorticoid activity when administered to humans  or 
other animals  and it is possible that other metabolites of  deoxycorticosterone are 
responsible for the development of hypertension. The 18-hydroxy and 19-nor 
metabolites of deoxycorticosterone are thought to be  more potent mineralocorti- 
coids (Griffing et al., 1983), but consistent elevation of these steroids in 1lP- 
hydroxylase  deficiency  has not been documented. Moreover, synthesis of these 
steroids requires hydroxylations within  the adrenal (19-nor-deoxycorticosterone 
is synthesized via  19-hydroxy and 19-oic intermediates) that are probably 
mediated primarily by CYPllBl (Ohta et aL, 1988). This is unlikely to take  place 
efficiently in 11 P-hydroxylase  deficiency. 

In addition to hypertension, patients with 11P-hydroxylase  deficiency  often 
exhibit signs of androgen excess. This occurs  because accumulated cortisol 
precursors in  the adrenal cortex are shunted  (through  the activity of 17a-hydrox- 
ylase/l7,20-lyase) into  the pathway of androgen biosynthesis, which is active in 
the human adrenal in both sexes.  Affected  females are born  with some  degree of 
masculinization of their external genitalia. This includes clitoromegaly and 
partial or  complete fusion of the labioscrotal folds.  Such ambiguous genitalia can 
be difficult to distinguish from those of a normal cryptorchid male (Bistritzer et 
aL, 1984; Harinarayan et aL, 1992;  Rosler et aL, 1992). In contrast to  the external 
genitalia, the gonads and  the  internal genital structures (Fallopian tubes, uterus 
and cervix) arising from the Muellerian ducts are normal  and affected  females 
have intact reproductive potential if their external genital abnormalities are 
corrected surgically. 

Other signs of androgen excess that occur postnatally in both sexes include 
rapid somatic growth in childhood  and accelerated  skeletal maturation leading to 
premature closure of the epiphyses and  short  adult stature. Additionally, patients 
may  have premature  development of sexual and body hair (premature adrenarche) 
and acne. Androgens may  affect the hypothalamic-pituitary-gonadal  axis leading 
to amenorrhea  or  oligomenorrhea in females and  true precocious puberty or, 
conversely,  poor spermatogenesis in males (Hochberg et aL, 1985). 

Glucocorticoid administration (usually with hydrocortisone) replaces  deficient 
cortisol and  thus reduces ACTH secretion, suppressing excessive adrenal 
androgen  production  and preventing further virilization. Such therapy should 
also suppress ACTH-dependent  production of mineralocorticoid agonists and 
ameliorate hypertension. If hypertension has  been  of long  standing prior to 
treatment, additional anti-hypertensive drugs may be required to lower  blood 
pressure into  the  normal range. These may include potassium sparing diuretics 
such as spironolactone or amiloride and/or a calcium channel blocker such as 
nifedipine (Nadler et aL, 1985).  Because the renin-angiotensin system is 
suppressed in these patients, angiotensin converting enzyme inhibitors are 
unlikely to be effective. Thiazide diuretics should not be  used  except in combi- 
nation with a potassium sparing diuretic because they will otherwise cause 
hypokalemia in patients with mineralocorticoid excess. 

A mild,  ‘nonclassic’  form  of 1 l@-hydroxylase has  been described (Zachmann et 
aZ., 1983) in which patients have  relatively mild signs of androgen excess; they are 
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not characteristically hypertensive. This disorder appears to  be  quite  rare as 
compared with nonclassic  21-hydroxylase  deficiency  (Speiser et aL, 1985). 

Genetic  analysis. In humans, CYPllB1  and  CYPllB2 are encoded by two genes 
(Mornet et al., 1989) on chromosome 8q21-22 (Chua et aL, 1987;  Wagner et aZ., 
1991; Figure 3). Each contains nine exons spread over approximately 7000  base 
pairs (7 kb) of  DNA. The encoded proteins  are 93% identical in predicted amino 
acid sequence. They are each synthesized with 503 amino acid residues, but a 
signal peptide  is cleaved in mitochondria  to yield the mature  protein of  479 
residues. The nucleotide sequences  of these genes are 95% identical in  coding 
regions and about 90% identical in  introns. The genes are approximately 40 kb 
apart  (Lifton et aL, 1992b;  Pascoe et al., 1992a), and CYPIIBZ is on  the left if the 
genes are  pictured as being transcribed left to  right  (Lifton et aL, 1992a;  Pascoe et 
aL, 1992b). 

Deficiency  of llp-hydroxylase results from mutations in CYPllBl (Figure 3). 
At this time, 20 mutations have  been identified in patients with classic l lp -  
hydroxylase  deficiency  (Curnow et aL, 1993;  Geley et al., 1996; Helmberg et aL, 
1992; Naiki et aL, 1993). In Moroccan  Jews,  a group  that has a high prevalence  of 
llp-hydroxylase deficiency, almost all  affected  alleles carry the same mutation, 
Arg-448 to His (R448H) (White et aL, 1991). This probably represents a founder 
effect, but  this  mutation has also occurred independently in other  ethnic groups, 
and another  mutation of the same residue (R448C) has also  been reported (Geleyet 
aL, 1996). This apparent  mutational 'hotspot' contains a  CpG dinucleotide. Such 
dinucleotides are  prone  to methylation of the cytosine followed by deamidation to 
TpG; several other  mutations  in CYPllBl (T318M, R374Q R384Q) are of this 
type. 

These  and almost all other missense mutations identified thus far are  in regions 
of  known functional importance (Nelson and Strobel,  1988;  Poulos,  1991; 
Ravichandran et aL, 1993) and abolish enzymatic activity (Curnow et aL, 1993). 

Figure 3. Diagram of the CYPllBl gene, 
showing  locations of mutations  causing 
congenital  adrenal  hyperplasia  due to 1 1 p- 
hydroxylase  deficiency. The  gene is drawn to 
scale  as  marked.  Exons  are  represented by 
numbered  boxes.  Mutations  are  in  single  letter 
code: A, alanine; C, cysteine; D, aspartic  acid; 
E, glutamic  acid; F, phenylalanine; G, glycine; 
H, histidine; I, isoleucine; K, lysine; L, 
leucine; M, methionine; N, asparagine; P, 
proline; Q, glutamine; R, arginine; S, serine; 
T, threonine; V, valine; W, tryptophan;  X, 
nonsense (stop) mutation; Y, tyrosine; +, 
insertion of nucleotides (nt); A, deletion of 
nucleotides. For example,  W116X  represents a 
nonsense  mutation of Trp-116.  Mutations 
yielding  partially  active  enzymes  are  marked 
with  asterisks. 
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- For example,  Arg-448 is adjacent to Cys-450  which is a ligand of the heme iron 
atom of this cytochrome  P450  enzyme.  T318M modifies an absolutely conserved 
residue that is thought  to  be critical for proton transfer to  the bound oxygen 
molecule  (Ravichandran et d . ,  1993).  E371G and R374Q also mutate highly 
conserved residues and may  affect binding of adrenodoxin. R3844 is in a region 
that may  form part of the substrate  binding pocket  (Ravichandran et d . ,  1993). 
Almost all P450s  have a basic residue (H or R) at  this  or  the immediately adjacent 
position (Nelson and Strobel, 1988).  Finally,  V441G is adjacent to  the highly 
conserved  heme binding region, and  this  mutation may  change the secondary 
structure of the protein. 

Other  mutations  found in patients  with the classic form of the disease are 
nonsense or frameshift mutations  that also abolish enzymatic  activity.  One, a 
nonsense mutation of  Trp-247  (W247X) has been identified in several unrelated 
kindreds in Austria and also  probably represents a founder effect  (Geley et d . ,  
1996). 

Each patient with mild, nonclassic disease carries at least one  mutation  that 
reduces but does not destroy activity; the other  mutation may be  either  mild  or 
severe (Johrer et d . ,  1997). 

Although classic patients apparently completely lack 11 P-hydroxylase  activity, 
they differ significantly in  the severity of the various signs and symptoms of their 
disease. There is not a strong correlation between severity of hypertension and 
biochemical  parameters such as  plasma  levels of the 11 P-hydroxylase substrates, 
deoxycortisol and deoxycorticosterone, and  urinary excretion of tetrahydro- 
deoxycortisol (Rosler et d . ,  1992; White et d . ,  1991).  Moreover, there  is no 
consistent correlation between the severity of hypertension and degree of viril- 
ization. These  phenotypic variations must be governed  by factors outside the 
CYPZZBl locus. 

3.2 17a+Hydroxylase  deficiency 

Clinical  presentation. Because cortisol cannot  be synthesized, 17-deoxy steroids 
are synthesized in excessive quantities. Corticosterone, a glucocorticoid agonist, 
can be synthesized in  the affected  gland so that affected individuals  do  not suffer 
from adrenal insufficiency.  However,  adequate  levels of corticosterone are  synthe- 
sized only at  the expense of  excessive secretion of deoxycorticosterone, so that 
patients with  17a-hydroxylase deficiency tend  to develop  hypertension similar  to 
that seen in 11P-hydroxylase deficiency (reviewed in Kater and Biglieri,  1994 and 
Yanase et d . ,  1991).  However, in contrast to individuals with 1 1P-hydroxylase 
deficiency who often have prominent signs of androgen  excess, patients with 
severe 17a-hydroxylase deficiency are unable to synthesize sex steroids. Males are 
born  with female-appearing external genitalia. Females  appear normal  at birth  but 
remain sexually infantile. The ovaries have  poor follicular development and  in 
rare cases  appear  as streak gonads. This condition is often not diagnosed in  either 
sex until  the age at which puberty is expected. 

Some patients with mild 17a-hydroxylase deficiency are able to synthesize at 
least some  sex steroids so that males  have partially virilized (ambiguous) genitalia 
and females  develop at least some signs of puberty. Some (mostly female) patients 
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have  been reported to have  isolated 17a-hydroxylase deficiency with  normal 
17,204yase  activity.  Conversely, a few patients have  been thought  to have isolated 
17,20-lyase  deficiency  (Yanase et aL, 1992). 
Genetic analysis. The affected  enzyme, a microsomal cytochrome P450 with 508 
amino acids, is encoded  by the CYPl7 gene on chromosome 1Oq24-25 (Kagimoto 
et d . ,  1988; Picado-Leonard  and Miller,  1987;  Sparkes et aL, 1991). It consists of 
eight exons spread over 6.7 kb.  At this time, at least  18 different mutations have 
been identified in 27 individuals (Figure 4, reviewed in Yanase,  1995, and Yanase et 
d . ,  1991).  All  known mutations are in coding regions. A 4  bp duplication in  the 
last exon causing a shift in  the reading frame has  been found in 10 patients in  the 
Netherlands  or of Dutch  Mennonite ancestry; this  presumably represents a 
founder effect (Imai et aL, 1992).  Complete  deficiency is associated with 
frameshifts or nonsense mutations. In one kindred, two exons  were  replaced  by a 
segment of the E. coli lac operon; the mechanism by  which this  rearrangement 
occurred is not known but it may  have  involved  viral integration into  the  genome 
(Biason et aL, 1991). 

Partial deficiency is associated  with  missense mutations in CYP17 or, in one 
case, deletion of a single codon  (AF53 or 54) maintaining  the reading frame of 
translation (Ahlgren et aL, 1992;  Yanase et aL, 1989). These  mutations have  been 
introduced into cDNA and expressed in cultured cells. These studies suggest that 
greater 20% of normal activity is required to synthesize sufficient androgens to 
permit  normal male  sexual  development;  50% of normal activity must be  suffi- 
cient for normal  development because obligate heterozygous  males are asympto- 
matic. Patients with isolated 17,20  lyase deficiency  have mutations in CYP17 that 
interfere with electron transfer from cytochrome P450 reductase (Geller et aL, 
1997). 
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Figure 4. Diagram of the 
CYPl7 gene,  showing 
locations of mutations causing 
congenital  adrenal  hyperplasia 
due to 17a-hydroxylase 
deficiency. 

4. Glucocorticoid-suppressible  hyperaldosteronism 

4. I Clinical presentation 

Glucocorticoid-suppressible hyperaldosteronism (also  called  dexamethasone- 
suppressible hyperaldosteronism  or glucocorticoid-remediable aldosteronism) is 
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a form  of  hypertension inherited in  an autosomal dominant  manner  with  high 
penetrance  (New and Peterson, 1967; Sutherland et al., 1966). It is characterized 
by moderate hypersecretion of aldosterone, suppressed  plasma renin activity and 
rapid reversal of these abnormalities after administration of glucocorticoids. It is 
clearly a rare disorder but  until several years  ago the absence of reliable 
biochemical or genetic markers  made it difficult to ascertain. 

Hypokalemia is usually mild  and may be absent. Absolute  levels of aldosterone 
secretion are usually moderately elevated in  the untreated  state but may be  within 
normal limits. Plasma renin activity is strongly suppressed, so that  the  ratio of 
aldosterone secretion to  renin activity is always  abnormally high. Levels of  18- 
hydroxycortisol and 18-oxocortisol are elevated to 20-30 times normal (Connell et 
al., 1986;  Gomez-Sanchez et al., 1988; Stockigt and Scoggins,  1987). The ratio of 
urinary excretion of tetrahydro metabolites of 18-oxocortisol to those of aldos- 
terone exceeds 2.0 whereas this  ratio averages  0.2 in normal individuals. Elevation 
of 18-oxocortisol is the most consistent and reliable biochemical marker of the 
disease, although it may also be elevated in cases  of primary aldosteronism 
(Hamlet et al., 1988). This steroid may be of pathophysiological significance; it is 
an agonist for the mineralocorticoid receptor and has been  shown to raise blood 
pressure in animal  studies  (Hall  and Gomez-Sanchez,  1986). 

Once an affected individual has been identified in a kindred,  additional cases 
may be ascertained within  that  kindred using  biochemical  (18-oxocortisol  levels) 
or genetic (see  below)  markers  (Rich et al., 1992). It is apparent from these studies 
that affected individuals have  blood pressures that  are markedly elevated as 
compared to unaffected individuals in  the same kindred, although some patients 
may in fact  have normal blood pressures. Even  young children typically have 
blood pressures greater than  the  95th percentile for age, and most are  frankly 
hypertensive before the age  of  20. The hypertension is often of only  moderate 
severity and blood pressures exceeding  180/120 are unusual. Associated signs of 
hypertension are frequent including left ventricular hypertrophy  on the electro- 
cardiogram and retinopathy. Some  affected kindreds have  remarkable histories of 
early (before age  45  years) death from strokes in many family members 
(O’Mahony et al., 1989;  Rich et al., 1992). 

Steroid biosynthesis is otherwise normal so that affected individuals have 
normal  growth and sexual development. 

Most laboratory and clinical abnormalities are suppressed  by treatment  with 
glucocorticoids, whereas infusion of ACTH exacerbates these problems  (Ganguly 
et al., 1984; Oberfield et al., 1981). This suggests that aldosterone is being inappro- 
priately synthesized in  the zona fasciculata and is being regulated by  ACTH. 
Moreover, 18-hydroxycortisol and 18-oxocortisol, the steroids that  are character- 
istically elevated in  this disorder, are 17a-hydroxylated  analogues of 18-hydroxy- 
corticosterone and aldosterone, respectively.  Because  17a-hydroxylase is not 
expressed in  the zona glomerulosa, the presence of large amounts of a 17a- 
hydroxy, 18-oxo-steroid suggests that an  enzyme  with 18-oxidase activity (i.e. 
aldosterone synthase, CYPllB2) is abnormally expressed in  the zona fasciculata 
(White, 1991). 

The initial  treatment of choice in adults is  dexamethasone (1-2 mg/day). 
Within 2 4  days  of initiating therapy, oversecretion of aldosterone should be 
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completely suppressed and plasma renin activity and  potassium (if  low) should 
increase into  the  normal range.  Blood pressure usually  also  decreases into  the 
normal range. Children  with  this condition should  be treated cautiously because 
of potential adverse  effects  of glucocorticoid therapy on growth.  If therapy is indi- 
cated, children should  be treated with  the lowest  effective  dose of hydrocortisone. 
If hypertension is of long standing, it may not completely respond to glucocorti- 
coids. This problem  is similar to  that observed in patients with 1 l p-hydroxylase 
deficiency and  the choice  of adjunctive therapy is governed  by the same consider- 
ations. Patients with  this disorder usually respond poorly to conventional antihy- 
pertensive medications unless they are also treated with glucocorticoids. 

It is important to distinguish glucocorticoid-suppressible hyperaldosteronism 
from aldosterone-producing adenomas, considering that  the latter condition is 
best treated by surgical removal  of the affected adrenal gland  (Melby,  1991). 
Secretion of 18-hydroxy- and 18-oxocortisol  may be increased in patients with 
adenomas, but  the ratio of urinary excretion of tetrahydro metabolites of 18- 
oxocortisol and aldosterone is rarely greater than 1.0 (Hamlet et al., 1988; Ulicket 
al., 1990a).  Suppression  of aldosterone secretion with glucocorticoids (Hamlet et 
al., 1988) and familial aggregation (Gordon et al., 1992) are both  unusual findings 
in adenomas but have  been reported. However, presentation of an adenoma 
during  childhood is exceedingly  rare.  Conversely, rare patients with glucocor- 
ticoid suppressible hyperaldosteronism eventually become resistant to glucocorti- 
coids and are then indistinguishable from patients with  primary aldosteronism 
(Stockigt and Scoggins,  1987). The mechanism  by which  this occurs is not known. 

4.2 Genetic analysis 

Chimeric CYPl101fB2 genes  cause glucocorticoid-suppressible hyperal- 
dosteronism. All patients with glucocorticoid-suppressible hyperaldosteronism 
have the same type of mutation, a chromosome  that carries three CYPllB genes 
instead of the  normal two (Figure 5; Lifton et al., 1992a,  1992b;  Pascoe et al., 
1992a). The middle  gene  on  this  chromosome is a chimera  with 5'  and 3' ends 
corresponding  to CYPllBI and CYPllBH respectively. The chimeric  gene  is 
flanked by presumably  normal CYPlIB2 and CYPllBI genes. In all kindreds 
analysed thus far, the breakpoints (the  points of transition between CYPllBl 
and CYPIIB2 sequences) are located  between intron 2 and exon 4. As the break- 
points are not identical in different kindreds, these must represent independent 
mutations. 

The chromosomes carrying chimeric genes are presumably generated by 
unequal crossing over. The high homology and  proximity of the CYPllBI and 
CYPllB2 genes  makes it possible  for them to become  misaligned during meiosis. 
If this occurs, crossing over  between the misaligned  genes  creates  two chromo- 
somes, one of which carries one CYPllB gene (i.e. a deletion) whereas the other 
carries three CYPlIB genes. 

The invariable presence of a chimeric gene in patients with  this disorder 
suggests that this gene is regulated like CYPllBI (expressed at  high levels in the 
zona  fasciculata and regulated primarily by ACTH) because it has transcriptional 
regulatory sequences identical to those of CYPIIBI. If the chimeric gene  has 
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Figure S. Top: schematic  of 
CYPIlBl and CYPllB2 
genes,  showing patterns of 
expression of each. Bottom: 
unequal crossing over 
generating  a  chimeric 
CYPIIBlI2 gene that has 
aldosterone  synthase  activity 
but is expressed in  the zona 
fasciculata. This causes 
glucocorticoid-suppressible 
hyperaldosteronism. 

enzymatic activity similar to that of CYPZIBZ, a single copy  of such an abnor- 
mally regulated gene should  be sufficient to cause the disorder, consistent with  the 
known  autosomal dominant mode  of inheritance of this syndrome.  Recently, 
abnormal expression of the chimeric gene in  the zona  fasciculata was directly 
demonstrated by in situ hybridization studies of an adrenal gland from a patient 
with  this disorder (Pascoe et d., 1995). 

The chimeric genes causing glucocorticoid-suppressible hyperaldosteronism 
may be readily detected by hybridization to Southern blots of genomic DNA, or 
they may be specifically amplified using the PCR  (Jonsson et al., 1995).  As these 
techniques are widely  used in molecular genetics laboratories, direct molecular 
genetic diagnosis  may be  more practical in many  cases than assays  of  18-oxocor- 
tisol levels, which are not routinely available (Dluhy  and Lifton, 1995). 

The limited region in which crossover breakpoints have  been  observed in 
glucocorticoid-suppressible hyperaldosteronism alleles  suggests that  there are 
functional constraints on  the structures of chimeric genes able to cause this 
disorder. 

One obvious constraint is that sufficient CYPZIBZ coding sequences must  be 
present in  the chimeric gene so that  the encoded  enzyme actually has aldosterone 
synthase (i.e.  18-hydroxylase and 18-oxidase)  activity. As determined by 
expressing chimeric cDNAs in cultured cells, chimeric enzymes with  amino 
termini from CYPllBl  and carboxyl termini from  CYP11B2  have  18-oxidase 
activity only if at least the region encoded by  exons 5-9 corresponds to CYPllB2. 
If the sequence of exon 5 instead corresponds to CYPllBl,  the enzyme has l l p -  
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hydroxylase but no 18-oxidase activity (Pascoe et al., 1992a). This  is entirely 
consistent with  the observation that  no breakpoints in glucocorticoid suppressible 
hyperaldosteronism alleles  occur  after  exon 4. The chimeric enzymes either have 
strong 18-oxidase activity or none detectable and there does not  appear to be  any 
location of crossover that yields an enzyme with an intermediate level  of  18- 
oxidase  activity. Thus, there is no evidence  for allelic variation in this disorder 
(i.e. variations in clinical severity are unlikely to be  the result of different 
crossover  locations). 

Presumably  the transcriptional regulatory region  of the chimeric gene must 
correspond completely to  that of CYPllBI or the chimeric gene  will not be 
expressed at sufficiently high levels in  the zona  fasciculata to cause the disorder. 
Although transcriptional regulatory elements in  the CYPZZB genes  have not been 
completely  defined, the fact that  no breakpoints have  been detected before intron 
2 in glucocorticoid-suppressible hyperaldosteronism alleles  suggests that  there is 
a transcriptional enhancer in exon l-intron 2 of CYPlZBl or,  conversely, a 
silencer in this region of CYPlIB2. 

Other factors such as kallikrein levels  may  affect the development of hyper- 
tension in this disorder (Dluhy  and Lifton, 1995). One study found  that blood 
pressure in persons with glucocorticoid-suppressible hyperaldosteronism is 
higher when the disease  is inherited from  the  mother  than when it is paternally 
inherited (Jamieson et al., 1995). It is theoretically possible that  the gene is 
imprinted (i.e. the maternal and paternal copies are expressed  differently), but it 
seems more likely that exposure of the fetus to elevated  levels of maternal aldos- 
terone subsequently exacerbates the hypertension. 

Allelic  variation  in CYPllB2. Whereas it originally  seemed  possible that a 'mild' 
form  of  glucocorticoid-suppressible  hyperaldosteronism  might  be a common 
etiology of essential  hypertension, the lack  of  allelic  variation in this disorder  makes 
this unlikely.  However, other polymorphisms in the 5'  flanking region  of CYPZZB2 
have  been  documented (Lifton et al., 1992a; White  and Slutsker,  1995), although 
none has  been  shown to affect  expression  of the gene.  If  any  does  influence  regu- 
lation of CYPIZBZ, it might be a risk  factor  for the development  of  hypertension. It 
has  also  been  suggested that polymorphisms in the coding  sequence of CYPllB2 
might increase the aldosterone  synthase  activity of the enzyme and thus might be a 
risk  factor  for  hypertension  (Fardella et al., 1995). One coding  sequence  polymor- 
phism,  K173R,  has  been  characterized in humans. It is not  associated  with  any 
significant  differences in enzymatic  activity, but is associated  with  low renin hyper- 
tension in a small  sample of patients from Chile (36). 

Thus far, the most  extensively studied polymorphism  is located 344 nucleotides 
5' of the  start of translation; this position may be  either a C  or a T 
(-344C/T)(White and Slutsker, 1995). These alleles are present at approximately 
equal frequencies in Caucasian populations (White  and Slutsker, 1995; Kupari et 
al., 1998). This position comprises part of a binding  site for the SF-l transcription 
factor  (see  above), and the C allele binds SF-l approximately four times as strongly 
as the T allele (unpublished observations). The functional significance of this is 
obscure,  because this site may  be  deleted  from reporter constructs without 
affecting  expression  (Clyne et al., 1997). Inconsistent associations  have been 
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observed  between this  polymorphism  and  serum aldosterone levels or aldosterone 
excretion, with the C allele  associated with higher aldosterone levels in some 
studies (Pojoga et al., 1998), but lower  levels in others (Brand et al., 1998; 
Hautanen et al., 1998a).  Associations with blood pressure have  also  been incon- 
sistent (Brand et al., 1998; Hautanen et al., 1998a; Kupari et d. ,  1998;  Pojoga et al., 
1998).  However,  associations  have  also  been noted between -3446  and other 
cardiovascular parameters including increased  left ventricular diameter  and mass, 
increased response of left ventricular mass to increases in dietary salt (Kupari et 
al., 1998) and decreased  baroreflex sensitivity (Ylitalo et al., 1997). These associa- 
tions all  appear to  be strongest in young adults. Both  left ventricular hypertrophy 
(Levy et al., 1990) and decreased  baroreflex sensitivity (La Rovere et d . ,  1998) are 
well established predictors of morbidity  and mortality from  myocardial 
infarction, raising the possibility that  the -344C/T polymorphism may represent 
an  independent cardiovascular risk factor. Preliminary studies suggest that  this 
may in fact be true, at least in high risk individuals with other risk factors such as 
dysplipidemias and  smoking  (Hautanen et al., 1998b).  At this time, it remains 
possible that  the -344C/T polymorphism is merely a marker for an associated  poly- 
morphism  that is affecting  gene  expression  directly. To answer this question, addi- 
tional populations should  be studied and  the vicinity of CYPllB2 sequenced 
more completely in different individuals. 

It is notable that many kindreds  with glucocorticoid-suppressible hyperaldos- 
teronism are of Anglo-Irish extraction (Lifton et al., 1992b;  Pascoe et al., 1992a). 
Moreover, the chromosomes carrying chimeric genes tend to occur in association 
with specific polymorphisms in  the CYPllB genes (Lifton et al., 1992b),  even 
though  the duplications generating the chimeric genes are apparently inde- 
pendent events. This suggests that  one of these polymorphisms is, or is in linkage 
disequilibrium with, a structural polymorphism  that predisposes to unequal 
crossing over during meiosis. Such features might include sequences similar to chi 
sites in bacteriophage  lambda; this type of sequence  has  been postulated to 
increase the frequency  of recombination in  the CYP21 genes  (Amor et al., 1988). 
Additionally, in approximately 40% of alleles in Caucasians, the second intron  of 
CYPllB2 has a sequence almost identical to  that of CYPllBl (White  and 
Slutsker, 1995). This region  could promote  misalignment of chromosomal 
segments  during meiosis and  thus increase the risk of unequal crossing over. 

5. Loss of  specificity  of the mineralocorticoid  receptor: the 
syndrome of apparent mineralocorticoid excess 

5.1 Clinical features 

AME is an  inherited  syndrome in which children present with hypertension, 
hypokalemia and low  plasma renin activity. Other clinical features include 
moderate  intrauterine  growth retardation and postnatal failure to thrive. 
Consequences  of the often  severe  hypokalemia include nephrocalcinosis, nephro- 
genic diabetes insipidus and rhabdomyolysis. Complications of hypertension 
have included cerebrovascular  accidents, and several patients have died during 
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infancy or adolescence.  Several  affected sibling pairs have been reported but 
parents have  usually  been  asymptomatic, suggesting that AME is a genetic 
disorder with an autosomal recessive mode of inheritance. 

A low salt diet or blockade of mineralocorticoid receptors with spironolactone 
ameliorate the hypertension whereas ACTH  and hydrocortisone exacerbate  it. 
Levels of all known mineralocorticoids are low (Oberfield et al., 1983;  Ulick et al., 
1979). These findings suggest that cortisol (i.e. hydrocortisone) acts as a stronger 
mineralocorticoid than is normally  the case. Indeed, patients with AME  have 
abnormal cortisol metabolism. Cortisol half-life in plasma is prolonged from 
approximately 80 to 120-190 min (Ulick et aL, 1979).  Very  low levels of cortisone 
metabolites are excreted in  the  urine as  compared with cortisol metabolites, indi- 
cating a marked deficiency in 11-HSD, the enzyme  catalysing the conversion of 
cortisol to cortisone. This has  been  assayed directly by administering 
llol[3H]cortisol to subjects and  measuring  the  appearance of tritiated water.  Most 
often it is measured as an increase in  the sum of the  urinary concentrations of 
tetrahydrocortisol and allo-tetrahydrocortisol, divided by the concentration of 
tetrahydrocortisone, abbreviated (THF+aTHF)/THE. However, 1 l-reduction  is 
unimpaired; labeled cortisone administered to patients is excreted entirely as 
cortisol and  other  11p-reduced metabolites (Shackleton et d., 1985). 

Similar but milder abnormalities occur with licorice intoxication (Stewart et al., 
1987). The active component of licorice, glycyrrhetinic acid, inhibits  11-HSD  in 
isolated rat kidney microsomes (Monder et aL, 1989). Thus, it appears that licorice 
intoxication is a reversible pharmacological counterpart to  the  inherited 
syndrome of apparent mineralocorticoid excess. 

Juvenile hypertension, marked hypokalemia and suppressed plasma renin 
activity are also found in Liddle’s syndrome caused  by activating mutations in  the 
regulatory subunits of the sodium channel. However,  Liddle’s syndrome has an 
autosomal dominant mode of inheritance, and whereas it can be treated by 
blockade of the cortical collecting duct’s sodium  channel  with amiloride or 
triamterine, blockade of the mineralocorticoid receptor with spironolactone is not 
effective. 

5.2 Isozymes of l lphydroxysteroid dehydrogenase ( l  l-HSD) 

There are two distinct isozymes of 11-HSD.  Both are members of the ‘short chain 
dehydrogenase’  family. These enzymes all have a highly conserved nucleotide 
cofactor binding  domain near the  amino terminus; the cofactor functions as an 
electron acceptor  for dehydrogenation  (NAD+  or  NADP+)  and as  an electron 
donor for reduction (NADH  or  NADPH). Completely  conserved tyrosine and 
lysine residues toward the carboxyl terminus function in catalysis.  Conservative 
substitutions of either of these residues destroy enzymatic activity in a number of 
related enzymes (Chen et aL, 1993; Ensor  and Tai,  1993; Ghosh et al., 1991; Obeid 
and White,  1992). 

X-ray crystallographic studies of a related enzyme,  3olY20P-hydroxysteroid 
dehydrogenase  from S. hydrogenam, demonstrated  that the conserved tyrosine and 
lysine residues are located near the pyridine ring of the cofactor in a cleft 
presumed to  be the substrate binding site (Ghosh et al., 1991). In 11-HSD, these 
two residues may facilitate a hydride ion (a proton plus two electrons) transfer 
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from  the lla position to NADP+  or  NAD+. It is hypothesized that  the  +amino 
group of the lysine deprotonates the phenolic group of the tyrosine. 
Deprotonation of a phenolic group in aqueous solution normally has a pKa of 
about 10, but  the local alkaline milieu provided by lysine lowers the apparent pKa 
of the phenolic group of tyrosine into  the physiological  range. The deprotonated 
phenolic group  then removes a proton from the 1 lp-hydroxyl group of the steroid, 
leaving a negative  charge on  the 11 position of the steroid nucleus. This allows 
transfer of the 1 la hydrogen  (as a hydride) to  the pyridine group of the cofactor. 

The first isozyme of 11-HSD that was characterized, termed the liver or 11- 
HSDl isozyme,  was originally isolated  from rat liver microsomes (Lakshmi  and 
Monder,  1988) and  the  corresponding cDNA was cloned  (Agarwal et al., 1989). It 
requires NADP+ as a cofactor and has an affinity for steroids in  the micromolar 
range. Although  the enzyme purified from rat liver functions only as a dehydro- 
genase, the recombinant enzyme  expressed  from  cloned cDNA exhibits both 1 l@- 
dehydrogenase and  the reverse  oxoreductase activity (conversion of 
1 l-dehydrocorticosterone to corticosterone) when  expressed in mammalian cells 
(Agarwal et al., 1989) suggesting that  the reductase activity is destroyed during 
purification from the liver. 

Several lines of  evidence  suggest that  this isozyme  does not play a significant 
role in conferring ligand specificity on the mineralocorticoid receptor. It is 
expressed at highest levels in  the liver, which does not respond to mineralocorti- 
coids, and  although it is expressed at  high levels in the  rat  kidney (Agarwal et al., 
1989), it is  expressed at  much lower  levels in human  (Tannin et al., 1991)  kidneys. 
Even in  rat kidney, immunoreactivity  to  the protein is observed primarily in 
proximal tubules and not in distal tubules and collecting ducts, the sites of miner- 
alocorticoid action (Rundle et aL, 1989),  Finally,  when the HSDIIL (HSDIIBI) 
gene encoding  this isozyme  was  cloned (Tannin et al., 1991) and examined for 
mutations in patients with AME, none were found (Nikkila et aL, 1993). 

Accordingly, a second isozyme was sought in mineralocorticoid target tissues. 
Evidence  for an  NAD+  dependent isozyme was obtained from histochemical 
studies of rat kidney (Mercer and Krozowski,  1992). In isolated rabbit kidney 
cortical collecting duct cells,  11-HSD  was detected in  the microsomal fraction 
(Rusvai and Naray-Fejes-Toth,  1993) This activity was almost  exclusively NAD+ 
dependent  and  had a very high affinity for steroids (K,,, for corticosterone of  26 
nM). There was almost no reduction of 11-dehydrocorticosterone to corticos- 
terone, suggesting that, unlike the liver isozyme, the  kidney or 1 I-HSD2 isozyme 
only catalyzed dehydrogenation. The enzyme in  the  human placenta had similar 
characteristics (Brown et al., 1993); it was NAD+  dependent  and had K ,  values for 
steroids in the nanomolar range. Similar activities were noted in sheep kidney 
(Yang and Yu, 1994) and in many  human fetal  tissues  (Stewart et al., 1994). 

Thus far, 11-HSD2  has not been  purified to homogeneity in active  form from 
any source. This rendered  the cloning of the  corresponding cDNA more difficult. 
It was eventually accomplished  by  expression screening strategies in which pools 
of clones  were  assayed  for their ability to confer NAD+  dependent 11-HSD 
activity on Xenopus oocytes or cultured mammalian cells.  Positive  pools  were 
divided into smaller pools and rescreened until a single positive clone was iden- 
tified.  Both sheep (Agarwal et al., 1994) and  human (Albiston et al., 1994) cDNA 
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encoding  this isoform  were isolated in this manner. Recombinant 11-HSD2 has 
properties that are virtually identical to the activity found in mineralocorticoid 
target tissues. The recombinant enzyme functions exclusively  as a dehydrogenase; 
no reductase activity is detectable with  either  NADH  or  NADPH as a cofactor 
(Agarwal et al., 1994; Albiston et aL, 1994). It has an  almost exclusive preference 
for NAD+ as a cofactor and a very high affinity for  glucocorticoids. This isozyme 
is expressed in mineralocorticoid target tissues, particularly the kidney, and in 
human placenta,  whereas it is  not detected in  the liver. 

The predicted amino acid  sequence  of  11-HSD2 is only 21% identical to that of 
11-HSD1. It consists of  404 amino acid  residues. The corresponding gene, termed 
HSDllK or HSDllB2, is located on chromosome  16q22  (Agarwal et al., 1995). It 
consists of  five  exons  spaced  over approximately  6  kb (Figure 6). This organization 
differs  from HSDIIBl  [HSDllL), suggesting that  the two isozymes are only 
distantly related. 

5.3 Detection of mutations  in H S D l l p  in  patients with AME 

Thus far,  18 different mutations in  the HSDllB2 gene  have  been published 
involving 21 kindreds with AME (Figure 6). These  mutations all  affect enzymatic 
activity or pre-mRNA splicing, thus  confirming in  its  entirety  the hypothesis that 
11-HSD protects the mineralocorticoid receptor from high concentrations of 
cortisol (Dave-Sharma et al., 1998; Kitanaka et al., 1997; Li et aL, 1997; Li et al., 
1998; Mune et al., 1995; Mune  and White,  1996;  Stewart et al., 1996;  Wilson et al., 
1998;  Wilson et aL, 1995a; Wilson et al., 1995b).  Most patients are homozygous  for 
single mutations, with only three published patients being  compound heterozy- 
gotes  for two different mutations. This suggests that  the prevalence of AME muta- 
tions in the general population is low, so that  the disease is found  mostly in limited 
populations in which inbreeding is relatively high. Six kindreds are of Native 
American origin. Three from Minnesota  or Canada carry the same mutation 
(L250S,  L251P), consistent with a founder effect, but  the others are each 
homozygous  for a different mutation. The reason  for the relatively high preva- 
lence of this very rare disease among  Native Americans is not immediately 
apparent. 

Of the  mutations identified thus far, three shift the reading frame of translation, 
a third deletes three amino acids including the catalytic tyrosine residue (Y232), 

Figure 6. Diagram of the 
HSDIIK (HSDIIB2) gene, 
showing  locations of mutations 
causing apparent 
mineralocorticoid  excess. 
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and  one is a nonsense mutation. These  mutations  are all presumed to completely 
destroy enzymatic  activity. One  mutation  in the  third  intron leads to  skipping of 
the  fourth exon during processing of  pre-mFWA (Mune et al., 1995).  As the fourth 
exon  encodes the catalytic site, the resulting enzyme is again presumably inactive. 
The remaining  mutations each  affect no more than two amino acids. Most of these 
have  been introduced  into cDNA and expressed in cultured cells to  determine 
their effects.  Several  completely inactivate the enzyme,  whereas others have 
almost unimpaired activity in whole cells (Li et al., 1998; Mune  and White,  1996; 
Wilson et aL, 1998).  However, all mutations  are associated with decreased or 
absent activity in lysed  cells, suggesting that  they adversely affect protein stability 
once cells are lysed; this has been  confirmed  by  Western blots for several muta- 
tions  (Mune  and White,  1996). 

Both the wild type enzyme and most mutants  are concentrated in  the nucleus as 
determined by  Western blots of  cell fractions. This may reflect the enzyme’s 
function  in  protecting the nuclear mineralocorticoid receptor from  excessive 
concentrations of cortisol. 

Genotype-phenotype  correlation. Although the number of patients with  AME 
is small, sufficient data now exist to  demonstrate a statistically significant corre- 
lation (R2=0.65,  P<O.OOOl) between degree of enzymatic impairment  and 
biochemical severity as  measured  by the product: precursor ratio, 
THE/(THF+aTHF) (Mune  and White,  1996, and  unpublished observations) 
This correlation is most  obvious for the partially active mutants. It is remarkable 
that trivial impairment of  enzymatic activity (as  measured in transfected intact 
cells) is apparently sufficient to compromise  metabolism of cortisol in  the kidney, 
suggesting that  there is very little excess capacity to metabolize cortisol in  this 
organ. This seems to raise a paradox,  because  AME is a recessive disorder and 
heterozygous carriers, who  would  be  expected to have 50% of normal activity, are 
asymptomatic. Altered stability  or  kinetic properties of the partially active 
mutants may be  important,  including alterations in enzyme inhibition by end 
product (i.e. cortisone or corticosterone) or by other  circulating steroids. 

Because  of the small numbers of patients, and  the possible confounding effects 
of prior  antihypertensive therapy, it is difficult to correlate biochemical severity 
with measures of clinical severity, except that serum  potassium levels do  tend  to  be 
lower in  individuals carrying more severe mutations. Although correlations 
between  genotype and blood pressure levels are  not statistically significant, anec- 
dotal reports suggest that  mutations  that  do  not destroy activity are indeed  asso- 
ciated with milder disease (Li et al., 1998; Mune et al., 1995;  Wilson et al., 1998; 
Wilson et al., 1995b). In particular, the so-called ‘type 11’ variant of  AME,  which is 
associated with  only  slightly abnormal precursor: product ratios (Mantero et al., 
1994;  Ulick et al., 1990b), is caused  by mutations in HSD11B2 that affect  enzy- 
matic activity very  mildly (Li et al., 1998). 

HSDl1 B2 as  a  candidate  locus  for  essential  hypertension. Whereas apparent 
11-HSD deficiency causes severe hypertension, it is reasonable to hypothesize 
that milder  decreases in enzymatic activity might  be associated with  common 
‘essential’ hypertension. Patients with  AME are often born with a mild  to 
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moderate degree  of intrauterine growth retardation. Although the reason  for this 
is not known, it seems likely that deficiency  of 11-HSD in  the placenta permits 
excessive quantities of maternal glucocorticoids to cross the placenta and  thus 
inhibit fetal growth (Reinisch et al., 1978). Thus, a hypothetical mild form  of 11- 
HSD deficiency might also present with low birth weight and  subsequent hyper- 
tension (Edwards et al., 1993). In rats, placental 11-HSD activity is inversely 
correlated with placental weight and directly correlated with  term fetal weight 
(Benediktsson et al., 1993). In human population studies, most  of  which are retro- 
spective,  low birth weight and increased placental weight are indeed risk factors 
for subsequent  development of adult hypertension (Barker et al., 1990). Although 
variations in 11-HSD might in principle be responsible for this correlation, 
studies in humans (Rogerson et al., 1997; Stewart et al., 1995)  have not found  such 
a correlation between  placental 11-HSD activity and placental  weight. A weak but 
significant positive correlation was observed  between l l-HSD activity and fetal 
birth weight in  the first study (Stewart et al., 1995), but  the  subsequent larger 
study of the identical population (Rogerson et aZ., 1997)  was unable  to  confirm 
this. Thus,  the currently available  data do not support the idea that low 1 l-HSD 
activity is a risk factor  for  low birth weight in humans who do not suffer  from 
AME. Of  course, this does not rule out a possible  effect of genetically determined 
mild variations in 11-HSD activity upon blood pressure or  more specifically on 
salt sensitivity.  Molecular studies ofHSDllB2 should  unambiguously  determine 
if this gene is frequently involved in  the  development of hypertension. These 
might include linkage studies (see Chapter 1) and a search  for frequent polymor- 
phisms in  HSDllB2 that  might  be associated with  the development of hyper- 
tension. Additional insights into  the physiology of this enzyme might  be obtained 
by ‘knocking out’ the  corresponding gene in mice  (see Chapter 6). 

6. Summary 

Aldosterone, the most important mineralocorticoid, regulates electrolyte 
excretion and intravascular volume mainly  through  its effects on renal distal 
convoluted tubules and cortical collecting ducts. Excess secretion of aldosterone 
or other mineralocorticoids, or  abnormal sensitivity to mineralocorticoids, may 
result in hypertension, suppressed  plasma renin activity and hypokalemia. Such 
conditions often  have a genetic basis, and studies of these conditions have 
provided  valuable insights into  normal  and  abnormal physiology  of  mineralocor- 
ticoid action. Deficiencies of steroid 11p-hydroxylase or  17~-hydroxylase are 
types of congenital adrenal hyperplasia, the autosomal  recessive inability to 
synthesize cortisol. These two  defects  often  cause hypertension due to overpro- 
duction of cortisol precursors that are, or are metabolized  to, mineralocorticoid 
agonists. These disorders result from mutations in the CYPllBl and CYPl7 
genes encoding  the  corresponding enzymes. Glucocorticoid-suppressible hyperal- 
dosteronism is an autosomal dominant  form of hypertension in which aldosterone 
secretion is abnormally regulated by ACTH. It is caused  by recombinations 
between linked genes encoding closely related isozymes, 1 lp-hydroxylase 
(CYPllBl) and aldosterone synthase (CYPIIBZ), generating a dysregulated 
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chimeric gene  with aldosterone synthase activity.  Apparent mineralocorticoid 
excess is a loss  of functional ligand specificity of the mineralocorticoid receptor 
caused by deficiency of the kidney  isozyme  of 1 1P-hydroxysteroid  dehydrogenase, 
an  enzyme that normally metabolizes cortisol to cortisone to prevent it from  occu- 
pying the receptor. This autosomal  recessive  form  of severe hypertension results 
from mutations  in theHSDIlK (HSDIIBZ) gene. 
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The amiloride-sensitive 
epithelial Na+ channel: 
structure and function of 
a key molecule for salt 
homeostasis 
Pascal Barbry 

1. Introduction 

High resistance epithelia can  reabsorb external sodium against large negative 
concentration gradients. Ussing and co-workers  have  explained the phenomenon 
by the existence  of transcellular sodium reabsorption through high-resistance 
epithelia: coupling between  passive electrodiffusion of sodium through the apical 
membrane, and active extrusion of intracellular sodium by  basolateral 
Na+/K+/ATPase generates a vectorial transcellular sodium transport (Koefoed- 
Johnsen and Ussing,  1958; Figure I). In distal colon and distal segments of the 
nephron, the same  mechanism is involved in  the control of sodium excretion. An 
ion channel mediates the electrodiffusion of Na+ across the apical  membrane. 
This passive diffusion corresponds to  the  limiting step of the transcellular 
transport. The channel associated with that apical  diffusion is characterized by a 
high selectivity for sodium and  lithium over  potassium. It can be blocked by low 
concentration of the diuretics amiloride and triamterene. Hormones, such as 
aldosterone and vasopressin, are involved in  the fine control of the transcellular 
Na+ reabsorption. Molecular identification of the amiloride-sensitive sodium 
channel proteins has  been  achieved  (Canessa et al., 1993; Lingueglia et al., 1993); 
three homologous subunits, entitled aENaC, PENaC, and yENaC  (for epithelial 
Na+ channel), correspond to the pore-forming subunits (Canessa et al., 1994b). 
They are distinct from voltage-dependent Na+ channels (Noda et al., 1986). 
Instead, they constitute with more than 30 homologous proteins, a new  gene 
super-family of ionic channels. This super-family can be divided into four 
subfamilies (Barbry and Hofman,  1997). The first subfamily, found in mammals, 
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Figure 1. Mechanism of active sodium reabsorption across tight epithelia. Passive 
electrodiffusion of sodium through the apically expressed ENaC complex is coupled to  an 
active extrusion of sodium through the basolateral sodium/potassium ATPase, resulting in 
a vectorial transport of sodium. Positive (Berthiaume et al., 1987; Chen et al., 1999;  Chrai%i 
et al., 1998; Renard et al., 1995) and negative (Komwatana et al., 1996; Staub et al., 1996) 
effectors of sodium absorption are indicated. Sodium transport is coupled to chloride 
and/or potassium transport, which can also be affected by some of these effectors. 

contains the constitutively activated channels involved in vectorial transport of 
electrolytes. It includes aENaC, PENaC,  yENaC, the epithelial Na+ channel 
subunits, and tiENaC, a human d i k e  subunit (Waldmann et al., 1995a). 

The other three subfamilies are associated with diverse  physiological functions 
in a range of tissues and species. This paper reviews  some recent data about func- 
tional and molecular properties of the epithelial Na+ channel. It presents the prop- 
erties of some related ionic channels, when they have  some relevant implications 
for understanding the function of ENaC. It then analyses the cell-specific 
expression of ENaC, and the mechanisms of its regulation by steroids. 

2. Pharmacological and biophysical properties of the 
epithelial Na+ channel 

2. I Pharmacology 

The diuretic properties of amiloride and triamterene are explained  by the 
blockade of a Na+ permeability at  the apical membrane of epithelial tissues 
(Bentley,  1968;  Eigler and Crabbe,  1969;  Gross and Kokko,  1977). Amiloride was 
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discovered in 1964 after screening for noqsteroidal saliuretic agents with antikali- 
uretic properties in rat (Cragoe,  1979). Amiloride analogs can inhibit  distinct  Na+ 
transport systems: (i)  the epithelial Na+ channel, (ii) the  Na+/H+ exchange 
system, (iii)  the Na+/Ca*+ exchange system, which have usually distinct sensitiv- 
ities for amiloride derivatives. Phenamil, or benzamil, substituted on  the 
guanidino moiety of the amiloride molecule, are  potent  inhibitors of the epithelial 
Na+ channel, but poor inhibitors of the  Na+/H+  antiporter (Barbry and 
Lazdunski, 1996).  Conversely, 5-N-disubstituted derivatives of amiloride, such as 
ethylisopropylamiloride (EIPA), are  the most potent  inhibitors of the  ubiquitous 
isoform of the  Na+/H+ exchanger, while the Na+ channel is not blocked by these 
derivatives (Wakabayashi et al., 1997). The Na+/Ca2+ exchange system is poorly 
inhibited  by amiloride, but some amiloride derivatives that  are  substituted  on  the 
guanidino moiety, such as dichlorobenzamil, inhibit it, although with a low 
affinity (Kaczorowski et al., 1985). Importantly, the pharmacological characteri- 
zation of a Na+ transport system is not always sufficient to  identify  the correct Na+ 
pathway, since some isoforms of Na+/H+  antiporters  are  not sensitive to amiloride 
and  to EIPA  (Wakabayashi et al., 1997). EIPA-sensitive electrogenic Na+ 
transport, presumably through Na+ permeant channels, has also been described in 
cultured alveolar type I1 cells (Matalon et al., 1996). 

2.2 Electrophysiology 

Noise analysis induced by submaximal concentrations of amiloride allowed 
Lindemann  and Van Driessche to  identify  the  unitary properties of the epithelial 
Na+  channel  (Lindemann  and Van Driessche, 1977). Later, the same channel was 
characterized by  the patch clamp technique  in A6 cells [derived from amphibian 
kidney  (Hamilton  and Eaton, 1985)], in apical membrane of cortical collecting 
tubule  (Letzet al., 1995; Palmer and  Frindt, 1986), in intact  epithelium of the toad 
urinary bladder (Frings et al., 1988) and  in  primary  culture of fetal rat  lung 
epithelial cells (Voilley et al., 1994). The channel is characterized by a low unitary 
conductance (-4pS in  140mM NaCl), and a high selectivity for sodium  and 
lithium over potassium. Whole-cell patch clamp or noise analysis show that  the 
same channel is present in distal segments of colon (Clauss et al., 1987; Zeiske et 
al., 1982), in airway epithelium  (Chinet et al., 1993), in granular  duct cells of 
mouse mandibular gland (Dinudom et al., 1995), in stria vascularis marginal cells 
from the cochlea  (Iwasa et al., 1994), and  in many other high resistance epithelia 
(Barbry and Lazdunski, 1996;  Palmer,  1992). 

3. Primary  structure 

The epithelial  Na+  channel can be expressed in Xenopus lamis oocytes by 
injection of mRNAs derived from Na+-reabsorbing  high resistance epithelia 
(Asher et al., 1992b; George et al., 1989; Hinton  and Eaton, 1989; Kroll et al., 
1989). The highest expression was observed after injection of mRNAs prepared 
from rat  distal colon (i.e.  5-10 times  higher than with  any  other tissue) recovered 
from animals  treated for at least 10 days with a low-sodium diet, or injected with 
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high doses of dexamethasone. Dexamethasone-treated (Lingueglia et d., 1993) or 
aldosterone-treated (Canessa et al., 1993) rat distal colon  mRNAs  were  used to 
build a Xenopus oocyte  cDNA expression library. A clone was characterized after 
five steps of purification (Lingueglia et al., 1993). It is 3081 nucleotides long and 
encodes a 699 amino acidprotein.  This protein was called  RCNaCh, for rat colon 
Na+ channel (Lingueglia et al., 1993), or aENaC, for epithelial Na+ channel 
(Canessa et al., 1993). 

The level  of amiloride-sensitive current generated in Xenopus oocyte  after 
expression of the cloned protein was much  lower than after injection of total 
mRNA  (Canessa et al., 1993; Lingueglia et al., 1993;  Voilley et al., 1994). This 
suggested that a factor was lacking to permit full expression of the channel 
activity.  Canessa et al. successfully complemented the Na+ channel activity 
induced by expression of olENaC by  coexpressing different pools  of a rat colon 
cDNA library (Canessa et al., 1994b). This functional complementation strategy 
led to identification of two homologous  cDNAs,  called  PENaC and yENaC, 
sharing -35% identity with aENaC. Coexpression  of the three subunits increases 
the amplitude of the  current by two orders of magnitude. The ionic selectivity, 
gating properties, and pharmacological  profile of the channel formed after 
coexpression  of the three subunits in oocyte are similar to those of the native 
channel. A unitary conductance of 4.5 PS  was measured in 140  mM NaC1,  of  6.5 PS 
in 140  mM  LiCl. The channel has no conductance for K+ (Canessa et al., 1994b). 
Independently, Lingueglia et al. designed degenerate oligonucleotides deduced 
from an alignment between the cloned subunit of the Na+ channel and three 
homologous proteins, called  degenerins,  involved in mechanosensitivity in  the 
nematode Caenorhabditis elegans (Lingueglia et al., 1994).  Amplification  by the 
polymerase chain reaction  (PCR) of reverse transcribed (RT) RNA  from distal 
colon  allowed the characterization of a second subunit, corresponding to  the 
yENaC  cloned  by  Canessa et al. (Canessa et al., 1994b).  Coexpression with the first 
subunit increased channel activity 18+5-fold (Lingueglia et al., 1994). 

The human olENaC,  PENaC, yENaC  have  been subsequently characterized 
from lung (Voilley et al., 1994,  1995) and kidney (McDonald et al., 1994,  1995) 
cDNA libraries. Human  aENaC gene  maps  to  chromosome 1 2 ~ 1 3  (Voilley et al., 
1994), while PENaC and yENaC  genes are co-localized within a common  400 kb 
fragment on chromosome 16~12-13 (Voilley et al., 1995). A pENaC subunit 
variant has  been  described in human, where the last 42 amino acid residues are 
modified, in a region implicated in  the regulation of channel activity (Voilley et al., 
1995). This modification increases the Na+ channel activity in Xenopus oocytes 
(Jeunemaitre et al., 1997). When human ENaCs are expressed in  the oocyte, the 
Na+ channel properties are identical to those of the rat: a voltage-independent 
channel selective  for Na+ was characterized by a unitary conductance of  5.6 PS in 
140  mM  NaCl and by a unitary conductance of  7.8  PS in 140  mM LiCl (Waldmann 
et al., 1995a). The rat and human subunits can  be readily exchanged without 
affecting the functional properties of the channels expressed into oocyte 
(McDonald et al., 1995).  Nearly identical results have  been obtained after 
expression ofXenopus EnaCs (Puoti et al., 1995). 

The bovine and chicken aENaC sequences  have  also been established (Fuller et 
al., 1995; Goldstein et al., 1997; Killick and Richardson, 1997). The bovine 
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sequence  shows marked divergence in  the last 113 COOH terminal residues, 
which alters the channel kinetics (Fuller et al., 1995). In chicken cochlea, three 
aENaC splice variants have  been characterized (Killick and Richardson, 1997). 
They result in a truncated nonfunctional protein. 

4. The  epithelial Na+ channel  superfamily 

Epithelial amiloride-sensitive Na+ channels are expressed in many multi-cellular 
organisms: in Hirudo medicinalis integument, their activity controls leech  volume 
body  (Weber et al., 1995); in Lumbricus terrestris intestine, amiloride-sensitive 
sodium transport displays  seasonal  changes,  via an unknown hormonal regulatory 
mechanism (Cornell, 1984). Identification of the ENaC subunits has  also  revealed 
the existence of similitude with a family of proteins previously identified in the 
nematode Caenmhabditis elegans. While aENaC, PENaC, and yENaC share no 
significant identity with previously cloned ionic channels, a -12% amino acid 
identity was observed  between them and  the proteins MEC-4,  MEC-10 and DEG- 
1, also  called degenerins (Canessa et al., 1993; Chalfie et al., 1993; Lingueglia et al., 
1993). 

In Helix aspersa neurons, as  well  as in Aplysia  calijbnica bursting and motor 
neurons, Phe-Met-Arg-Phe-NH, (FMRFamide) and structurally related 
peptides induce a fast excitatory depolarizing response. This response is due to 
direct activation of an amiloride-sensitive Na+ channel (Belkin and Abrams, 
1993;  Green et al., 1994). This current is carried through amiloride-sensitive, but 
tetrodotoxin- or lidocainein-sensitive,  Na+-selective  channels, with a 6.6 PS unitary 
conductance in 100  mM Na+. A cDNA has  been isolated from Helix aspersa 
nervous tissue (Lingueglia et al., 1995). It encodes a FMRFamide-activated Na+ 
channel (FaNaCh) that can be blocked  by amiloride. FaNaCh  displays the struc- 
tural organization of epithelial Na+ channel subunits and of C. elegans degenerins. 
It corresponds to the first example of an ionotropic receptor  for a peptide. 

Comparison of aENaC,  PENaC and yENaC,  FaNaCh or degenerin  sequences  with 
databases of expressed  sequence  tags  (ESTs)  has  revealed the existence of homologs in 
mammals. The first  mammalian protein identified  by this approach was derived 
from a human  testis EST. The messenger  RNA,  detected in brain,  pancreas,  testis, 
and ovary, encodes a protein of  638 amino acids  (Waldmann et al., 1995a). The 
highest  sequence identity (37%)  was observed  with aENaC. When  expressed  alone  in 
Xenopus oocytes, this protein  generates a small  amiloride-sensitive  Na+  current, as 
does aENaC alone.  When  expressed  with  PENaC and yENaC, it generates a large 
amiloride-sensitive  Na+ current, with  biophysical and pharmacological  properties 
slightly distinct from  those  observed  after  expression of aENaC, PENaC, and 
(higher unitary conductance,  lower  sensitivity to amiloride  derivatives, different 
selectivity  sequence and gating).  Taken  together,  these  results  suggests that this 
protein,  called GENaC, but which is not a fourth subunit of the epithelial  Na+ 
channel, rather corresponds  to an ‘aENaC-like’ subunit. Human GENaC gene  maps 
to  chromosome  1p36.Sp36.2  (Waldmann et al., 1996a). 

Acid  Sensing Ion Channels (ASIC,  also  called  BNC,  Brain Na+ Channel)  were 
subsequently  characterized  (Chen et al., 1998;  Garcia-Afioveros et al., 1997; Ishibashi 



154 MOLECULAR GENETICS OF HYPERTENSION 

and Marumo, 1998; Lingueglia et al., 1997; Price et al., 1996; Waldmann et al., 
1996b,1997a,  1997b). The ASICs participate in  the formation of cationic channels in 
the central nervous system and  in sensory neurons (Waldmann et al., 1996b). These 
channels are gated  by  acidification of the external solution. Each ASIC is charac- 
terized by  specific ionic selectivity, kinetics of opening and closure, and sensitivity to 
the external pH or  to amiloride. 

Identification of degenerins, ENaC, FaNaCh, and ASICs clearly defines a large 
gene super-family. This family contains  not  only constitutively activated ionic 
channels, involved in vectorial transport of electrolytes, as the amiloride-sensitive 
Na+ channel, but also proteins involved in sensory perception, especially 
mechanosensation, as C. elegans MEC-4 and MEC-IO, and ligand-gated ionotropic 
receptors, such as FaNaCh and ASIC. Some channels can also participate in 
vectorial transport of electrolytes and  in sensory perception, as evidenced by the 
role of ENaC in mediating salt perception in  rat taste bud cells (Kretz et al., 1999). 
Many other mammalian members of this super-family remain to  be identified. 
For instance, the molecular relationship between ENaC and moderately or nonse- 
lective Na+ channels, characterized byp,,+lp,+ ratios below 6 has to  be clarified, 
although  they  are usually classified within the same family of ionic channels (see 
for instance Palmer,  1992). Although most of the members of the ENaC-degenerin 
super-family which have been expressed so far are characterized by  apNa+IpK+  ratio 
greater than 10, mutant forms of  ASIC2 and of  UNClOS and some heteromulti- 
meric complex of ASICs exhibit a lower Na+ selectivity. It has been proposed that 
degradation of the highly selective Na+ channel  by extracellular proteases might 
alter  the p,,+/p,+ ratio, and change channel biophysical properties (Lewis and 
Alles,  1986), (Chraibi et al., 1998). It has also been proposed that these low 
selective channels would correspond to different mixtures of aENaC, PENaC and 
y (Fyfe and Canessa,  1998). Finally, this type of nonselective channels might also 
very well correspond to new isoforms of nucleotide-gated cationic channel, which 
are also sensitive to amiloride (Schwiebert et al., 1997). Additional work is clearly 
needed to clarify this issue. 

5. Quaternary  structure 

Functional expression into Xenopus oocytes has clearly demonstrated  that  the 
functional Na+ channel  contains at least one copy of each ENaC subunit, implying 
a minimal stoichiometry of three. In order  to  identify  the exact number of 
subunits  into a complex, biochemical and  functional experiments have been 
performed with FaNaCh, the  FMRFamide receptor (Coscoy et al., 1998), as  well  as 
with ENaC (Berdiev et al., 1998; Firsov et al., 1998; Kosari et al., 1998; Snyder et 
al., 1998). 

FaNaCh biochemical properties were analyzed after stable transfection of the 
human  embryonic kidney cells HEK-293 (Coscoy et al., 1998). FaNaCh was used 
in these biochemical studies because of two useful properties. First, and  unlike 
ENaC, active FMRFamide-activated Na+ channels are formed by multimer- 
ization of only  one protein. Second, and  unlike ENaC, the FaNaCh channel is 
totally silent in  the absence of FMRFamide, and is therefore not toxic for cells 
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expressing it. In cells  expressing functional channels, a protein with an apparent 
molecular  mass of  82 kDa was detected at  the cell  surface. The 82-kDa  form was 
derived from  an incompletely glycosylated  form  of 74 kDa found in the endo- 
plasmic reticulum. Covalent bonding by bifunctional cross-linkers resulted in the 
formation of covalent multimers that contained up to four subunits. 
Hydrodynamic properties of the solubilized FaNaCh  complex, corrected for the 
contribution of the detergent to the size of the solubilized complex,  also indicated 
a stoichiometry of four subunits per complex. Similar results were obtained after 
solubilization with Triton-X100 and with CHAPS. This stoichiometry clearly 
differs from that proposed  by Cheng et al., who  used sucrose gradient sedimen- 
tation analysis to determine the sedimentation properties of ENaC subunits 
complexes (Cheng et al., 1998).  After solubilization of transfected cells with digi- 
tonin, these authors identified a complex of aENaC, PENaC and yENaC at  a sedi- 
mentation coefficient of  25 S. This high sedimentation coefficient  suggested to 
these authors that  the channel might contain up to nine subunits. This stoi- 
chiometry of nine was also  derived  from functional measurements by the same 
group (Snyder et al., 1998).  However, the specific  volume of digitonin (v = 0.73 
cm3g-1) is very  near the specific  volume of proteins. The contribution of digitonin 
to the mass of the solubilized complex was therefore impossible to determine, 
leading to a large imprecision in  the molecular  weight of the glycoprotein  complex 
(Lichtenberg et al., 1992). Using an independent biochemical  method, Firsov 
quantified the number of subunits present into  a functional complex  expressed at 
the cell  surface (Firsov et al., 1998). It was shown that  the three ENaC subunits 
assemble according to a fixed  stoichiometry, aENaC being more abundant  than 
PENaC and yENaC (Firsov et al., 1998). 

Functional measurements have  also  been  used in order to define the st& 
chiometry of these channels (Firsov et al., 1998;  Kosari et al., 1998; Snyder et al., 
1998). They are based on  a methodology first described by McKinnon for Shaker 
K+ channel (McKinnon, 1991). In these experiments, wild type and mutant ENaC 
were  mixed at different ratios. Mutations affecting aENaC, PEN& or 
introduced differential sensitivities to amiloride (Firsov et al., 1998; Kosari et al., 
1998), to zinc (Firsov et al., 1998), or  to methanethiosulfonates (Kosari et al., 1998; 
Snyder et al., 1998).  Analysis of the specific currents associated with the different 
complexes led Firsov et al. and Kosari et al. to suggest a stoichiometry of four 
subunits per complex, with two a, one p and one y (Firsov et al., 1998; Kosari et al., 
1998).  However, using mutant forms of the three human ENaC subunits with 
altered channel inhibition by methanethiosulfonates, Snyder et al. suggested a 
stoichiometry of three a, three P, and three yENaC per complex (Snyder et al., 
1998). This discrepancy can probably be explained  if the main hypothesis made  by 
MacKinnon, i.e. the equivalence  between mutant and wild type proteins, is 
violated. In order to check whether the mutations introduced into  a channel 
subunit were changing the association of the complex, Firsov et al. quantified the 
expression of the cell  surface of the wild  type and of their mutants. The mutant 
forms  used in their study did not modify the cell  surface  expression, suggesting 
equivalence  between mutant  and wild type proteins (Firsov et al., 1998). 

A different functional methodology was  developed  by  Berdiev et al. (Berdiev et 
al., 1998). It took  advantage of the different unitary properties of a wild  type 
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Figure 2. (a)  View  from  above  of the ENaC  complex, derived from  experiments  performed 
on  ENaC  by  Berdiev et al. (198), Firsov et al. (1998) and Kosari et al. (198) and on 
FaNaCh, a related  protein,  by  Coscoy et al. (198). An alternative model containing  nine 
subunits has  been  proposed by Snyder et al. (1998). See text for  discussion.  Regions 
involved  in the formation  of the ionic  pore  and of the amiloride binding  site  are  indicated. 
(b) Membrane  topology  of  ENaC,  deduced  from  experiments  performed on ENaC  (Renard 
et al., 1994;  Schild et al., 1997;  Waldmann et al., 1995b),  ASIC  (Coscoy et al., 1999)  and 
degenerins  (Garcia-Afioveros et al., 1995; Lai et al., 1996). 

aENaC  and of a mutant channel, aAt,8-2,-rENaC, characterized  by  distinct 
amiloride  binding properties, after expression in planar  lipid (Berdiev et al., 1998). 
Five  channel  subtypes  with  distinct  sensitivities  to  amiloride were found in a 
1 aENaC: 1 aA2,8-zssENaC protein  mixture. Their relative  abundance is consistent 
with a tetrameric organization. 

Despite  some  conflicting  data  (Snyder et al., 1998), the tetrameric  architecture 
therefore emerges as a classical motif  for  cationic  channels (Figure 2a). Inward- 
rectifier K+ channel (Yang et al., 1995) and P,, receptor, an  ionotropic receptor  for 
ATP  (Kim et al., 1997; but see also Nicke et al., 1998), characterized  by the 
presence of only two transmembrane  a-helices, also form  tetramers. This organi- 
zation is similar  to that reported  for  other  cation selective channels,  such as 
voltage-dependent K+ channels  (McKinnon, 1991), voltage-dependent Na+  and 
Caz+ channels (Tanabe et al., 1987), and cyclic-nucleotide gated  channels (Liu et 
al., 1996a), that all have four-fold internal symmetry. 

6. Secondary  structure 

Analysis of ENaCs  primary  structure clearly indicates the presence of two large 
hydrophobic  domains.  These two hydrophobic  domains  divide  the  proteins  into 
five distinct  domains: 
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(i) a 50-100 residues long NH,-terminal segment (presumably cytoplasmic, due 
to the absence of a signal  peptide), and a 20-100 residues long COOH- 
terminal segment, 

(ii) two hydrophobic domains: the second one being more conserved  over the 
family than  the first one (-30% identity against -20%), 

(iii) a large domain located  between the two hydrophobic domains, that repre- 
sents more than 50% of the total mass  of the protein. It contains several short 
motifs that are highly conserved among the family, such as one (two in 
degenerins) cysteine-rich region(s). 

The same transmembrane organization is found for all members of the family 
(Figure 2b). It has  been demonstrated for aENaC by a biochemical  approach 
(Renard et al., 1994) then confirmed with PENaC,  yENaC, and MEC-4 (Renard, 
unpublished data; Lai et al., 1996; Snyder et al., 1994). 

The large domain between the two transmembrane segments is extracellular. 
The NH, and COOH terminal domains of the proteins are cytoplasmic, and 
contain putative regulatory sequences, such as  consensus sites for phosphory- 
lation by protein kinases, and for interaction with cytoplasmic proteins. Slight 
differences  between theoretical and experimental molecular  weights  of the extra- 
cellular domain were noticed by Renard et al. (Renard et al., 1994). They proposed 
that  the  structure of the two transmembrane domains might be in fact  more 
complex than classical hydrophobic a-helices (Renard et al., 1994), and probably 
involves structures similar to the pore loop found in several voltage-dependent 
ionic channels (Guy and Durell, 1996). 

Several mutations affecting the function of the proteins of the family  have  been 
characterized. Gain-of-function mutations are associated with neurodegeneres- 
cence (Chalfie and Wolinski,  1990) or hypercontraction (Liu et al., 1996b) in 
nematodes, and with hereditary hypertension (Liddle’s syndrome) in humans 
(Shimkets et al., 1994); loss-of-function mutations are associated with mechano- 
insensitivity in nematodes, and with pseudohypoaldosteronism (PHA1) in 
humans (Chang et al., 1996). Mutations in humans and nematodes  often  affect 
homologous  regions, and sometimes equivalent residues.  Such mutations clearly 
identi% conserved domains that are important for all the proteins of the family. 

6.7 Second  transmembrane  domain 

Alignment of the different  proteins of the ENaC-degenerin  super-family  reveals the 
highest  level of similitude in the region around the second  transmembrane  region. 
Many  experimental  observations  confer a high  functional  importance  to this region 
(Driscoll and Chalfie,  1991;  Garcia-Aiioveros et al., 1995; Huang and Chalfie,  1994; 
Renard et al., 1994; Schild et al., 1997; Waldmann et al., 1995b). They are  consistent 
with a structural model  where the second  transmembrane  domain is divided into two 
distinct parts. The COOH-terminal  segment  would  correspond to a classical  trans- 
membrane whelix. One  side of this helix  would  interact  with  ions and with the 
amiloride  molecule. The NH,-terminal  segment,  where two putative  P-strand struc- 
tures  would  be linked by a coil-region that contains one (or two)  conserved  glycine(s), 
would  participate in the formation of the ionic  pore  (Canessa et al., 1994a;  Garcia- 
Aiioveros et al., 1995; Renard et al., 1994). 
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Other residues, located in  the second half of the hydrophobic domain (trans- 
membrane a-helix), can also affect pharmacological and biophysical properties of 
the channel. Structure-function analysis of rat  aENaC has shown that Ser589aENaC 
is important  in conferring to ENaC correct pharmacology,  selectivity, conduc- 
tance and gating, while Ser593aENac is important for correct selectivity, conductance 
and gating, but does not  interact with amiloride. S589F shifts  the  inhibition 
constant for amiloride from 0.19 to 8.9  FM. When IleSerFaNaCh from FaNaCh is 
mutated in a  serine (I544S, i.e. the residue equivalent to Ser589aENaC), the  mutant 
becomes totally insensitive to amiloride, and  exhibits altered biophysical prop- 
erties (Lingueglia et al., 1995). Ser726 Thr729  and from MEC-4 are 
affected by loss-of-function mutations (Waldmann et al., 1995b).  All these residues 
are located on  the same side of the predicted transmembrane  a-helix,  and  are 
certainly oriented towards the  ionic pore (Waldmann et al., 1995b).  Accordingly, 
modifications of residues located on the opposite side of the  a-helix have no func- 
tional effect. 

6.2 First  transmembrane  domain 

The first hydrophobic  domain is less conserved than  the second one.  However, 
when the first hydrophobic a-helix from aENaC is replaced by corresponding 
sequences of MEC-4, the affinity for amiloride decreases by a factor of  3, single 
channel conductance slightly increases, and mean open time decreases by  three 
orders of magnitude (Waldmann et al., 1995b). 

Several point  mutations have been identified in  a highly conserved region 
located just before the first hydrophobic domain. S105FMEc.,, eliminates MEC-10 
function (as does an equivalent mutation  in MEC-4 for MEC-4 function), but 
enhances A673VMEC~,,-induced degeneration (Huang  and Chalfie,  1994). A direct 
interaction between these two residues is suggested by a recent study (Coscoy et 
al., 1999) that shows the  pre  M1 region of  ASIC2 participates in  the formation of 
the ionic pore. A second mutation in  the same region causes pseudohypoaldos- 
teronism type-l  (PHA-l), an inherited disease characterized by severe neonatal 
salt-wasting, hyperkalemia, metabolic acidosis and unresponsiveness to mineralo- 
corticoid hormones (Chang et al., 1996; Strautnieks et al., 1996). When expressed 
together with wild type aENaC  and yENaC, G37SpENaC is properly expressed at  the 
cell surface, but  the activity of the  mutant complex is dramatically reduced 
(Griinder et al., 1997). When 95Gly of rat aENaC is mutated  into  a Ser, or when 
'+OGly  of rat yENaC is mutated  into  a Ser, the amiloride-sensitive inward current is 
reduced, without modification of the expression of the ENaC complex at  the cell 
surface. Reduction of the  current is of similar amplitude after expression of a 
mutant PENaC or after expression of a  mutant yENaC. Reduction of the  current is 
more robust after expression of a  mutant  aENaC with wild type PENaC and 
yENaC than after expression of a  mutant PENaC (respectively yENaC) with wild 
type aENaC  and yENaC (respectively PENaC). Three other PHA-1 mutations 
have been reported (Chang et al., 1996; Strautnieks et al., 1996): they correspond to 
a two-base pair deletion at codon 68 of human  aENaC,  that  introduces  a 
frameshift, and  to  a change in codon 508, that  introduces  a stop codon (RSOSX) in 
aENaC,  and  to  a splice site  mutation  in yENaC. 
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6.3 Extracellular  domain 

This domain is particularly important for ligand-gated Na+ channels (FaNaCh, 
ASIC, MDEG), and it will be important to determine the exact binding site of 
FMRFamide in FaNaCh, or of H+ in ASIC and MDEG, and the conformational 
change induced by binding of the ligands. In degenerins, a missense  recessive 
mutation within an extracellular 22 amino-acid region found in degenerins, but not 
in  the  other subfamilies,  causes  cell death similar to  that caused  by the dominant 
mutations affecting the predicted pore-lining (Garcia-Aiioveros et al., 1995). 

A point  mutation affects  Pro134 (P134T or P134S) of C. elegans UNC-105, located 
in  the extracellular domain, between the first transmembrane  a-helix  and  the 
highly conserved motif FPAVT. Animals harboring these mutations  are hyper- 
contracted and paralyzed (Liu et al., 1996b). The underlying defect can be 
corrected by a point  mutation in a basement membrane collagen. A distinct  point 
mutation affects  UNClO5 at  the level of G ~ U " ~  (E677KU,,,,,). It is located close, 
but not in, the  first half of the second hydrophobic region. 

6.4 NH,- and  COOH-terminal  cytoplasmic  segment 

The orientation of the two short NH,- and  COOH-terminal segments toward the 
cytoplasm confers on  them  an  important role, since they  are  in contact with 
cytosolic protein kinases, and with all the intracellular regulatory machinery. 
Existence of specific regulation mechanisms for each protein is consistent with 
the poor conservation of the cytosolic domains among the family.  Analysis of 
ENaC cytoplasmic segments is therefore treated in  the next section, with the regu- 
lation of ENaC activity by cytosolic effectors and  by  protein kinases, and  its  impli- 
cation for human pathologies. 

7. Localization of ENaC gene products in  epithelial tissues 

Rat ctENaC, pENaC and yENaC mRNAs have been detected by Northern  blot 
analysis as unique bands of  3.6,2.6, and 3.2  kb, respectively (Voilley et al., 1997). 
They  are expressed at a high level in epithelial tissues, such as renal cortex and 
medulla, distal colon, urinary bladder, lung, placenta, and salivary glands 
(Canessa et al., 1994a;  Voilley et al., 1994,1997).  Low  levels of transcripts were also 
identified in proximal colon, in uterus, in thyroid, and in intestine.  No signal was 
detected by Northern  blot analysis of total RNA from liver, stomach, duodenum, 
muscle (smooth and striated), heart, brain, or blood-brain barrier microvessels 
(Voilley et al., 1997). Using in situ hybridization, Duc et al. have shown that  the 
three  subunit mRNAs are specifically coexpressed in  the rat renal distal convo- 
luted tubules, connecting tubules, cortical collecting ducts, and  outer medullary 
collecting ducts, but  not in  the  inner medullary collecting ducts  (Duc et al., 1994). 
In rat lung, aENaC mRNA was detected in trachea, bronchi, bronchioles, and 
alveoli (Farman et al., 1997; Matsushita et al., 1996). PENaC and yENaC mRNAs 
were more abundant  in  the bronchiolar  and  bronchial  epithelium  (Farman et al., 
1997; Matsushita et al., 1996). In isolated taste buds from the tongue, differential 
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ENaC subunit mRNAs expression was noticed by an RT-PCR technique  (Kretz et 
al., 1999): in  the anterior tongue, where salt taste is transduced by apical 
amiloride-sensitive sodium channels, mRNA of all three  subunits was found. In 
isolated taste buds of the vallate papilla, where salt taste is not amiloride- 
blockable, only aENaC mRNA was detected. 
a, P and yENaC expression was also analyzed at a  protein level using  immuno- 

histochemistry  with specific anti-peptide  antibodies raised against each of the 
three  subunits  (Duc et al., 1994; Renard et al., 1995;  Voilley et al., 1997). In kidney, 
a majority of cells of the  renal cortical collecting duct  and  outer medullary 
collecting duct express the three  subunits  (Duc et al., 1994; Kretz et al., 1999). 
Interestingly, Kretz et al. also detected some a-subunit immunoreactivity in  the 
brush  border at  the level of the straight segments of the proximal nephron, 
consistent with the existence of functional  Na+  channels in  the straight proximal 
segment (Willmann et al., 1997). In distal colon, the  three  subunits were only 
detected in  the surface epithelial cells, but not in  the crypt cells (Duc et al., 1994; 
Renard et al., 1995). In rat  submandibular gland, a  strong apical labelling was 
noticed with antibodies raised against the  three  subunits  (Duc et al., 1994; Kretz et 
al., 1999). In lung, Renard et al. reported a high level of expression of all three 
subunits  in distal airways, at  the level of Clara cells and of ciliated cells (Renard et 
al., 1995). In the  anterior tongue, reactivity for aENaC, PENaC, and yENaC was 
present in taste buds  and  lingual epithelium. In  the posterior tongue vallate 
papilla, reactivity for aENaC was easily demonstrable, whereas that for PENaC 
and for yENaC was weaker than  in  the  anterior  tongue  (Kretzet al., 1999). 

In human airways, Gaillard et al. used two different polyclonal antisera raised 
against P and y ENaC to localize the  channel in fetal (10-35 weeks) and  adult 
human airways  (D. Gaillard et al., unpublished data). They noticed an early 
expression (as soon as 17 weeks of gestation) of the two subunits  at  the apical 
domain of bronchial ciliated cells, in  glandular  ducts  and in bronchiolar ciliated 
and Clara cells. After 30  weeks, the distribution of the two subunits was similar in 
fetal and  adult airways. In large airways, the two subunits were detected in ciliated 
cells, in cells lining  glandular  ducts  and  in  the serous gland cells. In the distal 
bronchioles, P and y were identified in ciliated and Clara cells. Ultrastructural 
immunogold labeling confirmed the identification of the two subunits  in sub- 
mucosal serous cells and bronchiolar Clara cells. 

ENaC subunits have also been detected at a RNA level in  other  nonepithelial 
cells, such as in osteoblasts (Kizer et al., 1997), or  in baroreceptor nerve terminals 
innervating  the  aortic arch and carotid sinus  (Drummond et al., 1998). In both 
cases, ENaC subunits may be  components of a mechanotransducer. 

8. Regulation of ENaC expression 

8.1 Steroids 

Many factors acting in a tissue-specific  manner, participate in  the adaptation of 
ENaC activity. This explains how the same structural entity (i.e. formed by the  three 
ENaC subunits) is able to fulfil different physiological  roles, such as control of Na+ 
homeostasis in kidney and in colon, correct hydration of mucus in  the airways, or 
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salt taste perception. In kidney and colon, aldosterone, which acts as the major 
sodium-retaining hormone, affects many cellular functions (Rossier and Palmer, 
1992). It can activate transcription of specific  genes after a free diffusion of the 
hormone across the cell membrane, binding  to a cytosolic  receptor, nuclear trans- 
location of the  hormoneseceptor complex, and  binding of the complex to steroid 
responsive elements located in the regulatory region of target gene promoters 
(Rossier and Palmer,  1992).  However, an acute increase in  Na+ permeability can  also 
occur before any transcriptional event. Both mechanisms exist in toad urinary 
bladder, where aldosterone increases the  number of active channels (Palmer et al., 
1982). Asher and Garty have shown that a relatively fast increase in  the apical Na+ 
permeability (= 3 h) is mediated by mineralocorticoid receptors, and does not 
involve the transcription of  new  genes;  however, during a later response (> 3 h) 
mediated by the activation of glucocorticoid receptors, an increased transcription of 
specific  genes  is  observed  (Asher and Garty,  1988). ENaC regulation by steroids has 
been more particularly studied in rat distal colon, rat kidney, and rat lung, where 
distinct regulatory mechanisms have been identified. 

8.2  Distal colon 

In rat distal colon, aldosterone induces amiloride-sensitive electrogenic Na+ 
transport  and  inhibits electroneutral Na+ absorption (Sandle and Binder,  1987). 
The Na+  transport observed in non-stimulated control rats involves coupled 
transport of NaCl  via a Na+/H+  antiporter  and a Cl-/HCO,- antiporter, and  there is 
no, or very low, ENaC activity (Bastl and Hayslett, 1992; Charney and Feldman, 
1984). The same mechanism is responsible for the Na+ reabsorption observed in 
distal and proximal segments of the colon from control animals. In chicken colon, 
besides stimulation of electrogenic Na+ transport, a low Na+  diet also inhibits 
Na+-driven cotransporters of amino-acids and sugars (Ibirnason and Skadhauge, 
1991). Steroid stimulation of electrogenic amiloride-sensitive Na+ transport  in 
distal colon is mediated by type I mineralocorticoid receptors, as shown by the 
inhibitory effect of spironolactone, a specific type I mineralocorticoid receptor 
antagonist (Bastl and Hayslett, 1992), and by the control of electrogenic Na+ 
absorption by nanomolar concentrations of aldosterone (Fromm et al., 1993). 
Synthetic  steroids  with a high specificity for glucocorticoid receptors stimulate 
the electroneutral transport of NaCl but  are inactive on  the electrogenic Na+ 
transport (Bastl and Hayslett, 1992; Turnamian and Binder,  1989). 

The observation that colonic Na+  channels  are strongly regulated at  the RNA 
level by dietary salt intake in rat  and chicken has been one of the keys to successful 
expression cloning of the  Na+  channel (Canessa et al., 1993,  1994b; Lingueglia et 
al., 1993,1994). A low Na+ diet stimulates the renin-angiotensin system and leads 
to large increases in aldosterone secretion and Na+ channel activity (Phcha et al., 
1993). Since messenger RNA derived from steroid-treated tissues lead to a more 
robust ENaC expression in Xenopus oocyte, transcription of specific RNAs has to 
be increased by the  hormone (Asher et al., 1992a). 

Lingueglia et al. (1994) and Renard et al. (1995) have shown that aldosterone and 
high doses of dexamethasone stimulate  the transcription of PENaC and yENaC, 
but not of aENaC  in rat distal colon. Aldosterone-treated animals then express 
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similar levels of aENaC, PENaC and yENaC transcripts. The expression of PENaC 
and yENaC  RNAs was increased 5-10 fold  after a chronic low-Na+ diet (l? Barbry, 
unpublished data;  Asher et al., 1996). In normally  fed animals PENaC and yENaC 
RNAs are still significantly expressed. Therefore post-translational mechanisms 
have to control the functional expression of neosynthesized channels in order to 
explain the low functional ENaC activity in these  animals.  Expression of PEN& 
and yENaC proteins at  the apical membrane of colonocytes is largely increased by 
a low-Na+ diet or by a dexamethasone-treatment, as detected by immunohisto- 
chemical stainings with specific anti-peptide antibodies (Lingueglia et al., 1994; 
Renard et al., 1995).  Aldosterone treatment also  increases the expression  of the 
aENaC protein. Renard et al. proposed that  this regulation occurs at a post-trans- 
lational level,  as the result of multimerization of the three subunits after steroid 
treatment (Renard et al., 1995). Formation of a stabilized complex  between  newly 
synthesized PENaC and yENaC and  the  aENaC would permit maturation of the 
complex  toward the apical  membrane. This has  been confirmed by Firsov et al. 
after a quantification of ENaC  cell  surface  expression in Xenopus oocytes (Firsov et 
al., 1996). When aENaC is  expressed  alone, a low  cell  surface  expression is 
observed.  Coexpressing aENaC with p and yENaC dramatically increases the cell 
surface  expression. Due to a significant residual expression  of p and yENaC  RNAs 
in normally-fed  animals, it is also likely that another mechanism also contributes 
to the retention of newly synthesized proteins within  the cytoplasm. Using mini- 
pumps,  Asher et al. have  analyzed the  initial time-course of the ENaC response to 
aldosterone (Asher et al., 1996). They showed that short-circuit current  is 
increased within 3 h of the infusion, before any transcriptional effects on pENaC 
or yENaC  genes.  Several mechanisms have  been  proposed to explain the fast 
effects  of aldosterone on Na+ channel activity. In A6 cells, aldosterone primarily 
increases the open probability of the Na+ channels with a minor effect on  the 
number of channels per patch (Kemendy et al., 1992).  Changes in internal pH 
(Harvey et al., 1988), methylation (Sariban-Sohraby et al., 1984; Frindt and 
Palmer,  1996) or changes in internal calcium  (Petzel et al., 1992)  have  been 
proposed to explain the short-term increased activity. Mobilization of ENaC 
subunits stored into cytoplasmic  vesicles to the apical membrane has  been 
proposed  by Palmer et al. who first identified in toad urinary bladder a metaboli- 
cally-dependent recruitment of pre-existing Na+ channels from a reservoir of elec- 
trically undetectable channels (Palmer et al., 1982). 

8.3 Kidney 

Frindt et al. showed that a low Na+ diet causes a -100-fold increase in  the 
amiloride-sensitive whole-cell current measured in rat cortical collecting tubule 
cells (Frindt et al., 1990). The effects of a low Na+ diet on  the activity of the Na+ 
channel from rat cortical collecting tubules has been demonstrated by cell- 
attached patch clamp  recordings. PBcha et al. reported an increase in the number 
of active Na+ channels, but  did not detect any modification in  the open  proba- 
bility of the channels (PBcha et al., 1993).  Reif et al. noted the synergistic effects of 
antidiuretic hormone and desoxycorticosterone on Na+ transport in perfused rat 
cortical collecting tubules (Reif et al., 1986). The rapid activation of the Na+ 
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channels by vasopressin, observed within  minutes is consistent with the existence 
of a pool of silent channels (Reif et al., 1986). In rat kidney, a steroid  treatment (i.e. 
chronic low Na+ diet or high doses of dexamethasone) hardly affect ENaC RNA 
levels (Renard et al., 1995). A 2.6-fold increase in expression of yENaC RNA was 
reported in cultured  rabbit CCD cells (Denault et al., 1996). Volk et al. have 
reported a 2-fold increase in  aENaC transcription  and  no effect on pENaC and 
yENaC transcription in rat  inner medullary collecting duct (Volk et al., 1995). 
Such a small increase can hardly explain the large aldosterone effects on renal Na+ 
channel activity (Frindt et al., 1990). Immunolabelling experiments have been 
performed in  kidney from normally fed animals or from Na+-depleted animals by 
Renard et al. levels (Renard et al., 1995). A high  constitutive expression of ENaC 
proteins in distal segments of the  kidney  tubule was observed: steroid treatments 
had no effect on expression of aENaC protein in medullary rays, nor  on yENaC 
protein in distal convoluted tubules levels (Renard et al., 1995). 

Chen et al. (Chen et al., 1999) have found  that coexpression into Xenopus 
oocytes of ENaC with the serine-threonine kinase SGK increases by 7-fold the 
amiloride-sensitive current.  SGK  had been previously identified as a glucocor- 
ticoid responsive gene in a mammary gland cell line. Transcription of rat SGK is 
indeed rapidly increased by aldosterone, making SGK a good candidate for partic- 
ipating  to  the fast stimulation of ENaC by aldosterone. Identification of genes 
rapidly transcribed after treatment with aldosterone is certainly  an  important step 
to  understand the mechanisms of aldosterone action on ENaC in kidney. 

8.4 Lung 

ENaC controls the  quantity  and composition of the respiratory tract  fluid  and 
plays a key role in  the transition from a fluid-filled to an air-filled lung  at  the time 
of birth (O'Brodovich, 1991; Strang, 1991). ENaCs mRNAs have been identified 
in  the  lung (Renard et al., 1995), and  the biophysical properties reported by Voilley 
et al. appear identical to those of the renal Na+ channel (Voilley et al., 1994). 
Around birth,  an increase in  Na+  channel  transcription  and expression results in 
a switch of the  ionic  transport in  lung from active Cl- secretion to active Na+ reab- 
sorption (McDonald et al., 1994; O'Brodovich et al., 1993; Voilley et al., 1994, 
1997). This results in clearance of the pulmonary  fluid as the  lung switches to an 
air-conducting system. After inactivation of murine  aENaC, deficient neonates 
develop respiratory distress and die with 40 h of birth from failure to clear their 
lungs of liquid  (Hummler et al., 1996). Administration of glucocorticoids has 
previously been demonstrated to  induce a Na+ absorptive capacity in  the 
immature fetal lung (Barker et al., 1991), suggesting that  this modification may be 
due  to ENaC stimulation by glucocorticoids. Champigny et al. and Voilley et al. 
have analyzed the mechanisms of this  stimulation  in  primary  cultures of fetal rat 
lung epithelial cells, and showed that  the ENaC activity is controlled by Corticos- 
teroids (Champigny et al., 1994; Voilley et al., 1997). Treatment with dexam- 
ethasone, or with RU28362, a synthetic  pure glucocorticoid agonist, increases Na+ 
channel activity via stimulation of the three ENaC subunits  transcription, i.e. a 
distinct effect of those observed in kidney  and in colon with aldosterone. 
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The increase in Na+ channel activity observed in  the  lung around birth might 
be related to the raise of corticosteroids (Champigny et al., 1994;  O’Brodovich, 
1991;  Strang,  1991;  Voilley et al., 1997).  However,  Tchepichev et al. have  observed 
differences  between development and steroids, suggesting the existence of others 
triggers, such as change in Po2 (Tchepichev et al., 1995). 

9. Involvement in human  pathology 

9. l Liddlek syndrome 

Liddle’s syndrome is an autosomal dominant form of hypertension, characterized 
by  hypokalemia and suppressed renin and aldosterone levels. The high blood 
pressure responds specifically to amiloride, indicative of an upregulation of ENaC 
activity (Liddle et al., 1963). Genetic analysis demonstrates that  the disorder can 
be  attributed to a mutation in  the pENaC gene (Shimkets et al., 1994): intro- 
duction of a premature stop codon  (R564XBENac) truncates the cytoplasmic COOH 
terminal segment before the PPPXY sequence highlighted by Rotin et al. (1994). 
This proline-rich sequence in COOH terminal region of aENaC is conserved 
among ENaC. Rotin et al proposed that cytoplasmic interactions via  SH, domains 
(for instance with a-spectrin) mediate an apical  localization of the Na+ channel, 
and would provide a novel  mechanism  for retaining proteins in specific 
membranes of polarized epithelial cells.  Several similar mutations have  been 
reported in PENaC and yENaC, that all remove the last 45-76 COOH-terminal 
amino acids of the proteins (Hansson et al., 1995a; Jeunemaitre et al., 1997; 
Shimkets et al., 1994). The crucial role played  by the PPPXY motif in pENaC and 
yENaC  has  been highlighted by the identification of the two missense mutations 
P616L (Hansson et al., 1995b) and Y618H  (Tamura et al., 1996) in other Liddle’s 
syndrome patients. 

Heterologous expression  of the mutant proteins leads to the expression  of  an 
overactive channel (for instance, a 3.7k0.3 fold increase of the channel activity is 
measured in Xenopus oocytes after expression of a mutated human PENaC, with 
normal aENaC and yENaC) (Jeunemaitre et al., 1997). This increased activity is 
not explained  by alteration of single channel conductance and of open  probability, 
but rather by an increased number of channels inserted into  the plasma 
membrane (Firsov et al., 1996; Schild et al., 1996; Snyder et al., 1995).  No  Liddle’s 
syndrome mutation have  been detected so far in human aENaC, and  the effects of 
aENaC in vitro mutations on Na+ channel function are still unclear (Schild et al., 
1996; Snyder et al., 1995). 

Two distinct mechanisms  can presently explain  how  Liddle’s mutations 
increase ENaC  activity: 

(i) Since tyrosine from the PPPXY plays a crucial role, it is proposed that 
defective  endocytosis  would lead to an accumulation of ENaC proteins at  the 
apical membrane (Snyder et al., 1995).  Such a mechanism has  been described 
for the low density lipoprotein receptor, the lysosomal  acid phosphatase and 
the p-adrenergic receptor. In these cases, a tyrosine residue in  the context of 
a tight turn is crucial for  endocytosis. The role of membrane biogenesis, and 
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interaction with endosomal proteins remain to be elucidated in  the case  of 
ENaC. 

(ii) Using a yeast two-hybrid system, Staub et al. have identified the rat protein 
NEDD-4 as a binding partner for the proline-rich regions of PENaC and 
yENaC (Staub et al., 1996). Interaction between rat Nedd-4 and ENaC  occurs 
via one of the three NEDD-4 WW domains. WW domains are 38 residues 
sequences that contains two  conserved tryptophans at positions 7 and 29. Rat 
Nedd-4  also contains a Ca2+-lipid binding domain, and a ubiquitin-ligase 
domain. Staub et al. proposed that association  between NEDD4 and ENaC 
subunits might bring  the Ca2+-lipid binding  and ubiquitin-ligase domains in 
close proximity with the channel, initiating  its removal  from the apical 
membrane (after mobilization in  the endocytotic degradative pathway, ubiq- 
uitination, and degradation by the proteasome; Staub et al., 1996). Indeed, 
NEDD-4 act  as a negative regulator of the wild-type epithelial Na+ channel, 
but is inactive on a Liddle form of the channel (Abriel et al., 1999; Goulet et 
al., ‘1998). 

Shimkets et al. have investigated the role of clathrin-coated pit-mediated endocy- 
tosis on the function of normal and  Liddle form of ENaC in oocytes (Shimkets et 
al., 1997). Inhibition of endocytosis  by  coexpression of ENaC with a dominant- 
negative dynamin leads to a large increase in  the activity of wild-type channels, 
demonstrating that normal turnover of this channel is through the clathrin- 
coated pit pathway. In contrast, coexpression  of  Liddle’s mutations and dynamin 
mutants leads to  no  further increase in channel activity, consistent with one of the 
effects of Liddle’s mutations being the loss of endocytosis of these channels. 

Several other variants of P and yENaC  have  been identified in humans, espe- 
cially in populations of African,  African-American and West Indian origins (Persu 
et al., 1998). While an increased Na+ channel activity was detected in some of these 
patients (Baker et al., 1998; Cui et al., 1997), the expression of these variants in 
Xenopus oocytes was not associated with altered levels of current. This suggests 
that other factors might also be important to fine-tune the activity of the epithelial 
Na+ channel. 

9.2 Regulation by cyclic AMP dependent protein kinase - relevance to 
cystic  fibrosis 

In lung, P-adrenergic agonists increase lung fluid clearance and  this effect is 
inhibited by amiloride (Berthiaume et al., 1987). It is,  however, unclear whether 
the stimulation acts at the level of ENaC, or at the level of a chloride conductance, 
which is also  necessary for NaCl absorption (Jiang et al., 1998). In rat, cyclic  AMP 
stimulates ENaC activity in cortical collecting tubules (Frindt  and Palmer, 1996; 
Hawk et al., 1996) but not in colon  (Bridges et al., 1984), even though the same 
three subunits  that make up the channel are present in these three tissue types 
(Renard et al., 1995). In toad urinary bladder,  cyclic  AMP stimulation is lost after 
disruption of the cells (Lester et al., 1988). In frog skin, frog  colon,  toad urinary 
bladder and A6 cells,  cyclic  AMP  increases the number of conductive Na+ 
channels without affecting the open probability (Helman et al., 1983; 
Krattenmacher et al., 1988; Li and Lindemann, 1982; Marunaka and Eaton, 
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1991). These observations are consistent with an indirect stimulatory mechanism, 
which  does not require ENaC phosphorylation by  cyclic  AMP dependent protein 
kinase. In accordance,  ENaC do not contain conserved  consensus sites for  phos- 
phorylation by protein kinase A in  their cytoplasmic domains (Renard et al., 
1994). 

Cyclic  AMP stimulates 22Na+ uptake through ENaC in MDCK, Vero, and  NIH- 
3T3 cells, while it has no effect on  the  current  in  the same cells, nor in oocytes 
injected with the same subunits (l? Barbry, unpublished data). A slightly different 
situation is observed  when  ENaC is coexpressed with CFTR, the cyclic AMP 
regulated C1- channel which is defective in cystic fibrosis (Mall et al., 1996; Stutts 
et al., 1995). In that case,  cyclic  AMP  becomes inhibitory for  ENaC function. This 
effect  has  been related to an approximately 2-fold increase in amiloride-sensitive 
Na+ permeability,  observed during cystic fibrosis (Boucher et al., 1986). In 
Xenopus oocyte,  cyclic  AMP inhibits ENaC activity in  the presence of wild-type 
CFTR, but not in  the presence of the pathologic mutants AF508-CFTR and 
G551D-CFTR  (Mall et al., 1996). A direct physical interaction between the NH, 
terminal segment of aENaC  and  the first nucleotide binding domain CFTR has 
been reported using the yeast-two hybrid system (Kunzelmann et al., 1997). This 
is nevertheless intriguing since hyper-Na+ reabsorption is not observed in sweat 
gland, another CF-affected  tissue,  where  ENaCs and CFTR are also  co-expressed 
(Bijman and Fromter,  1986; Quinton, 1990).  Also, some strains of transgenic 
mice, obtained by knock-out of the CFTR gene,  do not develop  excessive  airway 
Na+ reabsorption (Barbry and Lazdunski, 1996). 

The cyclic  AMP stimulation of ENaC in  the absence of CFTR might be 
explained  by  exocytosis of vesicles containing functional ENaC  complex to the 
apical  membrane, that would increase the number of active Na+ channels 
expressed at the cell  surface. When coexpressed with functional CFTR, the latter 
would  affect membrane recycling (Bradbury et al., 1992), and would  decrease the 
mobilization of the Na+ channel to  the cell  surface.  Alternatively, indirect control 
of the Na+ channel activity by intracellular anions has  been demonstrated in 
submandibulary salivary glands (Dinudom et al., 1995; Komwatana et al., 1996): 
increase in intracellular Na+ and C1- activity would inhibit ENaC  by a mechanism 
that would involve specific heterotrimeric G-proteins. The requirement for 
specific regulatory proteins would in  that case  explain  why the effect of CFTR on 
ENaC activity is not ubiquitous. In A6 cells, Ling et al. have reported that  inhi- 
bition of CFTR expression  by antisense oligonucleotides increases the open prob- 
ability without affecting the number of active Na+ channels (Ling et al., 1997). 

The carboxyl termini of  f3ENaC and yENaC can be phosphorylated in trans- 
fected  cells  expressing the three subnits of ENaC, after the cells  had  been treated 
with aldosterone, insulin, or activators of protein kinases A and C (Shimkets et al., 
1998). The enzyme responsible for this phosphorylation has not yet  been iden- 
tified. A good candidate is SGK  (serum and glucocorticoid-regulated kinase), a 
member of the serine-threonine kinase family,  which  can  stimulateXenopus  ENaC 
activity approximately 7-fold after coexpression in Xenopus 2aevis oocytes (Chen et 
al., 1999). 
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I O .  Conclusion 

Molecular biology of Na+ transport has permitted  the identification of the key 
molecules involved into  Na+ permeation through  the apical membrane of high 
resistance epithelia. Distinct mechanisms of regulation by steroids have been iden- 
tified; two human genetic diseases, that affect ion transport, have been associated 
with mutations of the genes; the relationship between the epithelial Na+ channel 
and  other proteins has been revealed, and  their quaternary structure established. 
However, a lot of questions remain unsolved, such as the mechanisms of short term 
regulation of the activity of the channel, or  the molecular mechanisms of cross-talk 
between ENaC and  other apical transporters, such as CFTR,  or between ENaC and 
basolateral transporters, such as the Na+-K+-ATPase. 
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1. Introduction 

A considerable number of physiological and pharmacological studies have  been 
performed to elucidate the pathophysiology of hypertension, and have highlighted 
the prominent role of angiotensin 11, endothelin I, and nitric oxide  for controlling 
blood  pressure. The knowledge  gained  from  these studies has permitted the design 
of efficient treatments of the disease.  However, the basic  mechanisms of hyper- 
tension have not been  elucidated.  Molecular  genetics and genetic  epidemiology 
have  opened a new field  for  investigating the etiology of hypertension. 

The aim of this chapter is to evaluate the contribution of classical  physiology to 
the genetic epidemiology of hypertension. We also aim to review the data obtained 
with candidate genes, and  the potential interest of candidate genes and loci  which 
have not yet  been studied in essential hypertension. These new candidate genes, 
or loci,  come  from the study of monogenic forms of hypertension, rat hereditary 
hypertension, and from the unexpected phenotype of mice with targeted gene 
disruption. The mechanisms by which these genes might be involved in essential 
hypertension will  be considered. 

2. The  physiological  and  pathophysiological  approach to 
hypertension 

When hypertension was a major  cause of early cardiac and renal failure, stroke and 
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vascular  diseases, it was tempting to consider hypertension as a specific  entity. 
The historical debate between Platt and Pickering ended with the widely  accepted 
notion that blood pressure has a unimodal distribution (Ward, 1995). 

Based on physiological investigations of hypertensives compared to control 
subjects,  several authors have  proposed  basic mechanisms that could  explain 
hypertension. Some of the theories,  proposed to explain hypertension, supposed 
that common  pathophysiological mechanisms were present in all forms of hyper- 
tension, whereas others hypothesized the existence of subgroups of hypertensives 
covering definite entities, with specific underlying mechanisms. Although 
secondary forms of hypertension and monogenic  forms of hypertension represent 
examples of these entities, they are distinct and  their phenotypes are very  specific, 
as  compared to essential hypertension. 

Unifying theories of hypertension have attributed  the responsibility of high 
blood pressure to one major  system of blood pressure regulation. 

According to the theory of Guyton, hypertension is due to a failure of the 
kidney to eliminate enough salt and water at normal pressure levels, and this 
abnormality precedes the increase in total peripheral resistance (Guyton, 1991). 

Brenner and colleagues  proposed that sodium sensitivity of  blood pressure is 
based on a decrease in the whole kidney ultrafiltration coefficient and/or increase 
in tubular reabsorption (Kimura et d . ,  1994). Therefore, sodium sensitivity and 
glomerular hypertension reflects adaptations necessary to overcome  defective 
sodium excretion by the kidney. The reduced nephron number accompanying 
intrauterine growth retardation could explain the higher blood pressure in adult 
individuals born with a low  body  weight (Kimura et al., 1994). 

Laragh and his colleagues  have  emphasized the role  of nephron heterogeneity 
(Sealey et d . ,  1988). According to  this theory, a minor population of nephrons is 
ischemic, with reduced perfusion pressure,  reduced  blood flow, and reduced 
glomerular filtration rate. These ischemic glomeruli release an abnormally high 
level of renin which generates an excess of angiotensin 11, to which normal 
nephrons are exposed. The consequence is an enhanced tubular reabsorption of 
sodium and an increased tubulo-glomerular feedback-mediated afferent vasocon- 
striction. This hypothesis is based on morphological studies of kidneys from 
hypertensives,  as  well  as  biochemical and pharmacological studies of the 
renin-angiotensin system. 

The concept of modulation and nonmodulation was proposed  by Hollenberg 
and Williams to explain hypertension in a subgroup of hypertensives (Hollenberg 
and Williams, 1995; Lifton et d . ,  1989). The term modulation reflects the vascular 
and adrenal responses to angiotensin 11, which differ  as a consequence of the 
opposite changes in the number of angiotensin I1 binding sites in both tissues. 
With a low salt diet, angiotensin I1 generation increases, ensuring the biosyn- 
thesis of the salt-preserving hormone aldosterone in  the adrenals owing to an 
increased number of receptors. In arteries, desensitization to elevated angiotensin 
I1 results in a decreased number of binding sites.  According to the nonmodulator 
concept, a group of hypertensives, with high  or normal renin, are characterized by 
an absence of the normal shift of their renal and adrenal responses to angiotensin 
I1 in response to changes in sodium intake. Their adrenal response to angiotensin 
I1 is blunted, and their renal vascular  response is increased and set to the level that 
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would normally correspond to a low sodium intake. The identification of patients 
with modulation and nonmodulation is based on a physiological investigation 
under a low salt diet. 

Some theories have  emphasized the role of ion transport and ion  excretion, 
since both an  increased concentration of sodium in vascular smooth muscle  cells 
might increase their tone and sodium retention in  the kidney might be respon- 
sible for hypertension (Hilton, 1986). Functional tests have  been designed in 
order to detect abnormalities of ion transport in accessible  cells such as  red or 
white blood  cells and have  been  performed in hypertensive and normotensive 
subjects. An increased activity of Na-lithium countertransport (SLC) is present in 
a large proportion of hypertensives (Canessa et al., 1980). Whether SLC reflects 
the activity of the ubiquitous Na+-H+ antiport  is not established. Several studies 
suggest that an altered antiport activity might be a causal  factor in hypertension 
(Rosskopf et al., 1993). Salt  sensitivity, a related phenotype characterized by  an 
increase in blood pressure in response to salt loading, was found to be more 
frequent in hypertensives than  in normotensives (Luft et al., 1988). 

The kidney has  been designated most  often as the culprit organ in hyper- 
tension. This is based on basic  physiology  of  blood pressure and body fluid home- 
ostasis but also on experimental data.  Among these data,  cross transplantation of 
kidneys from  genetically hypertensive rats to normotensive rats, and vice  versa, is 
known to relieve or induce hypertension depending on the origin of the kidney, 
and  this is a good argument for a prominent role of the kidney (Ferrari and 
Bianchi, 1995). 

Other theories on hypertension have  focused on  the role of the central nervous 
system, or  on  the role of the efferent nerves of the renal sympathetic nervous 
system (Ferrari and Bianchi, 1995), of insulin resistance through increased 
sodium reabsorption (de Fronzo, 1981; Weidman and Ferrari, 1991). 

The general theories of hypertension have  major  drawbacks. They try to 
explain all forms of essential hypertension by an abnormality of a single function 
of the organism.  Since genetic epidemiology data support the role of more than 
one gene, this would imply that  the various  genes  involved  would result in an 
abnormality of a single function. Physiological abnormalities observed in hyper- 
tension can  also be  attributed to common consequences of various mechanisms of 
hypertension, all concurring to produce renal vascular  damage. 

However, this classical view  of hypertension  has the merit of designating 
potential candidate genes to be studied by  molecular  genetics and genetic  epidemi- 
ology and to supply the basis  for studying genotype-phenotype  relationships. 

3. The  genetic  epidemiology  approach to hypertension 

Another approach to hypertension is to consider blood pressure as a quantitative 
trait  and hypertension as the top of the distribution of this  trait  in  the popu- 
lation. The classical biometric approach was followed by the development of 
segregation analyses, which allowed the so-called genetic and  environmental 
components of blood pressure to  be estimated by statistical methods applied to 
phenotypic data. 
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Various  types  of biometric studies have  corroborated the role of genetic determi- 
nants of blood  pressure.  Such studies include analysis of family  correlations, 
adopted children studies,  comparisons  between  mono- and dizygotic  twins. These 
studies concluded that approximately 30% of blood  pressure  variance  is  genetically 
determined (Ward, 1995). More  recently,  segregation  analysis, considering blood 
pressure  as a quantitative trait, was used to model the mode of transmission of the 
trait, and to assess the respective  roles of genetic determinant and environment in 
blood  pressure  variance.  Different studies suggested the existence of a major  gene 
effect, that is, the effect  of a single  gene on blood  pressure  parameters. A study 
performed in French-Canadians  detected a major  gene  effect on systolic  blood 
pressure  (SBP) in parents but the effect  was not present in offspring,  suggesting a 
difference in the penetrance (probability of developing the disease in the presence of 
the genetic  factor) of the gene  according to age  (Rice et  al., 1990). The existence of a 
major  gene influencing SBP, with a penetrance varying  with  age and sex  was also 
found in another study (Perusseetal., 1991). More  recently, another study suggested 
the existence of a recessive  gene  with a frequency of 0.23 acting on diastolic  blood 
pressure  (DBP)  change  over a 7.2-year period of follow-up  (Cheng et al., 1995). The 
genetic  effect on DBP  increase was age-dependent  since the genotype  effect 
decreased  with  age  (Cheng et al., 1995). In contrast, Morton et al. did not find any 
evidence  for a major  gene  effect on SBP and DBP (Morton et  al., 1980). 

Hypertension  is  most  commonly  considered  to  be due to  several  genes, although 
the number of genes and the effect  of  each  of  these  genes  is  unknown  (discussed in 
Chapter 1). According  to  genetic  epidemiology  data,  hypertension  would  result  from 
the polymorphic  variation of gene  sequences at more than one locus. In order to 
reconcile the frequency of hypertension  with the requirement  for  more than one 
predisposing  gene, the existence of different  genotype  combinations  should  be  postu- 
lated,  from  individual to individual. This explains the genetic  heterogeneity of 
hypertension, and the difficulty in identifying  hypertension  genes. 

4. Molecular genetics of candidate genes 

The evaluation of the role of candidate genes in hypertension by genetic epidemi- 
ology methods has required the development of various  molecular  tools which 
were  developed on a limited number of these genes. 

The first polymorphisms to be used  were single nucleotide polymorphisms 
(SNP) detected by restriction fragment length analysis of genomic DNA in 
southern blot experiments. DNA amplification by the polymerase chain reaction 
(PCR) elicited the isolation of a large number of SNPs  by  various techniques of 
mutation detection described below, and  in several candidate genes. The low 
informativity of these biallelic markers (as  defined  by the proportion of subjects 
heterozygous  for the marker) can  be  overcome  by combining different SNPs in 
haplotypes which can be deduced  from parental genotypes or estimated using 
statistical methods (since parental genotypes are usually not available  for hyper- 
tensive patients, actual haplotypes are not determined; Soubrier et al., 1990). 

SNPs are currently detected by methods which use  DNA amplification as a first 
step,  allowing a direct access to  the individual genomic sequence. These methods 
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are based on several physicochemical properties of DNA, and  the most commonly 
used are  the single strand conformation analysis (SSCA; Orita et aL, 1989) and 
denaturing  gradient gel electrophoresis (DGGE; Cotton, 1993). The first method 
(SSCA) is based on  the difference of conformation that a single nucleotide change 
can impart to single stranded  DNA in nondenaturing  conditions of  elec- 
trophoresis. This method allows the detection of single strand conformation poly- 
morphism (SSCP; Orita et al., 1989). 

The DGGE method takes  advantage of different melting conditions of the double- 
stranded fragments of DNA, depending on  its base  composition or  on  the presence of 
heteroduplex DNA, due to  the presence, in  the latter case,  of noncomplementary 
nucleotides on  the two strands at one or more positions (Lerman et aL, 1986). 

The chemical cleavage method is certainly  the most reliable but requires the use 
of toxic chemicals (Cotton, 1993). The method was adapted to fluorescently 
labeled DNA  and automated sequencers (Verpy et aL, 1994). 

Probably one of the most promising  method for mutation detection, enabling 
high-throughput analysis, is the  denaturing  high pressure liquid chromatography 
(HPLC;  Huber  and Berti,  1996). This technique allows the detection of hetero- 
duplexes with a high sensitivity (>95%)  in large fragments of DNA (around 
800 bp). In view  of the large throughput which can be reached for mutation 
detection with denaturing  HPLC, it is expected that several hundred candidate 
genes will be investigated for detecting SNPs in  the near future. 

The interest in  the detection of SNPs, usually biallelic, by exhaustive investi- 
gation of the  candidate genes in a series of selected patients  and controls, is 
multiple. Firstly, SNPs may represent candidate functional variants, because they 
cause a change in  the  coding sequence (however, neutral  mutations can sometimes 
modify gene function if they create a splicing  site  inside an exon), or  are located 
within regulatory sequences of the gene.  Secondly, they may represent neutral 
markers which could be in linkage disequilibrium with putative undiscovered 
functional polymorphisms of the gene, lying in remote and unexplored regulatory 
regions. Therefore, they are  the most suitable  markers  to be used in linkage dise- 
quilibrium studies. 

Additional methods enable the genotyping of known polymorphisms in a large 
series of patients. These methods also use a first  step PCR amplification of 
genomic DNA followed by hybridization of the PCR product  with allele-specific 
oligonucleotides (ASO).  Several other methods exist, which can be used for the 
detection and genotyping of these markers. The highly polymorphic markers used 
for family studies consist of multiallelic tandem repeat of elementary motifs. The 
most widely and evenly distributed markers are  the n(dCdA) dinucleotide repeat, 
or n(dGdT)  on the complementary strand.  For  the specific purpose of investi- 
gating  the role of candidate genes,  specific microsatellite markers were identified 
on, or close to, these genes. This is usually performed by  cloning large genomic 
fragments around  the gene to  be studied, either from lambda phages or cosmids, 
and more recently from new vectors such as bacterial artificial chromosomes 
(BAC; Shimya et aL, 1992) and  P1 artificial chromosomes (PAC; Ioannou et al., 
1994), which represent more adapted tools since  their large inserts  (around 
120-150 kb) enable more microsatellites to be identified and used. 

The need for specific development of highly polymorphic markers will be 
circumvented progressively by  the availability of a dense physical and genetic 
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map of the genome (Deloukas et al., 1998). Since the accurate physical position of 
candidate genes can be obtained electronically for several of them, and given the 
availability of more  than 5000 mapped microsatellite markers, the need for specif- 
ically  developed markers will disappear. 

5. Study design 

5. l Linkage  studies 

Since hypertension is a multifactorial disease with non-Mendelian inheritance, 
linkage analysis using parametric methods in families (LOD-score method, loga- 
rithm of the  odds ratio) is less appropriate  than  nonparametric approaches. 

The affected sib-pair method allows linkage to  be  studied between a  marker  and 
the disease and offers a  number of advantages for  the  study of candidates genes in 
hypertension (Suarez et al., 1978). It is a robust method which does not assume any 
defined genetic model, specifying the mode of transmission of the gene effect, its 
penetrance, and  the gene frequency. Families can be additively studied  and  the 
method accommodates heterogeneity, even if this last factor decreases the power 
of the study. This method is based on  the comparison of the observed concordance 
for the marker alleles in affected sibs and  the expected concordance, under  the 
null hypothesis of absence of linkage between the marker and the disease locus. 
Indeed, if the disease locus is located close to  the  marker locus, the allele sharing 
will be increased and will exceed the average identity by descent between sibs of 
50%. The affected sib-pair method is more powerful and reliable when parental 
genotypes are determined. In  the absence of parental genotypes, or if the  marker is 
not fully informative, the expected concordance relies on  the  marker allele 
frequencies in  the population studied. Highly informative markers are  required 
for these studies, such as microsatellites (di  or  trinucleotide repeats). 

The sib-pair method is also appropriate for quantitative traits. In this case, 
squared intrapair differences for quantitative phenotype values are regressed on 
the  intrapair genotype concordance. If significantly lower intrapair differences are 
observed in pairs with concordant alleles than  in those with discordant alleles, the 
marker is potentially linked  to  the locus determining  the  trait (Amos et al., 1989). 
Using this method, Wilson et al. found  a linkage of DBP to a locus on chromosome 
1 (Wilson etal., 1991). 

Parametric linkage analysis by LOD-score have been  also used in hypertension 
by Julier et al. (1997). They obtained similar results with this  method  to those 
obtained with  the  nonparametric sib-pair method in  the analysis of the ACE locus 
on chromosome 17. 

5.2 Linkage disequilibrium  studies 

The classical association study, or case-control study, is widely used since it offers 
sensitivity and  apparent simplicity. The allele or genotype frequencies for a 
marker are compared in a series of  cases, for instance hypertensive patients, and  a 
series of control normotensive subjects, matched for all important parameters 
including age and ethnicity. One of the major drawbacks of association study is 
the possibility of spurious association due  to unrecognized stratification of the 
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populations studied. Ethnic origin is one of the main causes of problems encoun- 
tered since the allele  frequency  can  vary  widely  between ethnic groups. The 
interethnical difference  for  allele frequency is particularly pronounced for the 
angiotensinogen (AGT) polymorphism (M235T),  for  which the frequency of the 
235T  allele is far more frequent in Blacks than  in Caucasians  (Bloem et d . ,  1995). 

The hypothesis underlying this kind of study is the presence of a linkage dise- 
quilibrium between the marker allele and  the disease  allele. The presence of a 
linkage disequilibrium supposes that  the distance between the marker and  the 
disease  locus is very  small  (a few hundred kilobase  pairs, and probably less), 
depending on  the number of generations since the occurrence of the founder 
effect. In addition, two  markers,  even at  short distance, are not necessarily in 
linkage disequilibrium, and  this implies that several markers should be studied in 
order to investigate a locus through an association  study. Increased informativity 
is another reason  for studying several  markers.  Association studies are only 
applicable to candidate genes, or a series of  selected  genes inside a genome  region. 
A genome-screen strategy cannot be envisioned unless it is performed on young 
isolated populations (in which linkage disequilibrium is conserved  over large 
regions) or if significant progress is made in DNA  technology, for example, the 
development of DNA-chip technology (Hacia et d . ,  1996) and the identification 
and mapping of thousands of SNPs (Wang et d . ,  1998). 

More  recently,  association studies were designed in which fictitious controls 
were constituted by the parental pool of nontransmitted alleles (Falk and 
Rubinstein, 1987). In the transmission disequilibrium test, the preferential trans- 
mission of an allele from parents, heterozygous  for the marker, is tested (Spielman 
et d . ,  1993). These methods avoid, in theory, the occurrence of spurious associ- 
ation due to incorrect match between  cases and controls, that may, for  example, 
result from unrecognized population stratification. 

The interpretation of candidate gene studies should be careful since the 
candidate is not necessarily the gene responsible for the disease linkage and  the 
use of markers surrounding  the candidate genes  may help interpret  the data. 

Linkage or association data with candidate genes  can be advantageously 
supported by  biological  phenotypes,  specific  for the gene,  called intermediate 
phenotypes. These phenotypes can  reflect  gene  expression (in  the wide  sense),  can 
be  associated with gene polymorphisms, and be related to high blood pressure 
through well-characterized  biochemical  mechanisms. These genotypephenotype 
relationships allow  defined mechanisms to  be  proposed in order to support the 
hypothesis of the involvement of the gene. The case of AGT is probably the best 
characterized example  (see Chapter 10). 

6. The  study of candidate  genes 

6. l The renin-angiotensin system genes 

The most important genes coding for the major proteins of the renin-angiotensin 
systems  were studied to establish their role in hypertension. The angiotensinogen 
gene is reviewed in detail in another chapter (Chapter 10). 



182 MOLECULAR GENETICS OF HYPERTENSION 

The renin gene. Since renin  is  the  limiting enzyme of the renin-angiotensin 
system, the  renin gene was one of the first to be investigated, in rats as  well  as in 
humans. Several restriction fragment length polymorphisms (RFLPs) were 
initially identified on  the  renin gene and were  used in association studies (Morris 
and Griffiths, 1988; Soubrier et al., 1990). These association studies belong to the 
first generation, since they include a limited number of patients and controls. 
However, they consistently provided negative  results,  which  can be interpreted as 
a lack of power or as true negative results. 

Two family studies were performed with renin gene  markers. The first study 
included large pedigrees with hypertensive and normotensive subjects. A LOD- 
score was calculated with renin gene markers, and was negative,  as  expected  from 
the family structure  and  the type of the disease (Naftilan et al., 1989). An affected 
sib-pair study was performed in French families, which used a combination of 
RFLPs, grouped in haplotypes (Jeunemaitre et al., 1992b). The haplotype 
frequencies were estimated by a maximum likelihood method, since parental 
genotypes  were not known.  No  excess of concordance for estimated renin haplo- 
types  was  observed in affected hypertensive sibs. 

A linkage of hypertension with the  renin gene cannot be definitively ruled out 
since the  renin gene  has not been investigated with highly informative markers in 
large studies. An  extensive search for polymorphisms in  the coding region in 
hypertensive patients was negative  by SSCA (X. Jeunemaitre, personal communi- 
cation), suggesting that, if a common variant was to be found, it should lie in regu- 
latory regions of the gene, which were not well defined until recently. A potent 
enhancer located -6 kb upstream the transcription start of the  renin gene was 
identified by transfection experiments, and is responsible for transcription acti- 
vation of the renin gene in chorionic cells, and probably in other cell  types 
(Germain et al., 1998). 

The angiotensin l converting enzyme  gene. The ACE gene is interesting for 
several  reasons.  Firstly, ACE has a key  role in angiotensin I1 generation and 
bradykinin degradation, and may thus markedly affect  vascular  wall reactivity 
and morphology, as well  as kidney function. Its concentration is not rate-limiting 
in the circulation, but  this is not known  for tissue ACE. Secondly, the polymor- 
phism of the ACE gene strongly modulates plasma ACE level. Therefore, any rela- 
tionship found with the ACE gene marker would be readily attributable to  the 
biological phenotype associated with this polymorphism. Thirdly, the ACE gene 
lies within the genomic region which is linked with hypertension in  the SHRSP 
strain of rat. The homologous rat ACE gene  lies on chromosome  10 within a 
conserved linkage group,  located on chromosome  17 in humans. More recently, 
the mapping of the BP  locus was refined and data obtained with congenic strains 
are compatible with the existence of two genes  for hypertension located on chro- 
mosome  10 (Kreutz et aL, 1995). 

Various  types of studies related to hypertension were  performed with ACE gene 
markers.  Several  association studies used the deletionbnsertion (DD) polymor- 
phism as the marker genotype.  Most of these studies were  negative (Harrap et al., 
1993). One study was positive and an interesting but speculative hypothesis was 
proposed to explain an excess of I1 genotypes in older hypertensive patients 
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(Morris et al., 1994). This hypothesis is based on  the previously found association 
of the DD genotype with myocardial infarction and suggests that  this association 
might cause an increased risk of death in subjects with the DD genotype and 
severe hypertension. This selection would result in a relative increase with age of 
hypertensives bearing the I1 genotype. 

Another type of study was performed with the D/I polymorphism in normal 
nuclear families and no relationship with blood pressure was found (Tiret et al., 
1992). Using a highly informative marker on the  GH gene, which is located in 
close proximity to the ACE  gene, Jeunemaitre et al. did not find any evidence  for 
linkage in hypertensive families  from Utah (Jeunemaitre et al., 1992a). 

A linkage with the ACE locus with DBP or mean  blood pressure was reported 
by two independent studies (Fornage et al., 1998; O'Donnell et al., 1998). In both 
studies, several hundred of families  were  collected, without selection  for a 
particular level  of  blood pressure but representing large  samples of population. 
The statistical methodology  used to quanti@,  by a family  approach, the effect of 
the ACE locus on blood pressure is slightly different in  the two studies. The study 
by O'Donnell et al. (1998)  used a classical  approach,with the SIBPAL  program, to 
test for linkage by relating the quantitative or qualitative trait difference to 
genotype  resemblance in sib-pairs. Fornage et al. (1998)  used a different method- 
ology aimed at quantifying the part of the variance of the quantitative trait (blood 
pressure) which is determined by the marker locus. The markers used at the ACE 
locus  were the same in the two studies, a highly polymorphic and complex tandem 
repeat (di- and tetranucleotide repeat) marker located within the growth hormone 
(GH) gene,  for  which no recombination is observed with the ACE  gene in 
humans. The D/I polymorphism of the ACE gene was also  used by O'Donnell et al. 
in  the linkage and  the association  analyses. 

The study of O'Donnell shows a linkage of the ACE locus markers in the whole 
panel of families  (O'Donnell et al., 1998).  After subdivision according to sex, there 
was a marginally significant linkage with DBP in male (P=0.02 and P=0.04, for 
ACE and hGH respectively) but not in female sibling pairs.  Surprisingly, the 
nominal P value for linkage was more significant with the less informative 
marker, in  this case the D/I polymorphism, both in male-only and  in sex-pooled 
analyses. A borderline P value (P=0.047) was obtained for linkage of the ACE 
locus to hypertension taken as a dichotomous status, and only in men. 

Fornage et al. similarly found that  the ACE locus is linked to DBP and mean 
blood pressure in adolescents, at mean  age of  15 years (Fornage et al., 1998). The 
analysis on the whole group gave results not very different for the ACE marker 
(P=0.04) from  what was obtained with the AGT (P=O.O6) or  the angiotensin 11- 
type I-receptor marker (P=O.lO). The analyses of siblings having a family history 
of hypertension, and  the analyses of male sibships led to more significant results, 
the variance explained by the ACE gene reaching 30% for DBP and mean  blood 
pressure, with P values  below  0.005. 

Thus, results obtained with the ACE locus  itself are controversial.  However, the 
ACE gene is located in close  proximity, but is distinct from another locus,  located 
about 15  CM centromeric on chromosome 17, which is linked to monogenic forms 
of hypertension and to essential hypertension (see  below). 
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Angiotensin type l receptor. Since it is a cellular component of the RAS, less 
accessible to quantitative measurements, few data are available concerning the 
biology  of the  ATlR in hypertension, that might support its implication as a 
candidate gene.  Comparisons  of angiotensin I1 effects in normotensives to those 
observed in hypertensives is an indirect way to analyze the receptor itself. 
Increased pressor  response to angiotensin I1 infusion was observed in hyperten- 
sives  (Meier et al., 1981) and  the angiotensin I1 tvue I receptor might be  involved 
in the pathogenesis of hypertension in a subgroup of hypertensives (Lifton et al., 
1989). 

" 

There is little genetic epidemiology data available  for the  ATlR gene. We 
initially performed an extensive  search  for polymorphisms in a panel of  60 hyper- 
tensive subjects, and found no substitutive polymorphisms of the coding region 
(Bonnardeaux er al., 1994).  However,  some neutral substitutions were found in  the 
coding region, together with polymorphisms of the 3' untranslated region. We 
found that  the 1166C  allele of the A1166C polymorphism was more frequent in 
hypertensives than  in normotensives, and more precisely, this association was 
restricted to severe hypertensives (Table I ) .  No difference in allele  frequency was 
found between the normotensive and the hypertensive group for the two other 
polymorphisms studied. An informative dinucleotide microsatellite marker was 
also  used in a sib-pair study involving 267 pairs from  138  pedigrees, and  no signif- 
icant linkage was found. 

This discrepancy between positive results found in association studies and 
negative results for the linkage study in hypertensive sibs can be explained in two 
different ways. Either  the association found with the A1166C polymorphism is 
spurious, or  the sib-pair study is  not sensitive enough to detect the linkage, due to 
its lower  power  compared to an association  study. The difference in the power of 
linkage versus linkage disequilibrium studies has  been recently been  emphasized 
(Risch and Merikangas,  1996). In the case  of ATlR, a TDT and HRR analysis was 
performed with the ATlR microsatellite in  the French panel  of  families studied 
initially (see  above) and results were  negative (A. Bonnardeaux, unpublished 
data). Another study performed in Australian subjects found a positive  association 
with the A1  166C polymorphism of ATlR (Wang et al., 1997), but it was not  the 
case  for another study performed in German hypertensives (Schmidt et al., 1997). 

The  ATlR polymorphism was also investigated in relation with the pulse wave 
velocity (PWV) in a group of mild and moderate hypertensives and a group of 

lhble 1. Genotype  and allele frequencies o f  polymorphism A1 166C in different  subsets o f  
hypertensives as  compared to normotensive  controls 

Genotypes Age of onset Severe hypertension Normotensive 
c40 years (two drugs or DBP controls 

>l05 rnmHg) 

AA 35.2 38.3 
AC 51.9 44.2 
cc 13.0 17.5 8.1 
Significance of the Pc0.02 P<O.Ol 
comparison with controls 

51.3 
40.6 

Modified from  Bonnardeaux, A. et al. (1994)  Angiotensin I1 type I receptor gene polymorphisms in 
human  essential hypertension,Hypertension, vol. 24,  pp. 63-69, with  permission  from  Lippincott, 
Williams & Wilkins. 
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normotensive subjects. In hypertensives, an increased PWV was observed in 
subjects bearing the 1166CC  genotype as compared to those bearing the A1166C 
and AA1166 genotype  (Benetos et d., 1996). These results thus suggest that  this 
polymorphism is associated with increased arterial wall stiffness in hypertensives. 
The A1166C polymorphism was analyzed jointly with the ACE D/I polymor- 
phism to assess their effect on the risk of myocardial infarction (MI). An inter- 
action was found between the two genes, since the increased risk of MI associated 
with the  DD genotype was restricted to  the subjects bearing the 1166C  allele, 
either in  the heterozygous, or  in  the homozygous state (Tiret et d., 1994). 

As a consequence of the absence of biological intermediate phenotype asso- 
ciated with this polymorphism, it is difficult to propose and to test hypotheses  for 
the involvement of the ATlR gene in hypertension. Since no alterations of the 
coding regions of the gene  has  been detected in hypertensives, polymorphisms of 
the ATlR gene should be located in regulatory regions of the gene, resulting in 
modification of the receptor number more likely than in receptor affinity. These 
alterations would result in an increased signal in vascular smooth muscle  cells, 
and aldosterone-secreting cells in adrenals, leading to vasoconstriction and 
sodium retention. This hypothesis needs to be tested by measuring gene 
expression and receptor numbers in hypertensives according to the A1166C 
genotype, which is not easily  feasible. 

6.2 The endothelial nitric oxide (NO) synthase  gene 

The identification of NO as the endothelium-derived relaxing  factor (EDRF), and 
the molecular cloning of three isoforms of NO synthase (NOS) were important 
steps for genetic studies of this vasodilator  system. The endothelial isoform of NO 
synthase (eNOS),  also  called  NOS 111, represents a major candidate gene since 
this isoform is responsible for the constitutive generation of NO from arginine by 
endothelial cells,  which in  turn activates guanylate cyclase in vascular smooth 
muscle  cells.  Several lines of  evidence  suggest that blood pressure level results 
from  an equilibrium between a vasoconstrictor tone (mainly the 
renin-angiotensin and endothelin systems), and a vasodilator  tone, due to nitric 
oxide,  prostacyclin and other less characterized factors, such as endothelium- 
derived hyperpolarizing factor (EDHF) which has been recently proposed to be 
potassium (Edwards et d., 1998). The role of eNOS in basal  vascular tone was 
established by both pharmacological and genetic experiments. Chronic and acute 
administration of NOS inhibitors increase blood pressure in rats, but these exper- 
iments do not permit the identification of the NOS  isoform responsible for the 
vasodilator tone (Ruilope et al., 1994). The involvement of the eNOS  gene was 
demonstrated by  basal  blood pressure increase in mice  homozygous  for the knock- 
out of the eNOS  gene,  as  compared to wild-type mice (Huang et aZ., 1995a,b). 

Some data suggest that  the NO/cGMP vasodilator pathway might be impaired 
in hypertensive subjects, in particular the decrease in endothelium-dependent 
vasodilation by acetylcholine, an inducer of NO release  by endothelial cells 
(Linder et d., 1990; Panza et d., 1990). In these studies, the NO formation step 
appeared to be implicated since the arterial response to  the NO donor nitro- 
prusside was normal. 
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A search  for polymorphisms of the coding region, within major functional 
regions  of the eNOS  gene,  was  performed  by SSCA in a series of hypertensives 
(Bonnardeaux et al., 1994). No frequent polymorphism of the coding region was 
revealed  by this approach, but neutral markers were identified in introns. They 
were subsequently used in a case-control study, which did not reveal any 
difference in allele  frequency  between hypertensives and normotensives. 

We, and others, determined the  structure of the human eNOS  gene and iden- 
tified a highly informative dinucleotide repeat inside intron 13 of the gene 
(Marsden et al., 1993; Nadaudet al., 1994). We used this marker in a sib-pair study. 
The 269 pairs gave a significant power to the study.  No  excess of concordance in 
the affected sibs was observed despite the high heterozygosity of the marker and 
the relatively  large number of hypertensive sib-pairs analyzed. 

A similar study was performed  by Hunt et al. (1996) in 194 hypertensive sib- 
pairs from Utah. They did not observe any significant excess  of  allele sharing  in 
these siblings. 

These two studies do not support a prominent role of the eNOS gene in 
essential hypertension. An investigation of intermediate phenotypes related to the 
endothelial NO/cGMP  pathway  would be of interest. If a relation with the various 
polymorphisms of the eNOS  gene was found, this would constitute an argument 
to design more specific studies aimed at  finding subtle regulatory abnormalities of 
the gene in a subgroup of hypertensive patients. 

6.3 The endothelin  system  genes 

Endothelin-l  (ET-l) is a 21-amino  acid  peptide, which is  cleaved  from a larger 
precursor, 38 amino acids in length, by the endothelin converting enzyme  (ECE). 
ET-l, which is the main endothelin secreted  by the endothelium, binds to the ET, 
receptor on vascular smooth muscle  cells and provokes  vasoconstriction. The 
genes coding for ET-l, the ET, receptor and ECE are therefore potential 
candidate genes  for hypertension. Other genes of the endothelin system such as 
the endothelin I1 and I11 and the type B receptor subtype,  also represent possible 
candidate genes. 

There is some  pharmacological  evidence suggesting that endothelin-1 
contributes to basal  vascular  tone, since an  ECE antagonist is able to decrease the 
basal  level of blood pressure (Haynes and Webb,  1994). A mixed  ET, and ET, 
antagonist is also able to decrease  blood pressure in humans (Schiffrin, 1998). 
Using in situ hybridization with an endothelin antisense probe in small arteries 
from a gluteal fat biopsy, Schiffrin et al. described an enhanced ET-l mRNA in 
moderate and severe  hypertensives,  as  compared to normotensive controls 
(Schiffrin et al., 1997). 

Surprisingly, few studies are available on  the relationships between these genes 
and human hypertension. Polymorphisms of the ET-l gene and  the ET, receptor 
gene  were  described and nonsignificant or marginally significant associations 
with hypertension were  observed  (Stevens and Brown,  1995). In a study of 
normotensive subjects, no relation was found between a Taq I polymorphism of 
the ET-l gene and SBP or DBP (Berge and Berg,  1992). Other polymorphisms of 
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the ET-1 gene are available on  the web site CANVAS (http: 
//ifr69.vjf.inserm.fr/-canvas/). 

Additional studies  are therefore required  to evaluate the roles of these candidate 
genes. It is worth noting  that  the ECE gene is located on chromosome lp36,  on 
which a locus for systolic BP was found by sib-pair analysis with a protein  marker 
(Wilson et al., 1991). 

6.4 Genes of the lipid and glucose  metabolism 

Several genes of the  lipid  and glucose metabolism were studied, mostly in 
case-control studies. The interest in these genes comes from the proposed 
common physiopathology for obesity, insulin resistance, atherosclerosis and 
hypertension. A common syndrome, supposedly linking these diseases, is called 
syndrome X, and it is therefore tempting  to  find  the common genetic factor that 
might  contribute  to  this syndrome. These  studies were performed in particular 
groups of hypertensives, such as  obese or diabetic hypertensives. 

In obese hypertensives, Zee et al. found an increased frequency of one allele of 
the  ApaLI RFLP of the low density  lipoprotein receptor gene (Zee et al., 1992). 
The same group also found a significant difference of allele frequency for an 
insulin receptor gene polymorphism in hypertensives (Ying et al., 1991). A rare 
mutation of the glucagon receptor gene, the Gly40Ser substitution, was found 
more  frequently in noninsulin-dependent diabetes mellitus  (NIDDM),  and  the 
40ser allele was shown, by in vitro studies, to have a decreased affinity for 
glucagon (Hansen et al., 1996). This mutation was studied in hypertensives by 
Chambers  and  Morris who found the 40ser allele more frequently  in  hyperten- 
sives (3.8%) than  in normotensives (1%) (Chambers and Morris, 1996; Morris et 
al., 1997). 

The Xba I RFLP of the glycogen synthase gene was studied in a group of hyper- 
tensives and a group of normotensives (Schalin-Jantti et al., 1996). The A2 allele was 
found to be more frequent in hypertensives with a family history of NIDDM than in 
normotensive subjects without a family history of NIDDM. This allele was also asso- 
ciated with a decreased rate of insulin-stimulated glucose  storage in hypertensives. 

The lipoprotein lipase locus was studied in normotensive sibs of Chinese 
origin, using three different highly polymorphic markers (Wu et al., 1996). The 
sib-pair linkage approach was applied to SBP and DBP, analyzed as quantitative 
traits. The basis of the analysis is to compare the variation of the  trait between 
siblings as a function of the markers shared identical-by-descent (IBD). Variables 
were adjusted for age,  sex and body mass index (BMI) by linear regression 
analysis. The significance of the regression of the squared variable difference 
versus the  number of alleles shared  IBD among sib-pairs was tested by Student’s t 
statistics. Significant regression was found for SBP with three markers centered 
by the lipoprotein lipase gene. 

7. Candidate genes from the signal transduction pathway 

The possible implication of the polymorphism of the G protein as a genetic 
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mechanism of predisposition to hypertension has been highlighted by the identi- 
fication of a variant of the p-3 subunit of G protein (GNB3)  by  Siffert et al. (1998). 
An increase in sodium-proton  exchange is repeatedly observed in cells  from 
essential hypertensive subjects. The hypothesis that  this increased ion transport 
activity could be due  to enhanced intracellular transduction, was tested by these 
authors, who  observed an increased  cell activation restricted to receptors coupled 
to pertussis toxin (PTX)-sensitive G proteins in lymphoblasts from hypertensive 
subjects (Siffert et al., 1998). A splice variant (GNB3-S) of the GNB3  gene, 
consisting of an in frame deletion of  123 bp in exon 9,  was found in subjects 
bearing at least one T allele of a C825T polymorphism of the GNB3  gene. It is not 
known whether the C825T polymorphism is in complete linkage disequilibrium 
with another functional polymorphism responsible for the splice variant, or if the 
T allele is causative. The  TC and CC genotypes  were found more frequently in 
hypertensives versus normotensives (53.1  vs.  44.0%,P=0.008). 

Three independent studies were  performed after this first publication. In a 
population-based sample of German subjects, the T allele of the C825T  polymor- 
phism of the GNB3  gene was marginally associated with DBP, but  not with SBP 
(Schunkert et aL, 1998). In a selected series of hypertensives with strong family 
history of hypertension, a higher frequency of the T allele was found in hyperten- 
sives  (0.43  vs.  0.25; P=0.00002; Benjafield et al., 1998). In contrast, a study 
performed in Japanese hypertensives was negative, since no difference in  the 
allelic frequency of the C825T polymorphism was found between hypertensives 
and normotensives (Kato et al., 1998). 

Several other genes of the signal transduction pathway  have  yet to be tested for 
their association and linkage with hypertension. For example, the EP2 receptor of 
PGE2 is a strong candidate, since mice  homozygous  for the knock-out of this gene 
exhibit salt-sensitive systolic hypertension (Kennedy et al., 1999). 

8. Candidate  regions  found in the  rat model 

To date, 11 chromosomal  regions representing putative quantitative trait loci 
(QTLs) for  blood pressure were identified by linkage analysis of an F2 population 
of rats derived  from  crosses  between normotensive and hypertensive strains of 
rats. Two were found on chromosome 1, two on chromosome 10, and one each on 
chromosomes 2,3,7,9,10,13 (Rapp and Deng, 1995). Although some candidate 
genes  were found in some of these regions, no definite mutation identified in  the 
hypertensive strain gene can definitively account for the blood pressure 
difference,  except  for studies performed with the l l p  hydroxylase  gene  (see 
Chapter 4). 

Linkage analyses provide statistical estimates of QTL localization only in  the 
15-20 CM  range. Identifying the genes responsible for a quantitative trait is a 
difficult task. Finding  the genes  will require the construction of congenic strains 
to narrow the region,  followed  by  exon trapping and cDNA capture strategies, 
such as those used  to map quantitative traits in obese or tubby mice (Kleyn et al., 
1996). 
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Loci  genetically linked to hypertension were found by  various  strategies, 
mostly by positional cloning.  However, the SA gene was found by an alternative 
approach, the differential genetic screening (Iwai and Inagami,  1991). Indeed, the 
SA gene was found to be expressed at a higher level in  the SHR strain of rat than 
in  the WKY  (Wistar-Kyoto) strain. Subsequent linkage analyses, in different 
strains of hypertensive rats using polymorphic markers of the SA gene, confirmed 
that  the SA locus was linked to hypertension (Harris et al., 1993;  Nara et al., 1993; 
Samani et al., 1993). 

We conducted a study on the human counterpart of the SA locus in hyperten- 
sives. This study consisted of performing an association and a linkage study with 
several genetic markers within the human locus,  homologous to the rat SA locus 
(Nabika et al., 1995).  We cloned the human SA cDNA, which displays a high 
nucleotide similarity with the rodent gene (85%).  We detected biallelic polymor- 
phisms in  introns of the human SA gene  by SSCA. Polymorphic dinucleotide 
repeats  were identified in a yeast artificial chromosome (YAC) which contained 
the SA gene. These markers were  used to map the gene on human chromosome 16, 
by genetic linkage in  the CEPH panel  of  families. Using the same  panel of families 
and the same  case and control group used  for the eNOS  gene study (Bonnardeaux 
et al., 1995), both association and linkage studies were  negative with these 
markers. Additional markers of the IGF2 gene,  located on human chromosome 11 
in humans but  in a region  close to  the SA gene on rat chromosome 1, were  also 
tested and gave  negative results (Nabika, et al., 1995). 

These data are difficult to interpret since it is not known whether the SA gene 
itself is responsible for the linkage in  the rat model  (Rapp,  1998). Therefore, 
adjacent regions of the rat genome might be involved instead, making the study of 
the region rather complex in humans since linkage groups are not conserved 
extensively in this region. In addition, the SA gene  may  be at play in rat hyper- 
tension but not in human hypertension, either because the gene product has a 
different physiological role (which is unknown in  the case of the SA gene), or 
because there is no common functional variant in humans. 

As previously mentioned, a rat chromosome  10  locus responsible for high blood 
pressure and containing the ACE gene was identified in  the stroke-prone sponta- 
neously hypertensive rat (SHRSP) and WKY cross (Kreutz et al., 1995a,b). The 
region of linkage is rather wide and two loci  for  blood pressure are probably 
present in  this region. A study was performed on a large number offamilies, using 
several highly informative microsatellite markers of the homologous  region ofthe 
human genome on chromosome  17 (Julier et al., 1997). This study pointed out two 
regions in which the most significant nominal values  for linkage were found. One 
was around the growth hormone and ACE  locus, and the other one, about 10-15 
CM  towards the centromere, was around the anion exchanger 1 (band 3) gene. The 
latter region coincides with one of the loci which were  mapped for a monogenic 
form of hypertension, the pseudo-hypoaldosteronism type I1 (PHAII), or 
Gordon’s syndrome (Mansfield et al., 1997).  At the present time, since no gene  has 
been identified yet, it is not known whether it is  the same  gene which is respon- 
sible for PHAII and for predisposition to essential hypertension in  this region, 
and if it corresponds to the same  gene responsible for hypertension in  the rat 
model  (Soubrier,  1998). 
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The other rat hypertension loci have not been  extensively tested as yet in humans. 
The identification of the rat genes with the use of congenic strategies and physical 
mapping will enable easier investigation of these genes in human hypertension. 

9. Genes  responsible  for  monogenic  hypertension  or 
hypotension 

These genes are major candidates since  mutations  on these genes are able to raise 
blood pressure at high levels. Mutations  such as those found in monogenic hyper- 
tension, resulting in major functional effects, are  not expected to be found in 
essential hypertension. These  mutations  are responsible for the very specific 
clinical and biological pictures of these syndromes, which do not compare with 
essential hypertension. However, mutations  in the regulatory regions or even 
mutations of the coding region, but with a weaker  effect, could be expected. 

9. l The epithelial sodium  channel  (ENaC) 

The ENaC is composed of three  subunits, alpha, beta and gamma, each including 
two transmembrane domains and a proline  rich region in  the 3’ region. Premature 
stop codons of the 3‘ region deleting the  proline  rich region, or  mutations of the 
proline  rich region provoke an increased number of ENaC molecules to  be present 
at  the cell  surface. These  mutations were shown to  be responsible for Liddle’s 
syndrome. 

Physical mapping  and linkage studies showed that  the beta and gamma 
subunits  are located in close proximity to the SA gene, thus raising the hypothesis 
that  one of these genes is involved in rat hereditary hypertension, instead of the 
SA gene. This hypothesis is not  supported by experimental data at  the present 
time  (Huang et al., 1995). As a consequence of the vicinity of the two genes, our 
study of the SA locus in  human hypertension has also investigated the locus of the 
beta and gamma subunits of the ENaC gene. Indeed, microsatellite markers 
located 2 CM from the ENaC beta and gamma subunit genes were used in our 
analysis of the SA locus. Therefore, in  our panel of families, a linkage of hyper- 
tension to  this locus, although  not definitively eliminated, is not likely. 

Another approach consists of looking for mutations in  the ENaC subunit genes 
in large series of severely hypertensive patients with hypokalemia, under  the 
hypothesis that  minor  mutations of the gene might  be responsible for attenuated 
forms of Liddle’s syndrome. In a series of 525 subjects of Caucasian and Afro- 
Caribbean origin, Persu et al. analyzed the sequence of the last exon of the ENaC P 
subunit gene (Persu et al., 1998). They found several polymorphisms, including 
the T594M variant, which was also found more frequently in black hypertensives 
than  in black normotensives in another  independent  study (Baker et d . ,  1998). 
The functional effects of these variants were tested by site-directed mutagenesis of 
the ENac P-subunit gene,  followed  by expression in Xenopus oocytes and func- 
tional analysis of the  channel  containing  the  mutated  p-subunit (Persu et al., 
1998). None of the variants found exhibited any significant functional effects, 
ruling  out  the hypothesis that  these variants could affect the  function of the ENac 
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in subjects bearing these alleles.  Even a more extensive investigation of the gene 
in 101 hypertensives with low-renin hypertension was negative in  this study. 

Interestingly, this  gene was found  to  be  responsible  for pseudohypo- 
aldosteronism  type I through  mutations  invalidating  the  function of the gene, 
instead of the  mutation responsible  for  a gain of function as observed in  the 
Liddle  syndrome  (Chang et al., 1996). 

9.2 The CYPl lB2 gene 

The  CYPllB2 gene (aldosterone synthase) was shown to be responsible for gluco- 
corticoid-remediable aldosteronism (GM), due  to  the appearance of a  chimeric 
gene secondary to  an unequal crossing-over (Lifton et d. ,  1992; see Chapter 8). 
The clinical and biological picture of the GRA is easily distinguishable from 
common essential hypertension, but  the  CYPllB2 is a  candidate gene for hyper- 
tension, due  to  its role in aldosterone biosynthesis. We have tested a possible 
linkage between the gene and hypertension in a group of hypertensive families, 
using  a highly polymorphic microsatellite, which was identified in close prox- 
imity to the  CYPllB2  and  the  CYPllBl gene (Brand et al., 1998a). We did not 
find  any  support for linkage with hypertension in a  group of  292 hypertensive 
sibling pairs using  this microsatellite marker. We also studied the C-344T  poly- 
morphism of the gene in  an association study, comparing the frequency of the 
alleles in a series of  380 hypertensive subjects and of  293 normotensive subjects. 
We observed that  the T allele was more frequent in hypertensives (0.56  vs.  0.49; 
P=O.Ol; Table 2). Therefore, this association study is compatible with a modest 
implication of this gene in hypertension. Further  studies  are  required  to confirm 
this association and  to elucidate its biological basis, since  the C-344T polymor- 
phism corresponds to a SF-l  binding site, but was shown to be nonfunctional 
(Clyne et d. ,  1997). 

9.3 The l 1  beta h  ydroxysteroid  dehydrogenase ( l  IHSD) gene 

The function of this enzyme is to catalyse the metabolism of cortisol into 
cortisone, which is unable  to  bind  the mineralocorticoid receptor (MR), and  thus 
ensuring  a protection of the MR by preventing the  binding of cortisol to  the MR. 
Two isoforms of this enzyme exist and  both were cloned. The  l lHSDl enzyme is 
mainly expressed in  the liver, uses NADP+  or  NADPH as cofactor and catalyzes 
11P-dehydrogenation and 1 l-oxoreduction. The 1 lHSD2 isoform is expressed in 
the  kidney  and in  the placenta, uses NAD+ as a cofactor and catalyzes the l lp -  
dehydrogenation of cortisol. These two isoforms do not only differ by their site of 
expression but also by their biochemical characteristics (see Chapter 7). Only  the 
kidney isoform is involved in a Mendelian form of hypertension, the apparent 
mineralocorticoid excess (Chapter 7). This enzymatic mechanism of selectivity of 
the MR, although  not  the  only one, is predominant in vivo, since  the loss of 
function of the two copies of the gene is responsible for a severe form of genetic 
hypertension. 

It was proposed that hypertension is associated with an  abnormal excretion of 
cortisol metabolites characterized by  a  higher  ratio of cortisol metabolites 
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compared to cortisone metabolites, potentially reflecting a defect of this selec- 
tivity in hypertension (Soro et aL, 1995;Walker et aL, 1991). We performed a 
linkage and an association study with the 11HSD2  gene  by identifying a 
microsatellite marker and an SNP on the 1 lHSD2 gene (Brand et aL, 1998b). The 
linkage study in hypertensive sib-pairs was negative, but  this result must be inter- 
preted with caution in view  of the moderate informativity of the microsatellite 
marker.  Similarly, an association study performed with a neutral marker was also 
negative, but  the informativity of this  SNP was rather low. Indeed, an intensive 
search  for variants by SSCA in  the coding and  intronic sequence of the 1 lHSD2 
gene was negative in hypertensive patients. 

9.4 Pseudoh  ypoaldosteronism type /I or Gordon’s  syndrome 

Gordon’s syndrome is probably the form of monogenic hypertension which most 
closely mimics essential hypertension.The blood pressure level is not very high 
and  the biological phenotype is rather attenuated, composed  of fluctuating hyper- 
kalemia with hyperchloremic acidosis, and a pronounced beneficial  effect of salt 
restriction or treatment with thiazides (Gordon et aL, 1970).This mild phenotype 
might leave a large proportion of patients with Gordon’s syndrome undiagnosed, 
if  hyperkalemia, the most evident sign, is not recognized. Two loci have  been iden- 
tified for this disease,  clearly showing the heterogeneity of this syndrome 
(Mansfield et al., 1997). One is located on chromosome 1 and  the  other one on 
chromosome 17. The chromosome  17  locus was also found independently to be 
linked to this syndrome in another pedigree  (O’Shaughnessy et aL, 1998). This 
chromosome  17  locus was  also  shown to be linked to essential hypertension, as 
mentioned above  (Julier et al., 1997). 

9.5 Sodium  transporters 

Two sodium transporters, the thiazide-sensitive Na-C1 cotransporter (TSC), the 
Na-K-2CI cotransporter (NKCC2), and  the ATP sensitive K channel (ROMK) 
were recently shown to be responsible for two autosomal  recessive syndromes of 
inherited hypokalemia with alkalosis. Mutations affecting both alleles of the TSC 
were found in patients with the Gitelman’s syndrome, which is associated with 
hypocalciuria and hypomagnesemia (Simon et aL, 1996~). Frameshift and noncon- 
served mutations of the NKCC2  gene and of the ATP-sensitive K+ channel gene 
were found in patients with the Bartter’s syndrome, which presents with hyper- 
calciuria and volume depletion (Simon et aL, 1996a,b). 

Heterozygosity  for mutations of one of these two channels could be protective 
against hypertension, and cause mild spontaneous or diuretic induced 
hypokalemia. In order to be responsible for hypertension, a gain of function must 
be hypothesized, which would result in increased sodium reabsorption. Until 
now, there were no studies to search for this  kind of mutations in patients with 
hypertension. 

I O .  Conclusion 
The genes and genotypes predisposing to hypertension will be difficult to 
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recognize. This is due to the low genetic determination of the disease, its genetic 
heterogeneity, and expected  low  genotypic risk ratios for the disease, and also to 
the influence of environmental factors. Simulations have  shown that  the number 
of families with the disease required to establish a linkage in  this  kind of disease is 
huge (more than 1000) and at the present time,  no linkage study in hypertension 
has  reached the required number of families  (Risch and Merikangas,  1996). 

Theoretically, projects can be designed with the appropriate power. They 
should include the collection  of thousands of families with severely hypertensive 
siblings. Additional groups of patients and well matched control subjects should 
allow  large  association studies to be  performed. Intrafamilial association and 
linkage tests should be  possible,  by collecting young hypertensives with available 
parental genotypes. These different panels  would  allow positive results to be 
confirmed independently by different statistical tests. 

The availability of high throughput technologies  for detecting mutations and 
for genotyping will probably favor the investigation of hundreds of candidate 
genes  for  association with SNPs. Two elements are very important for interpreting 
the large amount of data which will be generated. Firstly, the easy  access to results 
and the possibility of replicating rapidly the results in independent studies. To 
achieve this goal the initiative of creating a web site for cardiovascular  genetics 
where polymorphisms and results of different studies are easily  accessible is very 
beneficial (http: //ifr69.vjf.inserm.fr/-canvas/). Secondly, the functional analysis 
of the variants tested will  be  essential. For this purpose, a wide variety of experi- 
ments will be required, from in  vitro studies to in vivo knock-out and knock-in 
experiments. This is the only way to establish biological  significance  for an associ- 
ation between a variant and a disease. 
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1. Introduction 

Research on  the molecular  genetics  of human hypertension aims to identify the 
loci  involved in the regulation of  blood  pressure, to detect gene variants, to asso- 
ciate them with intermediate phenotypes, and ultimately to estimate their quanti- 
tative effects on blood pressure level and  their interaction with the main 
environmental factors. The main strategy that has  been  used so far  relies on the 
study of candidate genes,  genes that might contribute  to  the variance of blood 
pressure because of their well-known  effect on  the cardiovascular  system. The 
genes of the renin-angiotensin  system  have  been  extensively studied because of 
the well-documented role of this system on salt and water  homeostasis and 
vascular  tone. This review  will  discuss briefly the  structure of the angiotensinogen 
(AGT)  gene, its tissue expression and regulation, the main characteristics of the 
protein, and will  analyse in detail the different genetic studies which have  been 
performed related to human hypertension and to some other cardiovascular 
diseases. 

2. The  angiotensinogen  gene 

2. l Localization 

A single human AGT  gene  has  been  localized to chromosome 1q42-3 by in situ 
hybridization (Gaillard-Sanchez et al., 1990; Isa et al., 1990)  whereas the  renin 
gene has been  assigned to  the lq32 region. The issue of the genetic proximity of 
these two genes has been  explored using a GT microsatellite repeat at  the  renin 
locus (76% heterozygosity), a GT microsatellite at the AGT  locus  (Kotelevtsev et 
aL, 1991), and other markers selected from the Consortium map of chromosome 1 
(Dracopoli et al., 1991).  Analysis  of these markers on pedigrees  selected  by the 
Centre $Etudes du Polymorphisme Humain (CEPH) demonstrated a weak 
linkage between these two  loci (LOD score = 4.89) for a recombination estimate 
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8=0.30 (Jeunemaitre and Lifton, 1993).The AGT and  renin loci  do not belong to 
a syntenic region. In the mouse, the AGT  gene is located on chromosome 8 
(Clouston et aL, 1988) whereas REN 1 and 2 genes are located on chromosome 1 
(Chirgwin et al., 1984; Pravenec et aZ., 1991). In  the rat, the AGT and  the renin 
genes are located on chromosomes 19 and 13. 

2.2 Structure 

The human AGT cDNA is 1455 nucleotides in length, with coding for 485 
amino acids (Kageyama et aZ., 1984). The gene contains five exons and four 
introns which span 13 kb (Figure I). The first exon (37 bp) codes for the 5’ 
untranslated region of the mRNA. There are two potential AGT sites and the 
second exon  codes for a signal peptide of 24 or 33 residues and the first 252 
amino acids (59%) of the  mature protein. The mature angiotensinogen consists 
of 452 amino acid residues, with the  first 10 amino acids corresponding to 
angiotensin I (Ang I) and  the  other larger portion  to des(Ang 1)angiotensinogen. 
Exons 3 and 4 code for 90 and 48 amino acids,  respectively. Exon 5 contains  a 
short coding sequence (62 amino acids),  followed by a long 3’ untranslated 
sequence with two different polyadenylation signals, accounting for the exis- 
tence of two different mRNA species differing in length by 200 nucleotides 
(Gaillard et al., 1989). A  similar gene structure  is shared by the genes of the 
serpin superfamily, as far as  exon number, size and splicing sites are concerned 
(Doolittle, 1983; Tanaka et al., 1984). 

2.3 Promoter  region 

Angiotensinogen is secreted through the constitutive pathway and most of its 
regulation occurs at  the transcriptional level.  Glucocorticoids,  estrogens,  Ang I1 
and thyroid hormones are the main hormonal stimuli of the AGT  expression. 
Brasier et al. (1989) proposed the concept that induction of the AGT  gene  by these 
diverse  physiological stimuli is mediated through changes in the nuclear abun- 
dance of  sequence-specific nuclear factors. 

Gene Exons (1 q42) -77- 
Mutations 

EXON 2 

Figure 1. Angiotensinogen  gene:  genomic structure  and  missense  mutations.  The  amino 
acid substitutions  found  in the second  exon of the  gene  are  represented by 1 =LlOI: 
2=T104M,  3=T174M,4= L2091,5=L211R,  6=M235T,  7=Y248C. 
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The in vitro transcriptional regulation of rat angiotensinogen expression in  the 
liver by glucocorticoids and cytokines has been recently described (Brasier et al., 
1989; Brasier and Li, 1996). In mouse, recent studies have indicated  that  the 
proximal promoter region of the mouse angiotensinogen gene (-96 to +22) was 
sufficient for expression of angiotensinogen in mouse fibroblast lines  during  their 
differentiation into adipocytes (Tamura et al., 1994). Two factors, one liver-specific 
(AGF2) and  one  ubiquitous nuclear factor (AGF3), bind  to  the proximal promoter 
element (-96 to +52) and  to  the core promoter element (-6 to +22),  respectively. 
These two factors seem to act synergistically (Tamura et al., 1994). 

Ang I1 could stimulate angiotensinogen synthesis (Eggena et al., 1993) through 
the activation of the nuclear-kappa B  transcription factor (Brasier and Li et al., 
1996). Ang I1 could also increase AGT mRNA levels  by acting on  the stability of 
the AGT mRNA (Klett et al., 1988). A differentiation-specific element (DSE), 
located at -1000 bp  in  the 5”flanking region of the  rat angiotensinogen gene, 
could act as a  binding-site for a pou-homeodomain class of transcription factors 
and thus play an important role in  the developmental switch for the expression of 
angiotensinogen during  the differentiation of fibroblasts to adipocytes (McGehee 
et al., 1993). 

Less work has been performed on the  human AGT promoter. Three putative 
glucocorticoid responsive-elements (GRE) are located at -126 to -133 bp, -202 to 
-217 bp  and  -670 to  -675  bp to  the  initial  transcription site. Potential estrogen 
(-324 to -338 bp)  and  thyroid receptor responsive elements (-370 to -384 bp)  are 
present in  the 5’ flanking sequence. Other sequences potentially involved in  the 
transcriptional regulation of the  human AGT gene include  a CAMP (cyclic 
adenosine 3’,5’-monophosphate) responsive element (-833 to -839 bp), an  acute 
phase responsive element (APRE) (-270 to -278 bp)  and  a  heat  shock  element 
(-561 to -573 bp). The core promoter region of the human  AGT gene has been 
analysed by the Fukamizu’s group in HepG2 cells (Yanai et al., 1996). 
Electromobility  shift assays demonstrated  that  an  ubiquitously expressed 
nuclear factor could bind to  a region between positions -25 to -1, denoted 
AGCEl. This region is probably more complex with different nuclear factors 
binding  to its 5‘ or 3’ side  (Inoue et al., 1997), which may be important  in  the 
general rate of reaction of transcription  initiation but also in determining  the 
pattern of the AGT gene expression. In addition,  a  human angiotensinogen 
enhancer factor has been identified  in  the 3’-downstream region of the gene, 
which may play an  important role in  the activation of the angiotensinogen 
promoter  (Nibu et al., 1994).  All these  studies  point Out the  important role of 
these regulatory regions where several natural  variants of the human AGT gene 
have been detected (Figure 2). 

3. Role of angiotensinogen 

3. I Angiotensinogen  as  the  substrate  for  renin 

Human angiotensinogen is a glycoprotein which is cleaved in  its N-terminal part by 
renin  to generate the inactive decapeptide angiotensin I (Ang I). TheKm of renin for 
angiotensinogen is about 1.25 k 0.1 pmol l”, more than ten fold  lower than t$at for 



204 MOLECULAR GENETICS OF HYPERTENSION 

M1 Ex2 
37 bp 

TATA 
050 bp - 

T 

-25.,*' 

Y Y " l  

M235T 

A-20C C-l 8T G-6A 

Figure 2. Polymorphisms  of the promoter  region of the human  angiotensinogen  gene. 
The three polymorphisms  are  in  strong-linkage  disequilibrium  with M235T. The G-6A 
substitution has  been  found  to be associated  with  an  increased  angiotensinogen 
expression. Adapted from  Jeunemaitre (1992); Yanai  (1996) and  Inoue (1997). 

the homologous synthetic tetradecapeptide renin  substrate (20.7 k 7 pmol 1-1 
(Cumin et d., 1987;  Tewksbury,  1990), stressing the importance of the  entire 
molecule in  the kinetics of the reaction. Its molecular mass varies between 55 and 65 
kDa  due  to various degrees of glycosylation. We recently produced recombinant 
human angiotensinogen in   CH0 cells and showed that  the four  putative  N-linked 
glycosylation sites (Am-X-Ser-Fhr) of the protein can be occupied, with prefer- 
ential glycosylation of the  Asd4  and  the as well as the importance of the first 
N-terminal site (Ad4)   in   the  kinetics of the  renin hydrolysis (Gimenez-Roqueplo 
et aL, 1998a). In this work,  we were able to produce a fully deglycosylated N-4 
angiotensinogen which  had a higher catalytic efficiency for human  renin  than  the 
wild-type protein (kc,& =5.0 vs. 1.6p.M-W). 

Among the cascade of enzymatic  events of the circulating  renin-angiotensin 
system, the first  step - that  is  the reaction of renin on angiotensinogen - is the 
rate-limiting one. Because plasma  angiotensinogen  concentration  is in  the 
micromolar  range  whereas  plasma  renin  concentration  is in  the picomolar 
concentration,  angiotensinogen  is  usually  considered as a 'reservoir' for the 
action of renin (Tewksbury, 1990). Short-term  regulation of the 
renin-angiotensin  system  does not seem to  depend on changes in plasma 
angiotensinogen  concentration.  For example, rapid  adaptation  to  changes in 
sodium  intake is mediated  by  abrupt  modification of renin release (which  can 
increase up  to 10-fold) by the renal  juxtaglomerular  (JG)  cells  (occurring within 
seconds or minutes),  but changes in plasma  angiotensinogen  concentration  are 
rather slow (occuring  over  hours  or days). However, since  plasma 
angiotensinogen  concentration  is  about 1 pmol l-l close to  the K ,  of its  reaction 
with  renin,  variations of its  concentrations  can actually  influence the rate of Ang 
I generation  (Gould and Green, 1971). 

3.2 Other functions? 

The classical biochemical aspects of human angiotensinogen have already  been 
reviewed in detail  (Lynch and Peach, 1991;  Tewksbury,  1990). We will only focus 
here on recent  results  giving  some  insights on its  structure compared to  other 
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sewins and  on its polymerization during pregnancy under  a high molecular 
weight form of angiotensinogen. 

Angiotensinogen belongs to  the  serpin (serine  protease inhibitor) superfamily 
which comprises many genes such as a,-antitrypsin,  a,-antichymotrypsin  and 
antithrombin 111. The sequence homology between angiotensinogen and these 
proteins  (around 20% of identical amino acids) suggests that these genes evolved 
from a  primitive common ancestor through  a series of gene duplications, inser- 
tions  and deletions (Doolittle, 1983). Based on a computer-predicted secondary 
structure,  the  distribution of a-helical segments and p-sheet sections is relatively 
similar in angiotensinogen and  a,-antitrypsin (Carrell and Boswell, 1986). 
Angiotensinogen is thought to have no serine protease inhibitory activity since its 
C-terminal  part seems to have lost the property to be converted from a stressed to 
a relaxed form; this conformational change being a  requirement  for  the  inhibitory 
function of the serpin’s reactive center  (Huber  and Carrell, 1989). However, 
several arguments favor the hypothesis that  human angiotensinogen has a  serpin- 
like  structure with an accessible loop cleavable by some proteases. Stein et al. 
(1989) were able to show that it was efficiently cleaved by the  neutrophil elastase, 
mainly between residues 410 and 411. Tewksbury (1990) and Mast et al. (1991) 
demonstrated that Staphylococcus  aureus V8 protease cleaves human 
angiotensinogen between G1uM8 and  More recently we were able to produce 
in  vitro a cleaved form of human angiotensinogen, the  main cleavage site  being 
located in  the same region (J. Cklkrier, unpublished data). The generated C- 
terminal peptide was required for a correct folding of the  protein  and computer 
modelling predicts that it is buried  in  the core of the molecule. Thus,  the question 
of the presence or  the absence of a  serine protease inhibitory activity in  vivo is not 
yet  resolved. 

During pregnancy, there is a parallel rise of plasma angiotensinogen  and 
estrogens levels (Skinner et al., 1972) and  the appearance of a  high molecular 
weight form of angiotensinogen in plasma (15-30%) and in  amniotic  fluid 
(5040%) (Tewksbury and  Dart, 1982). This  high molecular weight form of 
angiotensinogen has been recently  shown  to  contain  a covalent complex 
between angiotensinogen and two other  proteins (Oxvig et al., 1995). A major 
part is a 2:2 complex of angiotensinogen  and the proform of eosinophil major 
basic protein  (proMBP) from placental origin, the covalent links  corresponding 
to  disulfide  bridges between the molecules (Figure 3). The amino acid sequence 
of human  angiotensinogen  contains  four cysteine residues at positions 18, 138, 
232 and 308. Only Cys18 and  are conserved in  the  other mammalian 
species cloned so far. We demonstrated the presence of a  disulfide  bridge 
between Cy@ and Cys138 (Gimenez-Roqueplo et al., 1998b) in accordance with 
the results  obtained by the analysis of a  chimeric  protein composed of the N- 
terminus of angiotensinogen  and a,-antitrypsin (Streatfeild-James et al., 1998). 
We carried out site-directed mutagenesis of single cysteine residues  and combi- 
nation of them in eight  mutants of human angiotensinogen. Analysis of these 
mutants  demonstrated  that Cys232 is involved in  the in vitro formation of the 
complex AGT-proMBP and  a possible interaction between M235 and Cys232 
which could interplay  with the formation of this complex (Figure 4 )  (Gimenez- 
Roqueplo et al., 1998b). 
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Figure 3. The two forms of angiotensinogen. (a) LMW AGT: low  molecular  weight 
angiotensinogen; (b) HMW  AGT high molecular  weight angiotensinogen. 

4. Angiotensinogen expression 

4. l Liver 

Plasma  angiotensinogen levels reflects mainly  its synthesis  by the liver  where it  is 
constitutively secreted (Takahashi et d., 1997). In a great variety of in vivo and in 
vitro models, investigators have repeatedly  demonstrated that  administration of 
glucocorticoids (especially dexamethasone), estrogens, Ang I1 and  thyroid 
hormones  stimulate  the  synthesis  and release of angiotensinogen (see reviews by 
Deschepper and Hong-Brown, 1993; Lynch and Peach, 1991; Robertson, 1993; 
Tewksbury, 1990). The steroid effects are  neutralized  by  anti-glucocorticoids and 
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Figure 4. Epitope  mapping of  human angiotensinogen by  monoclonal antibodies and 
immunological recognition of the M235T polymorphism.  Adapted  from  results in Cohen 
et al. (1996). 
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anti-estrogens; thyroidectomy decreases plasma angiotensinogen levels and T3 
administration restores them. 

A dose-dependent increase of plasma angiotensinogen occurs with adminis- 
tration of oral contraceptive pills containing synthetic estrogens (Derkx et al., 1986) 
as  well  as a mean 3-5 mmHg increase in blood pressure and subtle changes in renal 
blood (Hollenberg et al., 1976). However, no direct relation has been  observed 
between the increase in plasma angiotensinogen and blood pressure level. This 
stimulatory effect  is not observed with percutaneous estrogen administration 
(DeLignieres et al., 1986), probably due  to  the absence of accumulation of estradiol 
in  the hepatic cells. The estrogen-induced increased expression of angiotensinogen 
is tissue-dependent: although the estrogen effect on liver is important, no stimu- 
lating effect  has been observed in adipose tissue and contradictory results have  been 
reported in  the brain (Bunnemann et aL, 1993). In kidney,  Campbell et al. (1991) 
showed that estrogen-induced increased plasma angiotensinogen levels  were  asso- 
ciated with an increased renal level  of angiotensin peptides despite reduced plasma 
levels of renin  and angiotensin peptides. 

4.2 Other  tissue  localizations 

Angiotensinogen is synthesized in many different tissues. Even though  this 
expression is less abundant  than  in  the liver, angiotensinogen appears as an 
important component of the extravascular local renin angiotensin system. Since 
the K ,  of renin for angiotensinogen is relatively high, Ang I production  rate of 
such sytems could be controlled by local angiotensinogen concentration rather 
than by variations in  renin concentration. We will summarize only these tissue 
expressions which have already been reviewed (Lynch and Peach, 1991; Phillips et 
al., 1993; Tewksbury, 1990). 

The brain, large arteries, heart, kidney and adipose tissues are established sites 
of angiotensinogen synthesis. In the brain, in situ hybridization and  immunohis- 
tochemistry studies have shown that glial cells are the most important source 
(Bunnemann, et al., 1993; Lynch et al., 1987; Stornetta et al., 1988). Astrocytes, 
together with endothelial cells, are  one of the main components of the 
blood-brain barrier; interestingly this  barrier is impaired in AGT-KO  mice, 
providing evidence that astrocytes with angiotensins are required for its func- 
tional maintenance  (Kakinuma et al., 1998). 

Angiotensinogen is also expressed in vascular walls both  in  the adventitia and 
the medial smooth muscle cell layer (Campbell and Habener., 1986; Cassis et al., 
1988; Naftilan et al., 1991; Ohkubo et al., 1986). Increased expression of 
angiotensinogen mRNA has been found in  the medial layer  of the  injured aorta, 
suggesting a role of angiotensinogen in  the myointimal proliferation following 
vascular injury (Rakugi et al., 1993). Because the  main angiotensinogen mRNA in 
the  rat aorta seems to  be located in  the brown adipose tissue (Campbell and 
Habener, 1987), the presence of highly vascularized adipose tissue surrounding 
these vessels raises the possibility of a local renin system in which adipose cells 
synthesize angiotensinogen. Ang I1 could then  be generated through circulating 
renin  and  adventitial  and  (or)  endothelial  angiotensin converting enzyme (ACE). 
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There is, indeed, evidence  for a local  vascular generation of angiotensin from 
angiotensinogen in isolated  perfused rat blood  vessels (Hilgers et al., 1993). 

In  the heart, angiotensinogen mRNA  seems mostly expressed in  the atria 
(Campbell and Habener,  1986; Lindpaintner et al., 1990). The presence in  the 
heart of mRNA of different components of the RAS, including Ang I1 receptors, 
supports the hypothesis of a physiological  role of the RAS in cardiac function. 
Increased ACE activity and angiotensinogen expression  have  also  been demon- 
strated following experimental left ventricular hypertrophy (Schunkert et al., 
1990), suggesting that  the cardiac renin system  may  have an important role in 
modulating growth and hypertrophy of the heart. 

Angiotensinogen  mRNA is detectable in  the kidney (Campbell and Habener, 
1986; Fried and Simpson, 1986), essentially in proximal tubular cells (Ingelfinger 
et al., 1990).  Activation of the renin-angiotensin  system is age-related and 
measurement of intrarenal angiotensin peptides in rat kidneys showed 3-6-fold 
higher Ang I and Ang I1 concentrations in newborns compared to adults (Tamura, 
K. et al., 1996). Alteration of renal hemodynamics  caused  by experimental heart 
failure induces a renal-specific increase in angiotensinogen mRNA, suggesting its 
contribution to the activation of the intrarenal renin (Schunkert et al., 1992). 
Renal angiotensinogen level, which depends also on circulating levels (Misumi et 
al., 1989), could be an important rate-limiting factor  for the local generation Ang 
I, at least during converting enzyme inhibition, and therefore a determinant in 
the generation of renal angiotensin peptides and in the fine tuning of renal 
vascular  resistances  (Campbell et al., 1991a,b). 

White adipose tissue is a rich source of angiotensinogen which is expressed 
during  the differentiation of pre-adipocytes into adipocytes  (Saye et al., 1990). 
The recruitment of  new fat cells could be enhanced by  Ang 11, via the release of 
prostaglandins which are adipogenic (Darimont et al., 1994). In rats, 
angiotensinogen expression in white adipocytes is influenced by nutrition with 
reduction during fasting conditions and an increase with refeeding (Frederich et 
al., 1992).  An age-related decline in angiotensinogen protein and mRNA 
expression in retroperitoneal depots (Harp et al., 1995)  suggest its role in adipose 
tissue growth. 

Finally, angiotensinogen mRNA  has  been detected in several other human 
tissues such as the adrenal gland where it is expressed in both cortex and medulla 
(Racz et al., 1992), and where it could contribute, together with the locally 
produced renin, to a paracrine generation of Ang I1 and to the regulation of aldos- 
terone secretion. 

5. The AGT gene  in  experimental  models of hypertension 

5. l Rodents strains 

The analysis of the effect  of the AGT  gene on blood pressure level in strains 
selected  for high blood pressure mainly led to negative results. The AGT  locus 
does not cosegregate with blood pressure in F, rats derived  from a cross  between 
stroke-prone spontaneously hypertensive (SHR-SF') and Wistar-Kyoto  (WKY; 
Hubner et al., 1994). A missense mutation (Ile to Val at position 154 of the mature 
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protein) in  the SHR-SP angiotensinogen was found but did not show a linkage 
with the increase in plasma  Ang I1 observed in these (Hiibner et al., 1995). 
However, a few studies suggested a role  for AGT. Lodwick et al. (1995)  showed a 
cosegregation of the rat AGT  locus with a specific and mild pulse pressure 
increase in F, rats derived  from a cross of the SHR with normotensive WKY rats. 
This locus accounted for  approximately 20%  of the genetic variance of this 
phenotype. The AGT coding sequence and plasma angiotensinogen were similar 
in hypertensive and normotensive rats but there was a difference in AGT  mRNA 
levels  between the two strains, especially in SHR aorta. More  recently,  Tamura,  K. 
et al. (1996) found differences in tissue-specific regulation of angiotensinogen 
expression in SHR compared with WKY rats. 

On the whole, the findings from SHR or SHR-SP and humans appear to differ, 
as they also  differ in a number of identified high blood pressure loci in hyper- 
tensive rats which were not found linked to hypertension in humans. This is,  for 
example, the case  for the SA gene  (Iwai and Inagami, 1992; Nabika et al., 1995). 
This emphasizes that disease-relevant genetic loci in man and rats cannot be 
assumed to coincide. 

5.2 Transgenic animals with AGT  overexpression 

Another possibility for exploring the role of angiotensinogen in blood pressure 
regulation is to create transgenic animals overexpressing a candidate gene 
(Thompson et al., 1996).  Because  of the species  specificity of the 
renin-angiotensinogen  reaction,  mice or rats expressing either the human renin or 
the human angiotensinogen gene do not develop hypertension. Kimura et al. 
(1992) generated transgenic mice expressing the  entire rat AGT  gene including 
1.6 kb of 5’ flanking sequences. These animals developed hypertension, especially 
males, and angiotensinogen was overexpressed in liver and brain. In this study, 
specific  cerebral  expression  seemed to be a prerequisite for the development of a 
hypertensive phenotype. Other transgenic animals have  been generated by 
Ohkubo et al. (1990),  who introduced in mice either  the rat renin gene, the rat 
AGT  gene, or both, under the control of the mouse metallothionine I promoter. A 
similar chimeric RAS was constructed through cross-mating separate lines of 
transgenic mice carrying either the human renin  or angiotensinogen genes 
(Fukamizu et al., 1993). Chronic overproduction of  Ang I1 in  the double trans- 
genic mice resulted in a resetting of the baroreflex control of heart rate to a higher 
blood pressure without significantly changing the gain or the sensitivity of the 
reflex (Merrill et al., 1996). These experiments documented in vivo the species- 
specificity of the renin-angiotensinogen reaction which had  already  been  estab- 
lished in vitro. Although these transgenic experiments clearly demonstrated that 
overexpression of the  renin  and angiotensinogen genes led to increased  blood 
pressure, their relevance to the pathogenesis of human hypertension is  ques- 
tionable. 

An interesting model of hypertension in pregnant mice  has  been recently 
reported: Takimoto et al. (Takimoto et al., 1996)  observed that transgenic females 
expressing human angiotensinogen developed a transient elevation of blood 
pressure in late pregnancy,  when  mated with transgenic males expressing human 
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renin. Blood pressure returned to normal after delivery, renal histology  showed 
glomerulopathy lesions, and  the placenta displayed  gross alterations, all abnor- 
malities also found in human pregnancy-induced hypertension. Interestingly, this 
result was not observed with the reverse combination, that is,  female renin trans- 
genics with male angiotensinogen transgenics. In this later situation, the pups 
were hypertensive but no hypertension developed in the mothers, pointing out 
the role of placental renin  in  the development of maternal hypertension. 

5.3 Transgenic mice with AGTinactivation and  duplication 

The technology of homologous recombination allows the generation of animals 
with a specific gene inactivation or duplication. This approach  has  been  used  by 
Smithies and Kim (1994) to evaluate the hypothesis that genetically determined 
elevated angiotensinogen levels might predispose to hypertension. These authors 
used targeted gene disruption and duplication to generate mice  having  one, two, 
three or four copies of the angiotensinogen gene.  Plasma angiotensinogen also 
increased  progressively, according to the AGT  gene  copies  number. Interestingly, 
blood pressure paralleled the AGT  copy  number, being 122,  129 and 138 mmHg 
for the 1 copy, 2 copies  (wild  type) and 3 copies (Kim et d., 1995). Renal  blood  flow 
was increased in  the 1 copy  animals, showing the importance of the  renin 
substrate concentration in  the determination of renal vascular  resistances. These 
results directly demonstrate that small elevations of plasma angiotensinogen, in 
the order of magnitude of those associated with the M235T polymorphism in 
humans, might play a role in renal vascular resistance and blood  pressure. They 
also  showed that  the renin-angiotensin  system  plays  an important role in the 
maturation of the kidney. The analysis of preweaning and some adult AGT-/- 
mice  showed marked renal abnormalities, consisting of severe renal vascular 
hypertrophy, cortical thinning, severe  focal  fibrosis, tubular atrophy and chronic 
inflammation (Niimura et al., 1995). These abnormalities can be rescued  by 
complementation with both human renin and AGT  genes, providing an inter- 
esting model to test the significance of variants of the human renin-angiotensin 
system  by a combined transgenic and gene targeting approach (Davisson et al., 
1997). 

6. The AGT gene  and  human  essential  hypertension 

6. I Linkage  studies 

The potential role of the AGT  gene in human essential hypertension has  been 
tested using a highly polymorphic dinucleotide GT repeat (80% heterozygosity) 
displaying 10 alleles and located in the 3’ region of the angiotensinogen gene 
(Kotelevtsev et d., 1991). Evidence  for linkage was suggested in two large  series of 
hypertensive sibships which yielded a total of 379 sib pairs (Salt Lake City,  Utah, 
U.S.A. and Paris, France) (Jeunemaitre et d., 1992). When hypertensive sib pairs 
were stratified according to hypertension severity (characterized by a diastolic 
blood pressure greater than 100 mmHg or taking two or more antihypertensive 
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medications), a 17% excess  of allele sharing was found in both  the  Utah  and Paris 
groups (Table I). It is interesting  to  note  that significant linkage was obtained only 
in male pairs, while no excess of shared angiotensinogen alleles was observed in 
female-female comparisons, suggesting the influence of an epistatic hormonal 
phenomenon. From  this study, it was estimated that  mutations at  the AGT locus 
might  be a predisposing factor in  at least 3 4 %  of hypertensive individuals 
younger than 60  years of  age. 

Subsequently, Caulfield et al. (1994) showed a strong linkage between the AGT 
locus (25% excess of concordance) and essential hypertension in a study involving 
63 Caucasian families recruited in London. This linkage was also observed in  the 
subgroup of patients with diastolic pressure above 100 mmHg  but was not 
different among male-female pairs. A surprisingly  strong association between 
alleles of the AGT-GT repeat and essential hypertension may have favored the 
strength of linkage using the Affected Pedigree Member Method. 

More recently, a large European study evaluated the contribution of the AGT 
locus using the same polymorphic marker in 350 European families involving 630 
affected sib pairs (Brand et d., 1998). N o  evidence for linkage was found either  in 
the whole panel or  in family subsets selected for severity or early onset of disease, 
even though a tendency was observed in male-male pairs. Similarly, the analysis 
of  310 hypertensive pairs from a rural area of Central  China revealed no evidence 
for linkage either with the microsatellite marker or  the M235T and T174M poly- 
morphisms  (Niu et d., 1998). Conversely, in Mexican Americans, a marginally 
significant linkage was found in 180  affected individuals belonging to 46 large 
families living in San Antonio (Atwood et d.,  1997).  Caulfield et al. also found 
linkage between the AGT locus and high blood pressure in 63 African Carribean 
families (Caulfield et d.,  1995).  Overall, these conflicting results could reflect 

Table 1. Angiotensinogen and essential hypertension: linkage  studies 

Excess  of 
Populations  Sibships concordance 

Caucasians 
1. Utah 244 sib  pairs 3.8% 

50  more severe 17.1% 
Paris 135 sibpairs 7.7% 

60 more severe 15.3% 
2. London 63 multiplex 25.9% 

31 more severe 25.1 Yo 
3. Europe 630 sibpairs <l% 

295 more severe c 1 % 

Anhui 310 sibpairs <l% 
province 147 top 5th 

Chinese 

percentile 

St Vincent 63 sibpairs T=3.07 

San-Antonio 36 families, 

Afro-Caribeans 

Mexican-Americans 

180 hypertensives 

Significance  References 

ns Jeunemaitre, 1992 
PeO.01 
Pe0.05 
Pc0.02 
P<O.OOI  Caulfield, 1994 
P<O.OOl 
ns  Brand, 1998 
ns 

ns  Niu, 1998 

ns 

P=O.OOl  Caulfield, 1995 

Pc0.02 Atwood. 1997 
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racial/ethnic differences  with regard to  the pathogenesis of hypertension, the rela- 
tively  modest role of the angiotensinogen locus on blood pressure level and the 
difficulty in finding linkage in  a such complex  disorder. 

6.2 Case-control studies 

In  our initial search to detect mutations that may  affect this locus,  several 
missense mutations were found, mainly located in the exon 2 of the AGT  gene 
(Figure 2). Most  of them were rare and detected in few hypertensive probands. Two 
polymorphisms T174M  (Thr-*Met at position 174 of the mature 
angiotensinogen) and M235T (Met-Thr at position 235)  were in complete 
linkage disequilibrium. The M235T polymorphism which  showed  association 
with hypertension and plasma angiotensinogen was then extensively studied in 
many case-control studies. 

We will summarize the main findings associated with this polymorphism. 
However,  some words of caution are needed before interpretation of the corre- 
sponding results. Firstly, the frequency of the AGT T235 allele varies strongly 
according to  ethnic groups. It is more frequent in  the Asian (approximately 0.75) 
than  in  the Caucasian population (0.40) and is by far the  predominant allele in 
the African population (0.90-0.95) (Table 2). As a consequence, false positive 
results may arise from population admixture  but also  false negative results may 
be obtained in populations in which this allele is predominant, due  to  the 
limited statistical power of the corresponding association studies. Secondly, as 
for other susceptibility genes involved in multifactorial diseases, the obser- 
vation of positive or negative results is strongly constrained by the sample size 
of the study. For example, at least 400 cases and 400 controls are needed to 
replicate our  initial  findings with 80% power to detect a difference in  the T235 
allele frequency from 0.38 to 0.46 between hypertensives and controls 
(Jeunemaitre et aL, 1992).  However, most of the results reported so far concern 
relatively small numbers of patients. Finally, different genetic backgrounds, 
different choice criteria (such as blood pressure level,  age  of onset of hyper- 
tension, weight) or choice of different subsets of hypertensives might influence 
the results and explain some divergence. The results will be presented according 
to  the different ethnic groups even though  the homogeneity of each group itself 
is questionable. 

Table 2. Average frequency of the AGT 
235T allele according to ethnic origin 

Ethnic origin Frequency 
(T allele) 

Caucasians 0.40 
Indian-Americans 0.65 
Japanese 0.70 
African-Americans 0.85 
Afro-Caribbeans 0.85 
Africans 0.95 
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The M235Tpolymorphism and essential  hypertension 

1. Caucasians 
There are divergent results concerning the association  between the M235T poly- 
morphism and essential hypertension in Caucasians. In our original study 
(Jeunemaitre et al., 1992), a positive  association was detected. In both Utah and 
Paris groups, the T235 allele was found more frequently in hypertensive probands 
(0.46) than  in controls (0.38), especially in the more severe index cases  (allele 
frequency 0.50). In a subsequent study on 136 mild to moderate hypertensives 
from  Paris, we found that  the T235 allele was more frequent in these unselected 
hypertensive patients than in controls, although the significance was reached only 
for patients with a family history of hypertension (Jeunemaitre et al., 1993). 
Schmidt et al. (1995) found also a higher frequency of the T235 allele in subjects 
with a family history and early onset of hypertension. Recently, three large studies 
found a positive  association  between the M235T polymorphism and essential 
hypertension. The T235 allele frequency was 0.47 in a series of 477 probands of 
hypertensive families and 0.38 (P=0.004) in  the 364 Caucasian controls 
(Jeunemaitre et al., 1997). In another case-control study involving 779 hyper- 
tensive subjects and 532 Caucasian controls, Tiret et al. (1998) found a significant 
increase in T235 allele frequency which was restricted to men (0.46 vs. 0.40, 
P=O.Ol). A similar trend was observed with women  whose hypertension was  diag- 
nosed  before 45 years. In a cross-sectional sample of 634 middle-aged  subjects 
from the Monica  Augsburg cohort, Schunkert et al. (1997) found that individuals 
carrying at least one copy of the T235 allele had higher systolic and diastolic blood 
pressures and were more likely to use  an antihypertensive drug. 

Conversely,  Caulfield et al. did  not find an  association  between hypertension 
and  the M235T polymorphism but compared only 64 controls and 63 hyper- 
tensive probands of British families  (Caulfield et al., 1994). Similar results were 
obtained by  Barley et al. (1994) on 64 cases and 74 controls. These two studies 
performed in UK individuals showed similar frequencies in hypertensives, but 
quite different frequencies in normotensives (0.50 and 0.40, respectively). Bennett 
et al. (1993) failed  also to find an  association using only 92 individuals, offsprings 
of two hypertensive parents and ascertained through self-referral. On a popu- 
lation-based  selection  of 104 hypertensives with mild hypertension and 195 
matched normotensives, Fornage et al. (1995) did not find any association but a 
surprising difference in T235 allele frequency between normotensive men (0.47) 
and women (0.36). More recently, Hingorami et al. (1996) did not find any 
difference in M235T frequency between 223 hypertensive subjects and 187 
normotensive individuals originated from the East  Anglia  region of the U.K. A 
more powerful study performed in  Finland by  Kiema et al. (1996) showed  negative 
results in 508 mild hypertensives and 523 population-based controls. More recent 
case-control studies dealing with a limited number of subjects  were  also  negative 
(Fardella et al., 1998; Fernandez-Llama et al., 1998; Vasku et al., 1998). 

The association of the T235 allele with hypertension was replicated in a sample 
of the Framingham study (T frequency 0.51 vs. 0.39 in cases and controls, respec- 
tively),  as  well  as in white subjects of the ARIC study when the effects  of  body 
mass  index, triglycerides and the presence of coronary heart disease  were 
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controlled (Borecki et aZ., 1997). A positive association was also found in 229 
hypertensive subjects of Bedouin descent originated from Arab Emirates 
(Frossard et aL,  1998). 

It is difficult to form conclusions about the role of the M235T polymorphism in 
the Caucasian population. A meta-analysis was performed on all relevant articles 
published between 1992 and 1996, involving 5493 patients  (Kunz et al.,  1997). 
The AGT T235 allele was significantly associated with hypertension, in subjects 
with positive family history of hypertension (odds ratio: 1.42,  P<O.OOOl) and 
those with more severe hypertension (odds ratio: 1.34,  P<O.OOOl). It is probably 
crucial here  to emphazise the  importance of sample size when one wants to test 
such  an association in  a complex disease like hypertension. The contribution of 
the T235 allele may be also dependent of interacting factors such as sex, body mass 
index  and estrogen status. 

2. Japanese 
A reduced heterogeneity of the pathophysiology of hypertension due  to  a more 
homogeneous genetic and  environmental background of the population could 
explain the more homogeneous results which have been reported in  the Japanese 
population. An increased frequency of the T235 allele was consistently observed 
in  the Japanese population ranging from 0.65 (NishimuraetaL, 1995) to 0.75 (Hata 
et aL,  1994). A significant increase in hypertensive subjects has been reported by 
several groups having selected subjects from multiple centers such as  Yamanashi 
and Nagoya (Hata et aL,  1994), Osaka (Kamitani et aL,  1994; Sat0 et aL, 1997) and 
11 rural  communities  (Nishimura et aL,  1995). A  multiple regression analysis in 
347 subjects, selected in  the  Department of Medicine of the Shiga University, 
showed that  the T235 allele was a significant predictor of both diastolic and 
systolic blood pressure in  the population less than 50 years, whereas body mass 
index was the  only  predictor of blood pressure in older subjects (Iwai et al., 1995). 

3. Africans and African Americans 
The T235 allele is by far the most frequent allele in Africans (around 0.90) and  in 
African Americans (around 0.80; Rutledge et aL,  1994), frequencies which are 
consistent with an approximate 25% admixture of genes of European origin in 
these populations (Rotimi et al.,  1996). The distribution of genotypes for M235T 
revealed similar frequencies for T235 in  the 63 hypertensive index cases (0.88), the 
150 hypertensive individuals (0.86) and  the 93 normotensive controls (0.84) 
recruited from the African Carribean population studied by Caulfield et al. (1995). 
A weak association between blood pressure and angiotensinogen has been found 
in a  community survey in Jamaica, but  the effect  was more marked in conjunction 
with plasma ACE  level (Forrester et al.,  1996). 

The M235T polymorphism has been evaluated in other  ethnic backgrounds 
(Fardella et aL, 1998). A positive association was found between systolic blood 
pressure and the T235 allele in 497 adult native Canadians from an isolated 
community in  Northern Ontario (Hegele et al., 1997).  As already mentioned, the 
interpretation of these studies is difficult due  to  the high prevalence of the T235 
allele in these populations. 

The TI74Mpolymorphism and essential hypertension. The T174M polymor- 
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phism has a frequency of about 0.10 to 0.15 in all ethnic groups studied so far. It is 
in complete linkage disequilibrium with M2351: It does not induce any epitopic 
change in  the immunological recognition of the protein (Cohen et al., 1996). In 
our initial work, this polymorphism was found to be associated with severe  hyper- 
tension (Jeunemaitre et al., 1992).  At that time, two possibilities were  suggested (i) 
a true association of the 174M  allele with hypertension, (ii) an association  which 
would only be the consequence of an hitch-hiking effect due its linkage disequi- 
librium with 2351: Since that work,  most of the other case-control studies failed 
to replicate an association  between  T174M and hypertension. In an  extensive 
work involving 477 probands of hypertensive families and 364  Caucasian controls 
as well  as a series of 92 hypertensives and 122 controls from  Japan,  allele 
frequencies averaging 0.10 were  observed in both populations independently of 
the hypertension status (Jeunemaitre et al., 1997). In another large study, Tiret et 
al. found also  very similar 174M frequencies in 802 hypertensive subjects and 658 
Caucasian controls (Tiret et al., 1998). 

However, a few independent studies suggested a possible  association  between 
this polymorphism and hypertension. In a genetic isolate  of  741 individuals, the 
Hutterian Brethren in  North America, there was a significant association  between 
resting blood pressure and  the 174M  allele  (Hegele et al., 1994). This effect was 
restricted to systolic blood pressure and was only observed in men. The same 
group also found an  association  between the ApoB  codon  4154, the 
angiotensinogen T174M polymorphism and blood pressure (Hegele et al., 1996)  as 
well  as an association with markers of the chromosome lq  region and the waist to 
hip circumference in men  (Hegele et aL, 1995). Interaction with weight was  also 
observed  by Tiret et al. (1995). A higher frequency of the 174M  allele  was only 
observed in one limited study in Japanese individuals (Morise et al., 1995). 

Polymorphisms of the promoter region. We found a G to A substitution located 
at position -6 upstream of the  initial transcription site which is of the same 
frequency and in almost complete linkage disequilibrium with the T235  allele in 
the Caucasian,  Japanese and Afro Carribean populations (Inoue et al., 1997; 
Jeunemaitre et al., 1997). In these studies, the haplotype combining both G-6A 
and M235T polymorphisms was the one associated with hypertension. In vitro 
experiments suggest that  the G-6A nucleotide substitution affects the basal tran- 
scription rate of the angiotensinogen. In an  extensive  work using different cell 
lines and multiple lengths of human AGT promoters, Lalouel and colleagues 
found 2040% differences in promoter activities containing either the G or A 
nucleotide (Inoue et al., 1997). In addition, site-directed mutagenesis confirmed 
the significance of the -6 region in transcriptional activity and binding of at least 
two distinct nuclear transcription factors.  If the increase of AGT  expression 
induced by the G-6A substitution in vitro could be extrapolated to the in vivo situ- 
ation, we might be able to explain the association of the M235T polymorphism 
with increased plasma angiotensinogen concentrations. 

Other polymorphisms of the promoter region of the AGT  gene  have  been found 
in strong linkage disequilibrium with M235T (Figure 2). Among them, the A-20C 
and C-18T variants are located in the core promoter region of the gene  comprised 
between positions -25 to -1 and denoted AGCE1, which has  been demonstrated to 
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bind a ubiquitously expressed nuclear factor  (Yanai et al.,  1996).  Because  of its low 
frequency in several populations (1-3%, personal results), it is difficult to assess 
the association of the C-18T polymorphism with hypertension. However,  Sat0 et 
al. found a significant increase of this allele  when comparing 180 hypertensive 
Japanese (3.5%) and 194 controls (l%,PcO.Ol) (Satoetal., 1997). The A-20C could 
be more interesting for  two  reasons: (i) its higher allele frequency (around 20%), 
(ii) its potential impact in vitro, since the A to C change creates a sequence 
consensus to an estrogen receptor element. Analysing  186 hypertensive Japanese 
subjects, Ishigami et al. showed a weak but significant correlation between  A-20CY 
plasma angiotensinogen concentration and essential hypertension (P=0.05) 
(Ishigami et al.,  1997). 

The M235Tpolymorphism as a marker of a causative  mutation? There is no 
evidence that T235 directly affects the function, the secretion or  the metabolism 
of angiotensinogen. The comparison of plasma  samples  from 235 TT and MM 
homozygotes did not show any difference in  the K,  for renin (personal unpub- 
lished results).  Similarly,  analysis of the recombinant M235 and T235 proteins 
showed no difference in protein secretion and  in K,,  K,, and catalytic efficiencies 
(Inoue et  al.,  1997).  However, the substitution of a methionine by a threonine 
residue has  some structural implications. The 235 amino acid is located in a region 
with little conservation but directly adjacent to  the s3A sheet which is constituted 
by very  well  conserved residues among the members of the serpin family (Huber 
and Carrell,  1989). By comparison with the three-dimensional structure of al- 
antitrypsin, the corresponding s3A sheet and  the 235 amino acid of the 
angiotensinogen molecule should be exposed  to the surface.  Indeed, using 
multiple monoclonal antibodies and two different immunometric assays,  Cohen  et 
al. (1996)  showed an epitopic change,  allowing the discrimination of homozygous 
and heterozygous  plasma  for this allele (Figure 4). This immunological tool might 
prove to be interesting in genotyping large populations from  plasma.  Even though 
there is no evidence that  this amino acid  change  can induce a functional modifi- 
cation of angiotensinogen, it may  play a role on the formation of high-molecular 
weight angiotensinogen (see  below). 

In the absence of a causal link between the M235T amino acid substitution and 
angiotensinogen function, the  other hypothesis is that  this variant could serve  as a 
marker for unknown molecular  variant(s), directly mediating predisposition. In 
this case, it is logical to assume that only a subset of the genes carrying T235  also 
harbor the functional mutation(s). To address this question, we identified and 
genotyped a series of 10 diallelic AGT polymorphisms and characterized their 
haplotype distribution in a large series of hypertensive cases and normotensive 
controls of Caucasian and Japanese (Jeunemaitre et  al.,  1997). Partition of the 
T235  allele with diallelic markers did not unambiguously pinpoint a subset of 
T235  haplotypes responsible of the association with hypertension. From this 
haplotype analysis of angiotensinogen in different populations (Jeunemaitre et al., 
1997), the high prevalence of the T235  allele in  the majority of human populations 
and  its presence in primate monkeys (Inoueet al.,  1997), it appears that T235 is the 
ancestral allele and that M235 is the neomorph.  If this allele is associated with an 
increased activity of the renin-angiotensin-aldosterone  system, one might spec- 
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ulate that it would  have conferred an advantage for retaining salt and for 
controlling intravascular volume and blood  pressure, at a time when the access to 
salt for humans was limited. 

6.3  A comprehensive pathway  between the M235TIG-6A polymorphism 
and  hypertension 

Relation with plasma  angiotensinogen. In rodents, the relation between 
plasma angiotensinogen and blood pressure relies on several lines of  evidence. A 
blood pressure decrease was observed after injection of angiotensinogen anti- 
bodies in rats, which was dependent on sodium balance  (Gardes et al., 1982). 
Conversely, a blood pressure increase was observed  by MCnard et al. (1991) after 
injection of pure angiotensinogen in salt-depleted rats. In mice carrying one to 
four  copies of the  murine angiotensinogen gene, there was an 8-mmHg blood 
pressure increase per copy which was roughly proportional to  the increase of 
plasma angiotensinogen concentration (Kim et al., 1995).  Finally, antisense 
strategies for reducing hypertension which have  been recently reviewed (Phillips, 
1997) confirm the importance of the in  vivo angiotensinogen concentration on the 
state of activation of the  renin system and on blood pressure level. Hypertension 
and liver angiotensinogen expression was reduced by using AGT antisense 
oligodeoxynucleotides (AS-ODNs) delivered into  the portal vein of SHR rats 
(Tomita et al., 1995) or peripherally when  coupled to carrier molecules targeted to 
the liver (Makino et al., 1998). A long-lasting decrease in blood pressure was also 
observed  when  AGT  AS-ODNs  were  delivered intra-cerebroventricularly, 
supporting the concept of centrally mediated regulation of hypertension (Gyurko 
et al., 1993;  Peng et al., 1998). 

In humans, a relation between  plasma angiotensinogen and blood pressure level 
has  been  suggested  from  several  studies. A high correlation between the renin 
substrate and blood pressure (r=0.39, P<O.OOOl)  was first reported in a large 
study involving 574  subjects  (Walker et al., 1979). Higher levels of plasma 
angiotensinogen have  also  been  observed in hypertensives and offspring of hyper- 
tensive parents compared to normotensives (Fasola et al., 1968). In a study aimed 
to evaluate the genetic determinants of blood pressure by comparing offspring of 
parents having either high or low  blood pressure (‘four-corners’  approach),  Watt et 
al. (1992) found a significant increase in plasma angiotensinogen in offspring with 
high blood pressure and high parental blood  pressure.  Finally, two cases  of hyper- 
tension associated with hepatic cell tumors producing large amounts of 
angiotensinogen have  been reported (Kew et al., 1989; Ueno et al., 1984).  All these 
findings suggest that increase in plasma angiotensinogen level in humans might 
contribute to elevated  blood  pressure. 

In our  initial study involving French and Utah families, a positive  association 
was found between the M235T polymorphism and plasma angiotensinogen 
concentration, with about a 20% increase in plasma angiotensinogen in subjects 
carrying the T235  allele  (Jeunemaitre et al., 1992). This association was observed 
both in males and females,  appeared to be codominant and was confirmed in 
another sample of patients with essential hypertension (Jeunemaitre et al., 1992). 
Bloem et al. (1995) reported also that plasma angiotensinogen levels  were around 
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13% higher  in normotensive white  children  bearing  the T235 allele. In addition, 
the mean plasma angiotensinogen concentration in African American children 
was 19% higher  than  in Caucasians. A more recent evaluation of this African 
American group by Bloem and colleagues  (Bloem et al., 1997) showed an associ- 
ation between a haplotype containing the T235 allele and  another AGT gene poly- 
morphism located in  the promoter region of the gene. In a large sample of the 
Monica Augsburg cohort, a  mild  codominant  and significant increase of plasma 
angiotensinogen concentration was also observed according to  the M235T poly- 
morphism  (Schunkert et al., 1997).  Because of the  intra- and interassay variability 
of the plasma angiotensinogen measurement and  the mild association with the 
M235T polymorphism, a large number of individuals are probably required  to 
detect this relation (Table 3). 

The significance of elevated plasma angiotensinogen levels was recently 
extended to  the  short negative feedback  of Ang I1 on  renin release. In an analysis 
of  228 men belonging to  the Monica cohort, Danser et al. (1998) showed a co- 
dominant negative relationship between the M235T genotype and plasma renin 
concentration. Thus, the rate of Ang I1 formation in  the circulation will not  be 
dependent of the M235T genotype under most circumstances. However, if renin 
levels are elevated, especially in  conditions of salt deprivation, increased 
angiotensinogen levels  may result in accelerated Ang I1 formation and  thus 
contribute to the developement of hypertension and  other cardiovascular 
disorders. Chronically increased plasma angiotensinogen could also facilitate 
hypertension in predisposed individuals who would have in addition  an abnormal 
short feedback loop between Ang I1 and  renin release. 

The M235T polymorphism and the non-modulation phenotype. Williams 
and Hollenberg (1991) have shown in  a series of studies  that  nonmodulation is a 
trait characterized by a failure to modulate renal, vascular and  adrenal zona 
glomerulosa responsiveness to Ang I1 during  a  high Na+ intake. Patients  with  this 
trait may represent up  to 40% of essential hypertensives. These  patients have a 
reduced renal vascular response to Ang I1 during  a high salt diet. Nonmodulators 
could, therefore, be a discrete subset of the essential hypertension population. 
This  trait seems to be genetically inherited (Williams et al., 1992). Using the same 
protocol, the same group recently showed that  there was a  blunted renal vascular 

Table 3. Relation between plasma  angiotensinogen  concentration  and  the  angiotensinogen 
M235T polymorphism in Caucasians 

MM MT TT Significance 

Utah HTN Probandsa 1422 (67) 1479 (109) 1641 (33) PC0.005 
Paris HTN  Probandsa 1085 (32) 1318 (55) 1514 (29) Pc0.001 
Paris  HTNb 990 (45) 1046 (63) 1130 (28) Pc0.03 
Childrenc 1438 (50) 1577 (72) 1646 (26) Pe0.005 
Monica  Cohortd 940 (216) 1010 (291) 1080 (1 03) PcO.01 

The angiotensinogen  concentration is expressed in ng Ang I ml-l. The number of  subjects is given  in 
parenthesis. HTN = hypertensive  subjects. Adapted  from  ‘Jeunemaitre (1992),  bJeunemaitre  (1993), 
cBloem  (1995),  dSchunkert (1997). 
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response to Ang I1 in homozygous patients carrying the T235 genotype compared 
to  the heterozygous or homozygous M235 genotype (Hopkins et al., 1996; Figure 
S). In addition, obesity was found to  interact significantly with genotype and 
enhanced the  blunting effect on renal vascular response. These results that  are  in 
accordance with the increased renal blood flow in mice bearing one AGT copy 
(Kim et al., 1995), suggest that  patients carrying the T235 genotype produce more 
intra-renal Ang I1 thereby contributing  to a disturbed renal physiology. 

6.4 Other  rare missense mutations 

In addition  to the T174M and M235T diallelic polymorphisms, other  rare 
missense mutations have been described at  the AGT locus. Most of them have 
been described in few Caucasian hypertensive probands (L359M, V388M; 
Jeunemaitre et al., 1992) and  in rare African American subjects (L2091,  L211R; 
Hixson and Powers,  1995), without  further analysis of their  potential pathophysi- 
ological consequences. Two mutations located in exon 2 of the AGT gene have 
been thoroughly analyzed. 

The mutation occurring at  the  site of cleavage of angiotensinogen (Leu,,-Val,,) 
by renin was initially  found in a patient with pre-eclampsia (Inoue et al., 1995). 
The kinetic consequences of this  mutation were  especially interesting to study 
since it constitutes  the core of the renin-angiotensinogen reaction which is 
strongly species specific: human  renin cleaves a Leu-Val bond  in  human 
angiotensinogen whereas rat renin hydrolyzes a Leu-Leu bond in rat 
angiotensinogen (Bohlender et al., 1996; Bouhnik et al., 1981). When  the  LlOF 
mutation was expressed in vitro, it resulted in a 2-fold increase of the catalytic effi- 
ciency of renin  acting  on the corresponding human angiotensinogen produced by 
transient expression (Inoue et al., 1995). In addition, ACE exhibited more than a 
2-fold increased catalytic efficiency for the  mutant F10-Ang I decapeptide with 
phenylalanine at residue 10 when compared to  the  natural L10-Ang I. It was 
therefore logical to suspect that these kinetic differences may significantly affect 
the  production of Ang I1 and  alter  the  function of the systemic or the local renin 
system in  this form of hypertension induced by pregnancy. 

We were able to test this hypothesis in a patient with hypertension, 
heterozygous for the  LlOF  mutation (X. Jeunemaitre et al., unpublished data). 
The use of Ang I antibodies specific to  either  the L10-Ang I or  the F10-Ang I, 
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allowed to confirm in vivo the results obtained by Inoue et al. in  vitro (Inoue et aL, 
1995). A pharmacological  blockade of the Ang I1 generation by an ACE inhibitor 
lead to a 3-fold increase in renin secretion. Following this increase in renin, we 
could estimate that  the generation of  F10-Ang I was  --fold greater than  that of 
L10-Ang I. Taking into account the greater catalytic effkiency of  ACE for this 
mutant form, the heterozygous LlOF behaved  as  if one his AGT  allele was much 
more effective in the Ang I1 generation than  the other. 

Another interesting mutation is the one found to replace a tyrosine residue by a 
cysteine at position 248  (Y248C)  of angiotensinogen. We identified one pedigree 
where  several  members of the family  were  heterozygous  for this mutation 
(Gimenez-Roqueplo et aL, 1996).  Compared to other members of the family, 
heterozygous C248 individuals had a 40% decrease in plasma angiotensinogen 
concentration and a similar reduction of the Ang I production rate. This decrease 
was possibly due to an altered secretion of angiotensinogen, since the C248 
mutation resulted in vitro in an abnormally glycosylated and secreted protein. The 
use of angiotensinogen monoclonal antibodies revealed up to a 7.5-fold  difference 
in epitopic recognition of the wild-type and mutant proteins, but similar kinetic 
constants of Ang I production with human renin were  observed. 

7. Angiotensinogen, obesity and blood pressure 

Angiotensinogen is abundantly expressed in human adipose tissue and together 
with other markers of adipocyte function, its production appears at  the  time of 
differentiation from fibroblast to pre-adipocyte cell lines (Saye et al., 1990).  Ang I1 
could be one major mechanism of stimulation of the development of adipose 
tissue (Ailhaud, 1997).  Angiotensinogen  expression in white adipocytes is influ- 
enced  by nutrition, with a 15-30% reduction during fasting conditions and a 2- 
fold increase in re-fed rats (Frederich et aL, 1992).  An  increased number of 
adipocytes could lead to a parallel increase in angiotensinogen production 
resulting into vasoconstriction and increased peripheral resistance. The nutri- 
tional status could play a role in influencing blood supply to adipose tissue and 
thus affect  vascular resistance and blood pressure in obese individuals. 

This hypothesis has not been confirmed but several observations are of interest. 
Plasma angiotensinogen levels  have  been  shown to correlate strongly with blood 
pressure during weight  loss  (Eggena et aL, 1991). In white and black children and 
adolescents, a strong relationship was observed  between body mass index and 
plasma angiotensinogen concentration (Bloem et aL, 1995). A further analysis of 
this population showed the combined influence of gender,  weight,  sex hormones 
and a haplotype (-1074t and 235T variants) of the AGT  gene (Pratt et al., 1998). In 
a study involving 1557 participants from four black  African populations, Cooper et 
al. (1998) found that body  mass index was highly correlated to plasma 
angiotensinogen levels. Controlling for  age, significant correlations were  also 
observed  between  plasma angiotensinogen and systolic  blood pressure for two  of 
the four populations. A high correlation between  plasma angiotensinogen and 
body  mass index (r=0.29, Pc0.001) and leptin levels (r=0.40, P<O.OOl)  was  also 
observed recently in 91 healthy male students (Schorr et al., 1998). A study of 67 
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obese Japanese women showed that those who were hypertensive exhibited a 
higher intra-abdominal/subcutaneous area fat index  than  the normotensives 
(Kanai et al., 1990). In the same study, a strong  and significant correlation was 
found between this fat index  and systolic and diastolic blood pressure (r=0.62 and 
0.63, respectively), independently of age and body mass index. Overall, these 
results suggest that angiotensinogen expression and regulation in adipose tissue 
may interact  with blood pressure levels. 

Insulin resistance may represent a potential  link by means of increased 
angiotensinogen secretion from adipose tissue, especially in obese subjects 
(Aubert et al., 1998). It is interesting  to  note  that  insulin causes an increase in AGT 
transcription  and  production  in vascular smooth vessels cells and  thus could 
participate in vascular hypertrophy  through  the  trophic effects of Ang I1 (Kamide 
et al., 1998). Polymorphisms of both the AGT and  the ACE genes have been asso- 
ciated with insulin resistance (Cambien et al., 1998; Huanget al., 1998; Sheu et al., 
1998). 

8. The angiotensinogen gene and pre-eclampsia 

Pre-eclampsia complicates about 5% of all pregnancies and is a leading cause of 
mat'ernal, fetal and neonatal mortality  and morbidity. Early reports have 
suggested a genetic component of this complex condition (Chesley and Cooper, 
1986; Sutherland et al., 1981) with a mode of transmission and maternal-fetal 
genotype interactions which remain controversial (Arngrimsson et al., 1995). In 
addition  to  the  high  circulating concentration of angiotensinogen in plasma and 
in  the  amniotic fluid, angiotensinogen is expressed in and  around  human spiral 
arteries during  the first trimester, and may play a role in pregnancy-induced 
remodelling of these vessels (Morgan et al., 1997). Given the role of the 
renin-angiotensin system in  the regulation of blood volume, the considerable 
physiological changes in plasma volume and vascular resistances during preg- 
nancy and the relation found between the AGT gene and essential hypertension, it 
was logical to test this locus in pre-eclampsia. 

Analysis of the allelic inheritance of the AGT dinucleotide repeat in 52 
Icelandic and Scottish families, Arngrimsson et al. (1993) showed a significant 
linkage between the AGT locus and pre-eclampsia. Ward et al. (1993) found a 
significant association between the angiotensinogen M235T variant and pre- 
eclampsia in  both Caucasian and Japanese samples. In this study, 20%  of 
Caucasian women  homozygous for the 235T allele suffered of pre-eclampsia 
compared with less than 1%  of Caucasian women homozygous for the 235M allele. 
The association in Japanese women  was confirmed in a larger case-control  study 
involving 139  women with pregnancy-induced hypertension and 278 matched 
controls (Kobashi et al., 1995).  However, other  studies  limited in their sample size 
found no  indication of association or linkage between pre-eclampsia and  the AGT 
gene in Caucasian women (Guo et al., 1997; Morgan et al., 1995; Wilton et al., 
1995). Interestingly, nulligravid women homozygous in T235 have a reduced 
plasma volume during  the follicular phase of the menstrual cycle compared with 
those bearing  the MT or MM genotype (Bernstein er al., 1998). 
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Some of the contradictory  results of the case-control  studies could be explained 
by  the difficulty in distinguishing between pre-eclampsia and  other hypertensive 
disorders of pregnancy, which  are  likely to  be caused by  different  mechanisms. 
The angiotensinogen gene could  predispose  to  only one subset of pregnancy- 
induced  hypertension. Two molecular mechanisms could explain this rela- 
tionship. Firstly, in heterozygous women, angiotensinogen expression of the T235 
allele in decidual  spiral  arteries seems higher  than  in  the M235 allele (Morgan et 
al., 1997).  Secondly,  we recently  demonstrated that  the presence of a Met  or Thr  at 
position 235 could interact  with  the Cys at position 232  of the  mature protein, and 
thus favor or  inhibit  the formation of a disulfide bond  with proMBP (Gimenez- 
Roqueplo et d.,  1998a). Because hydrolysis of the angiotensinogen-proMBP 
complex is  about seven times slower than  the  monomeric form of angiotensinogen 
and  the  proportion of the  latter was found  to  be  higher  with  the T235  recombinant 
angiotensinogen in vitro, women bearing this allele could therefore possess a more 
active renin  substrate  in  the  amniotic fluid and placenta. Both  mechanisms  acting 
together, one  linked  to  an  increased  angiotensinogen expression due  to  the G-6A 
variant, the  other  due  an increased proportion of active monomeric  form of 
angiotensinogen,  could  increase the local formation of Ang I1 and facilitate  hyper- 
plasia of the spiral  arteries and  thus a reduction of the uteroplacental  blood flow. 

9. Conclusions  and  perspectives 

Molecular genetic studies suggest that angiotensinogen is a susceptibility locus for 
human essential hypertension and pregnancy-induced hypertension. The M235T 
and  the G-6A polymorphisms are associated with  an increased plasma 
angiotensinogen level which could result in  turn  in a small increase in  the formation 
rate of Ang 11, especially in tissues where these proteins  are rate limiting  for Ang I1 
generation. This genetically chronic overstimulation of the  renin system would 
then favor kidney  sodium reabsorption, vascular hypertrophy  and(or) increase of 
the sympathetic nervous system activity thus predisposing to hypertension and  its 
complications. However, the effect of these polymorphisms appears relatively weak 
in  the whole population, explaining the positive and negative findings. It is likely 
that  this effect is modulated by a variety of interacting genes, pathophysiological 
conditions (gender, estrogen status, obesity) and  environmental factors which 
remained to  be determined. It is  interesting  to  note  that some positive but  limited 
reports have suggested a relationship between genetic polymorphisms and 
responses to  antihypertensive  therapy (O'Byrne and Caulfield, 1998). Defining  the 
subset of individuals where the AGT gene may play a more important role, like salt- 
sensivity (Hunt et al., 1998) will be  one of the  important tasks of the near future. 
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Pharmacogenomics in 
arterial hypertension 
Patrizia Ferrari  and Giuseppe Bianchi 

1. Introduction 

Pharmacogenomics of arterial hypertension is aimed at explaining individual 
variation of blood pressure response to drugs  with genetic polymorphisms 
(Ferrari, 1998; Pratt  and Dzau, 1999). The published papers on  this topic are very 
scant and  not sufficient to evaluate its real impact on  therapeutic  trends in  the 
future. However, with the increase in  our knowledge about  the genomic abnor- 
malities associated with the different pathophysiological mechanisms of disease 
and  the genetics of hypertension (Dominiczak et aL, 1998), an unavoidable 
question will be raised both from patients  and physicians: what is the relationship 
between the new achievements on genetics of hypertension and  the drugs we are 
using  to  cure  it? 

Primary hypertension is very likely caused by several major genes acting with 
or against a very wide polygenic background (Lifton, 1996; Soubrier and  Lathrop, 
1995). Whatever the  number of these genes, in order  to increase blood pressure 
they have to reset the  function of some key  cells, namely to increase the rate of Na 
transport across the renal tubular cells or  tone  and  contractility of vascular cells. 
All known mechanisms (nervous and hormonal), which have been shown thus far 
to increase blood pressure, must  in  one way or  the other change the function of 
these two types of  cells. 

The need for a novel pharmacogenomic approach to the therapy of hyper- 
tension and  its complications also depends upon the efficacy, safety and tolera- 
bility of the available drugs  to  cure  this disease. In fact one may argue that some of 
the existing antihypertensive drugs, such as ACE inhibitors  or angiotensin I1 
receptor antagonists already have a good level of tolerability with reduced side- 
effects, therefore the medical need for having better  drugs is less. 

Why  should we embark on a very complex approach to discover new drugs 
which selectively interfere with a specific genetic mechanism? Below  we list a 
number of reasons that justify such a novel approach: 

(i) ACE inhibitors  or angiotensin I1 receptor antagonists, as all other  antihyper- 
tensive compounds, when given alone, are active only in a portion of patients 
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(roughly 50%) (Laragh et al., 1988; Menard et al., 1990; Niutta et al., 1990). 
We do not know the causes of this high variability in  the individual drug 
response. This ignorance is very disturbing because it decreases the  trust of 
patients towards their physicians and consequently their compliance. 

(ii) ACE inhibitors also prevent organ  damage  because  of the involvement of 
RAS in  the mechanisms of the end-organ complications (Butler et al., 1997; 
Cambien et al., 1992).  But,  again, this is true only for  some patients. Why? 
Probably a correct pharmacogenomic approach  may produce some  useful 
data to answer this question. 

(iii) The duration of the treatment of hypertension may last for  decades. The best 
follow-up studies addressed to measure  organ  damage protection lasted only 
few  years. Therefore, we are left with long-term effects (either positive or 
negative) of treatments of which we have little knowledge. Certainly these 
long-term studies are expensive and difficult to carry out particularly with 
drugs whose  life-span on  the market is relatively short. This limit may not  be 
so important for a drug  that selectively interferes with the genetic mecha- 
nisms of hypertension and related organ  damage. These drugs may be 
expected to produce less  side-effects, and to stay on  the market for a much 
longer time. 

(iv) The increasing number of available antihypertensive drugs may  discourage 
pharmaceutical companies to invest again in this field. The drawback of this 
policy,  however, is that  in  the absence of a rationale that enables a given drug 
to be prescribed selectively to individual patients for  whom it will be 
effective and safe, it will be more and more difficult to make the  right choice 
among dozens of drugs.  Conversely,  by applying pharmacogenomics to the 
already  available antihypertensive compounds, they could be better targetted 
to  the individual patients (Ferrari, 1998;  Marshall,  1997; Pratt  and Dzau, 
1999). 

It must be clearly stated that only when the complexity of the genetic mechanisms 
underlying the regulation of the cellular functions mentioned above  will be 
properly understood, can  pharmacogenomics be successfully applied to  the 
treatment of essential hypertension. Since this is a very long-term goal, it is 
possible, in  the meantime, to use this approach to dissect the genetic complexity of 
this disease throughout the selective correction of  well  defined  cellular effects 
produced by the various genetic molecular abnormalities associated with hyper- 
tension. 

Three types  of  approaches are possible: 

(i) to  use DNA markers or polymorphisms of appropriate candidate genes, to 
identify the genetic characteristics of responders to the known antihyper- 
tensive drugs or to novel ones (Housman and Ledley,  1998; Marshall,  1997); 

(ii) genetic polymorphisms may  also be applied to define the characteristics of 
those patients who can suffer  adverse  effects  from a specific treatment (Jick et 
al., 1998); 

(iii) if, at preclinical level, a novel antihypertensive drug has  been  developed as a 
selective blocker of a given genetic polymorphism, this polymorphism may 
be used to select patients for the clinical development of such a compound 
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(Marshall, 1997). This last approach is certainly the most stimulating since it 
may  be considered an important tool  to  assess the contribution of that 
particular polymorphism to  the hypertension of individual patients. 

As discussed  elsewhere in  this book, the genetic dissection of a polygenic multi- 
factorial and quantitative disease, such as primary arterial hypertension, is 
hampered by both the genetic heterogeneity (Horan and Mockrin, 1992) and  the 
very  large component of environmental variance (Hamet et al., 1998). These diffi- 
culties also apply to pharmacogenomics and are certainly involved in  the indi- 
vidual variation to  drug response.  Such variation may depend upon a variety of 
causes,  namely: (i) genetic differences in the molecular  mechanism underlying 
hypertension (genetic heterogeneity of hypertension); (ii) genetic difference in 
drug metabolism  (pharmacogenetics); (iii) stage of hypertension; (iv)  previous or 
concomitant therapies; (v) environmental factors.  Among all these causes the last 
three should be better understood and controlled in order to obtain proper infor- 
mation on the relationship between individual genetic differences and therapeutic 
efficacy.  Since the need to minimize the noise due to these  causes and to the envi- 
ronment is not really apparent from the majority of the studies of genetics of 
hypertension, we will  briefly  discuss the relevance of these causes  before dealing 
with pharmacogenomics. 

2. Stage of hypertension 

The most clear cut demonstration of the variation in  drug response according to 
the stage of hypertension stems from the results on renovascular hypertension. In 
fact, the pathophysiological mechanisms that produce the raise in blood pressure 
change with time (Bianchi et al., 1970). That is,  soon after renal artery 
constriction, the rise in plasma renin  and in the vascular peripheral resistance 
can account for the increase of pressure; later sodium and water renal retention 
occur and  the increase of pressure is also sustained by a rise in cardiac output 
(Bianchi et al., 1970). Finally all the abnormalities in renin, body fluids and 
cardiac output normalize and hypertension stabilizes in association with 
enhanced peripheral resistance caused  by mechanisms that are still open to 
discussion (Bianchi et al., 1970; Guan et al., 1992; Morishita et al., 1993). During 
the  first phase, drugs that interfere with the pressor effect of renin are able to 
normalize blood pressure (Watkins et al., 1978). Conversely, in  the later phases, 
the effect of these drugs is much less (Carretero and Gulati, 1978; Fernandez et 
al., 1978) and  the normalization of blood pressure (or  the prevention of hyper- 
tension) is obtained only with a combination of maneuvers which prevent renal 
sodium retention (Freeman et al., 1979). Also the blood pressure response to the 
removal of the primary cause of hypertension (ischemic kidney) may  vary with 
time. In fact, this maneuver is able to normalize blood pressure until  a certain 
length of time from renal artery constriction. If the  duration  and severity of 
hypertension exceed a critical level the damage to  the controlateral kidney or 
peripheral vessels  may prevent the normalization of blood pressure (Edmunds et 
al., 1991). The same time-related variability of pressure mechanisms has  also 
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been demonstrated for other forms of hypertension both  in animals (Bianchi et 
d., 1975) and humans (Lund-Johansen and Omvik, 1990). 

Clearly,  when trying to establish the involvement of a primary pressor  mech- 
anism (either genetic or experimental in nature) and  the blood pressure fall after a 
given  drug, the above information must be properly taken into account. In the 
past, the time-dependent variation of pressor mechanisms has  been  discussed in 
detail by Guyton and others (1995); it is due to the progressive re-adjustment of 
the feedback mechanisms connecting all the physiological  pathways that control 
blood  pressure.  Of  course,  each of these pathways is controlled by a peculiar  gene 
polymorphism which modulates its response. Whatever is the genetic major 
cause(s) of hypertension, such a feedback  mechanism must be  involved in one way 
or another to reset the final level of blood  pressure. 

3. Previous treatment 

In all studies aimed at evaluating the antihypertensive activity of a given  drug, the 
patients are  given the drug after a washout  period of no longer than 1 month. Very 
valid  ethical  reasons limit the duration of this period.  However, it must be recog- 
nized that the blood  pressure  measurements  after therapy withdrawal  have  clearly 
shown a very  wide  range of time intervals  (from one to  several months) needed  for 
blood  pressure to return to the pretreatment levels (MRC-WMH, 1986; VA- 
CSGAA, 1975). Moreover, the carryover  effect of a given treatment not only  applies 
to blood  pressure  level but also  involves other pressure  mechanisms.  For  example, 
previous treatment with diuretics which  lasted  for 3 years,  was discontinued for 4 
weeks;  however, a substantial effect  on the renin response was demonstrated when 
rechallenged  with the same diuretic (Swart et d., 1982). This persistance of abnor- 
malities in blood  pressure control mechanisms  after therapy withdrawal  has  also 
been  shown  by others using different  approaches  (Boyle et aZ., 1979; Lowder and 
Liddle, 1974). Clearly the blood  pressure  response to a given drug may differ 
according  to the alteration of the underlying pressure  mechanism  elicited  by the 
previous treatment. This phenomenon may  certainly disturb any attempt to 
establish a possible relationship between the underlying primary genetic  mech- 
anism of hypertension and the blood  pressure  response  to a given  drug. 

4. Environment 

The variability of blood pressure levels in a population is due to genetic (VG) and 
environmental (VE) components (Ward, 1995). In turn, for a quantitative 
phenotype such as  blood  pressure, the genetic (VG)  may be split into a variance 
due to additive genetic effects (VA) and one due to dominant effects (VD). It is 
generally  assumed that  the VG contribution to the overall  blood pressure variance 
is around 2040% in humans (Ward, 1995). This rather low  level of VG may 
discourage the genetic approach to primary hypertension. However, in genetic 
animal models of hypertension, the value of  VG is around 40-50%, in spite of the 
fact that these animals develop under very controlled experimental conditions 
and are selected with appropriate genetic crosses to enhance VG (Rapp, 1995). 
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In order to maximize the likelihood of detecting possible associations between a 
given genetic polymorphism and blood pressure response to a drug  interfering 
with it (see  above, approach (iii)), we must  minimize  the noise due  to these three 
causes of blood pressure individual variations, particularity  the  environmental 
factors. It should be realised that  this noise is much more disturbing  in assessing 
the effect of this type of drug  than  that of more ‘traditional’ drugs that block a 
physiological mechanism of blood pressure regulation like  sympathetic tone, RAS 
or renal excretion of  Na. In fact, ‘traditional’ drugs, because of their effect on phys- 
iological mechanisms, may also interfere with other genetic or  environmental 
factors. As a consequence of these ‘nonspecific’ activities, ‘traditional’ therapies 
may also block physiological pathways necessary for the proper function of organs 
or cells not necessarily involved in causing hypertension or organ damage. This 
fact  may account for a significant proportion of side-effects on  the long run. 
Conversely, drugs developed according to pharmacogenomics should  be active 
only on  the ‘genetic’ portion of blood pressure variation (that is around 2040%) 
particularly when their effects are measured within a relatively short period of 
time, for example during Phase I1 Clinical Trials. 

For all the reasons given above, the type (iii) pharmacogenomic approach 
should  be carried out  out  in newly diagnosed and never-treated patients with a 
relatively recent onset of hypertension. The environment  should be properly 
controlled and  kept constant, before and  during  the  treatment period which 
should last no less than 4 weeks. This length of time is necessary to normalize 
blood pressure, for instance, in  primary hyperaldosteronism treated with spirono- 
lactone, which may be taken as a paradigm of a ‘causal’ drug  acting  on  underlying 
molecular pressor mechanisms. 

It is likely that  the different polymorphisms associated with the phenotype of 
interest may be grouped according to  the cellular or biochemical functions regu- 
lated by them. Therefore we may organize the available results according to  the 
biological levels of organization, namely molecular, biochemical, cellular, organ or 
whole-body level. In this way the  appropriate genetic pathophysiological link may 
be established in individual patients. 

Even though we can hypothesize that  in  the future several polymorphisms asso- 
ciated with hypertension and end-organ damage may be discovered, it is likely 
that  only very few will be at work in an individual pedigree. Therefore  the proper 
combination of drugs active on these genetic mechanisms may be used in indi- 
vidual patients. 

5. Present status of pharmacogenomics of hypertension 

There  are  only a few published studies which have addressed the problem of an 
association between a given locus and the published blood pressure response to a 
specific antihypertensive agent. Dudley et al. (1996) investigated whether  the 
M235T polymorphism of the AGT gene and the insertion/deletion ( ID)  polymor- 
phism of the ACE gene can predict blood pressure responses to a P-blocker,  ACE 
inhibitor  and Ca antagonist in  EH patients. They recorded a large variability 
between individuals in blood pressure responses to these agents which were not 
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associated with the analyzed  polymorphisms. Other studies aimed at verifying  an 
association  between treatments and  the ACE/angiotensinogen genetic variants 
gave conflicting results. In particular in  the study of Hingorani et al. (1995) 
angiotensinogen variants were  associated with the magnitude of the decrease in 
blood pressure after ACE inhibition, whereas in that of Dudley et al. (1996) the 
same variants were not related to  the hypotensive effect.  More  recently, 0' Toole et 
al. (1998) studied the effect of  ACE I D  genotype on  the response to ACE inhibitor 
therapy in patients with heart failure, carrying out a double-blind, crossover 
study, and comparing captopril with lisinopril. They found a significant rela- 
tionship between the ACE genotype and  the decrease in blood pressure on 
captopril, with the I1 genotype being more sensitive to treatment than the I/D and 
DD. This relationship was not detected with lisinopril (O'Toole et d . ,  1998). 
Although this study has many limitations, it is of particular interest in view  of the 
protective role of  ACE inhibitors on mortality, recurrent myocardial infarctions 
and progression  of heart failure in patient with left ventricular dysfunction 
(Pfeffer, 1992; SOLVD, 1991). However,  all the previously discussed criteria for a 
proper assessment of this type  of  association  have not been applied to these 
studies. Therefore it is not possible to draw any definitive conclusions. 

As will be further discussed in detail below, our group demonstrated, first in 
rats (Bianchi et al., 1994) and more recently in humans (Casan et al., 1995; Cusi et 
al., 1987), a genetic association  between hypertension and  the a-adducin gene 
polymorphism. In humans, a polymorphism of a-adducin at  the position 460, 
consisting of the substitution of tryptophan (Trp)  for  glycine  (Gly), was detected 
(Cusi et al., 1997). When compared to patients with the 460 Gly variant, those with 
the 460 Trp variant show a significantly greater change in blood pressure between 
high and low sodium balance and a larger fall in blood pressure on chronic 
diuretic treatment (Cusi et al., 1997). 

A different pharmacogenomic  approach was used  by  Vincent et al. (1997) to 
investigate, in genetic hypertensive rats of the Lyon strain, the cosegregation of 
genetic loci with acute blood pressure responses to drugs acting on the 
renin-angiotensin  system (Losartan), the sympathetic system (Trimetaphan) and 
calcium  metabolism (L-type Ca antagonist, PY 108-068). With the use of 
microsatellite markers they identified a quantitative trait locus (QTL) on rat chro- 
mosome 2 that specifically influenced blood pressure responses to dihy- 
dropiridine Ca antagonist, while the same  locus has no effect on either basal  blood 
pressure or on responses to  the ganglion blocking agent and AT11 receptor antag- 
onist (Vincent et al., 1997). These findings represent one of the first examples in 
which a specific  locus  has  been demonstrated to influence the response to a given 
antihypertensive therapy. 

6. Adducin  polymorphism  as a tool for  pharmacogenomics  of 
hypertension 

For many years our group has  been pursuing the objective of understanding the 
molecular  basis of human essential hypertension by studying a genetic animal 
model of spontaneous hypertension, the Milan hypertensive strain of rats (MHS) 
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(Barber et aL, 1994). The strategy  adopted  to reach this goal and, consequently, to 
try  to develop a  pharmacogenomic  project  aimed  at  discovering  a ‘selective’ or 
‘causal’ antihypertensive  compound,  included  studies of renal  function, cellular, 
biochemical and molecular characteristics of MHS  rats  in comparison  with  those 
of human subjects in order  to  identify  common genetic-molecular mechanisms 
underlying  the disease in  both species. 

7. The Milan rat model 

Genetic  hypertension in  MHS rats  is  primarily  due  to  a  renal  abnormality in  the 
ability to excrete salt  (Bianchi et al., 1975). This alteration  is genetically deter- 
mined,  since  hypertension  can be  transplanted  with  MHS  kidney  in 
normotensive  (MNS) controls, even when the kidney  derives  from  a  young  prehy- 
pertensive  animal  (Ferrari and Bianchi, 1995). 

Studies on renal  function and body  fluid metabolism showed that  this pressor 
role is linked  to  an  intrinsic defect in tubular  Na  reabsorption. GFR  and  urinary 
flow are greater (Ferrari  and Bianchi, 1995) while plasma and renal renin  are lower 
in young MHS  than  in  MNS of the same age (Bianchi et aL, 1975) and these differ- 
ences tend  to disappear as hypertension  is  fully developed in  MHS (Bianchi et aZ., 
1975; Ferrari  and Bianchi, 1995). Balance studies showed renal  Na  retention in 
MHS  during  the development of hypertension  (Bianchi et aL, 1975). 
Micropuncture  studies showed that  the single  nephron  GFR,  the  whole  kidney 
GFR,  renal  interstitial  hydrostatic  pressure  and  tubular  Na  reabsorption  are 
greater in young  prehypertensive MHS  than  in MNS, while the  MHS  tubu- 
loglomerular feedback mechanism  is  blunted  (Ferrari and Bianchi, 1995). All 
these differences tend  to disappear as hypertension develops in  MHS  (Ferrari  and 
Bianchi, 1995). Similarly, the maintenance of a  normal  Na  excretion  in  MHS in 
the presence of a faster GFR  and increased  tubular  sodium  reabsorption was also 
demonstrated on isolated perfused kidneys  (Ferrari  and Bianchi, 1995). 

Looking  at the cell functions  that can  underline  such  renal  dysfunction, 
peculiar  alterations of tubular cell ion  transports have been detected: it was shown 
that Na/H countertransport in brush  border vesicles, Na-K cotransport in 
luminal  membrane of the  thick ascending limb  (Ferrari  and Bianchi, 1995), and 
the activity and mRNA expression of the basolateral Na-K ATPase both  in 
proximal and ascending limb tubules  (Ferrari et al., 1996) are  all  increased in 
MHS as compared  with MNS. Therefore, it is possible to  find  ion  transport abnor- 
malities  at the renal cell level that  are  in keeping  with the overall organ 
dysfunction.  Since  these differences in ion  transport disappear after removal of 
cytoskeleton (Ferrari  and Bianchi, 1995), cross immunization  studies were set  up 
to  detect possible differences between the cytoskeletal components of the two 
strains.  These  studies revealed a difference in a  protein  subsequently  identified as 
adducin. 

Adducin  is  an a/P heterodimeric  protein  which  participates in  the assembly of 
the spectrin-actin cytoskeleton, modulates the  actin polymerization  (Hughes and 
Bennett, 1995), binds calmodulin,  is  phospholylated by PKC and tyrosin  kinase 
and regulates cell-signal transduction  (Matsuoka et aL, 1996). Point  mutations 
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both in  the a- and P-adducin subunits account for around 50% of the difference in 
blood pressure between MHS  and MNS rats (Bianchi et al., 1994). Transfection of 
‘hypertensive’ and ‘normotensive’ a-adducin variants in rat kidney cells (NRK) 
showed that  the former increases the surface expression and maximal rate of the 
Na-K pump (Tripodi et al., 1996).  Moreover, in a cell-free  system, the ‘hyper- 
tensive’ variant of a-adducin directly stimulates the isolated Na-K pump  at 
significantly lower concentrations  than  that of the ‘normotensive’ (Ferrandi et al., 
1997a). This finding provides therefore the genetic molecular basis for a consti- 
tutive increase of tubular  sodium reabsorption in  MHS rats. The cellular and 
biochemical alteration caused by  adducin polymorphism in MHS  rats  are also 
associated with an increased production of an endogenous Na-K pump inhibitor, 
the so called ouabain-like factor (OLF)  (Ferrandi et al., 1992;  1997b), which is 
involved in  the Na-K pump modulation and consequently in  the cell ion 
handling. 

8. Comparison between  rat and man 

AS extensively discussed elsewhere (Ferrari  and Bianchi, 1995), many similarities 
have been shown between MHS rats and  a  subgroup of human hypertensive 
subjects or subjects prone  to develop hypertension. These  similarities  include 
renal function (Bianchi et al., 1979), cellular ion  transport (Cusi et al., 1991) and 
plasma levels of renin (Bianchi, et al., 1979) and OLF (Ferrandi et al., 1997b;  Rossi 
et al., 1995). These data support  the  notion  that  a  primary increase of tubular 
sodium reabsorption may explain hypertension also in  this subgroup of patients. 

There is close  homology (94%) for the  a-adducin gene between rat  and man 
(Bianchi et al., 1994) and  this is particularly relevant from the evolutionary and 
functional  point of  view since it supports  the  notion  that  adducin has important 
cellular functions  in  both  rat  and man, despite more than 40 million years of 
divergence between these two  species.  Moreover, a  functional  mutation in  the a- 
adducin gene (Gly460Trp) has been found to be associated with human essential 
hypertension, in  at least three  independent  studies (Castellano et al., 1987; Cusi et 
al., 1987; Iwai et al., 1997). Others, however, failed to confirm these findings 
(Ishikawa et al., 1998; Kat0 et al., 1998). Moreover, irrespectively of the presence 
(Cusi et al., 1987) or absence (Glorioso, N. et al., 1999) of the association between 
the 460 Trp variant  and hypertension, the blood pressure fall after a  diuretic in 
patients carrying the 460 Trp variant was greater than  that of patients  with 460 
Gly. The former group of patients also displayed a greater change of blood 
pressure after an  acute variation of sodium balance (Cusi et al., 1997). Therefore, 
also in humans  the  a-adducin polymorphism may be used to  identify  patients 
with a salt-sensitive form of essential hypertension which might be treated with 
drugs able to increase renal sodium excretion. In this respect, it must  be  noted  that 
increased levels of OLF have been demonstrated in essential hypertensive 
patients  (Ferrandi et al., 1997b; Rossi et al., 1995) and may vary according to salt 
and water homeostasis. All these findings  indicate  that  a common molecular 
mechanism, supported by adducin polymorphism, is operating both in rats  and in 
a subgroup of hypertensive subjects. 
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The link among the individual steps connecting adducin polymorphism to the 
increase in Na-K pump activity, tubular Na+ re-absorption, OLF levels and 
hypertension have not yet  been fully elucidated. However, the following 
hypotheses  can be proposed: a primary genetic molecular  defect of adducin may 
affect the actin-cytoskeleton structure  and function leading to an increase of 
Na-K pump units  on  the cell membrane with a consequent enhancement of the 
overall Na+ transport across renal tubular cells; this, in turn, causes an increase of 
renal Na+ re-absorption, blood pressure and OLF levels.  Moreover,  increased 
OLF levels  seems to affect per se the expression and activity of the renal Na-K 
pump. In fact, beside the observed relationship between renal Na-K pump over- 
expression and OLF in MHS, chronic infusion in normal rats of very  low  doses of 
ouabain (Ferrari et aL, 1998), which is considered very similar if not identical to 
endogenous OLE or incubation of cultured renal cells with ouabain, at nanomolar 
concentrations, lead to an upregulation of the maximal rate of the Na-K pump. 
This suggests that chronic exposure to low concentrations of OLF may  have a 
synergistic effect with adducin favoring the pump overexpression (Ferrari et aL, 
1999a). 

9. A new pharmacological target 

From these findings, it can be postulated that any therapeutic maneuver able to 
interfere with the sequence of mechanisms linking adducin polymorphism with 
renal Na-K pump overexpression, OLF and hypertension might be able to lower 
blood pressure in those subjects where this is operating. In this respect, the upreg- 
ulation of the Na-K pump activity and OLF levels could represent a new pharma- 
cological target for the treatment of forms of hypertension sustained by these 
mechanisms. This implies that not all  forms of hypertension may respond to a 
selective therapy addressed to normalize the expression and activity of the renal 
Na-K pump altered as a consequence of the adducin mutations. However, it 
cannot be excluded that, independently from this specific genetic cause,  an  upreg- 
ulation of the renal Na-K pump sustained by other molecular mechanisms may be 
the target for a new therapeutic approach  to hypertension. 
In line with these findings, a new  compound,  named PST 2238, has  been 

developed (Ferrari et d., 1998;  1999a,  1999b; Quadri et aL, 1997). This compound 
is able to interfere with the Na-K pump receptor, and to reduce, at nanomolar 
concentration, the Na-K pump increase induced in renal cell cultures either by 
cell transfection with the 'hypertensive' variant of adducin or by incubation with 
very  low concentrations of ouabain. Conversely, no effect on Na-KATPase has 
been  observed in normal,  wild  type  cells. When given  to MHS rats, PST 2238 
lowers  blood pressure and normalizes the increased renal Na-K pump at oral 
doses of  1-10 pg  kg'. Similarly,  less than 1 pg kg'  of PST 2238  is able to 
completely normalize both blood pressure and the increased renal Na-K pump 
also in rats made experimentally hypertensive by a chronic infusion of low  doses 
of ouabain. Two aspects must be noted: firstly, PST 2238 in MHS rats does not 
completely normalize blood  pressure, but  it does normalize renal Na-KATPase; 
this can be explained by the polygenic nature of genetic hypertension, in fact this 
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compound is able to interfere with only one of the genetic mechanisms causing 
hypertension in MHS (i.e. the alteration of the renal Na-K pump consequent on 
the adducin mutation), while other not yet identified mechanisms still exert their 
pressor  effects.  Secondly,  from the pharmacogenomic point of  view, it is inter- 
esting to note that  this compound does not lower  blood pressure in SHR rats 
(Ferrari er al., 1999b), in which adducin polymorphism (Tripodi er al., 1997), renal 
Na-KATPase (Nguyen er al., 1998) and OLF levels (Doris, 1994) do not seem to be 
involved in causing hypertension. This compound is devoid of cardiac and 
hormonal effects  typical of digitalis or antimineralocorticoid drugs (Ferrari et al., 
1999a), it does not  bind to other receptors involved in blood pressure regulation or 
hormonal homeostasis (Ferrari er al., 1998), it has a safe  toxicological profile and it 
is well tolerated in healthy volunteers who underwent phase 1 clinical studies 
(Ferrari et al.,  1999a). 

I O .  Conclusions 

In conclusion, we now  have the theoretical background and  the practical tools to 
address the problem of improving our approach to  the  individual therapy of 
essential hypertension. We may hypothesize that  a  better  understanding of the 
genetic mechanisms of hypertension, will not only favor the development of 
new pharmacological approaches and  the discovery of novel antihypertensive 
drugs, but also  will furnish powerful tools for a  better  and more appropiate use 
of the available ones. As stressed above, it is very likely that two or more major 
genes are involved in hypertension in  the  individual  patient  within  a given 
pedigree. In complex, multifactorial diseases like hypertension, the pressor role 
of an individual gene polymorphism must be evaluated in  the context of its 
overall genetic and  environmental background. Therefore an  understanding of 
the  appropriate  interactions among genes and between genes and environment, 
which underline  a given pathophysiological alteration, are of paramount impor- 
tance in  the implementation of any pharmacogenomic approach to the therapy 
of hypertension. Along these lines, we are studying  the  interaction between 
adducin  and ACE polymorphism on  the blood pressure response to acute 
changes in sodium balance. The result of this  study (C. Barlassina and D. Cusi, 
unpublished data) showed that these two polymorphisms interact epistatically 
in  determining  this response. Therefore it is likely that similar interactions are 
also relevant for dissection of the genetic basis of the  individual blood pressure 
response to drugs. 
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Molecular- genetics of 
hypertension: future 
directions and impact on 
clinical management 
Friedrich C. Luft 

1. Introduction 

Predicting the  future is not only a risky, but also a thankless task particularly when 
relegated to pessimists.  Over a decade ago, with the introduction of restriction 
fragment-length polymorphism technology as a relatively routine laboratory 
procedure, the National Heart Lung and Blood Institute of the National Institutes 
of Health, U.S.A. decided to place major emphasis on molecular genetics in terms of 
supporting research grant applications (Luft, 1998). Similar emphasis was placed on 
this area of research in France, U.K. and elsewhere. Nongeneticists (such as yours 
truly) shifted their research emphasis to  the new area in a process termed ‘retooling‘. 
It is hard to pick up an issue of any hypertension-related journal without encoun- 
tering reports on this or  that polymorphism, the confirmation of this association 
study or the refutation of that association  study.  Nevertheless, the results of this 
heady research area are a little more sobering. Exactly how many genes  have  been 
found that are important  to primary hypertension? How  have these findings facili- 
tated diagnosis? More importantly, what new therapeutic insights have  been 
developed  from these findings? Funding for this area of research  has  been generous 
to  the detriment of other topics.  Sooner or later, we shall be called to account. 
Perhaps we should start  thinking of some answers, if for no  other reason than to 
formulate better questions.  After  all, we do not want molecular  genetics to be 
regarded as  ‘the  god that failed’. About 2000 papers were published in  the last 18 
months  that Medline identified with the key  words  ‘hypertension’ and ‘genetics’. 
One safely made prediction is that  the literature on  this topic will undoubtedly 
continue to expand exponentially, at least as long as the  funding agencies continue 
to be generous. My colleagues had the easy and pleasant chapters in  this volume. It 
remains for  me to be the grinch that stole Christmas. 

Molecular Genetics of Hypertmbn, edited  by A.E Dominiczak,  J.M.C.  Connell  and E Soubrier. 
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2. Monogenic  hypertension 

Monogenic  hypertension is the bright spot in the area of molecular  genetics of 
human hypertension. The notion here is that by elucidating rare  monogenic 
diseases,  we shall understand mechanisms  applicable to primary hypertension (Luft 
et al., 1995). This promise  has  been  kept  largely through the efforts and successes of 
Lifton and colleagues,  as  well  as  work  from the laboratory of White (see Chapter 8). 
Therefore, I will  confine  my  comments on possible  applications of this work. 

2. l Glucocorticoid-remediable  aldosteronism 

Are there future directions for G M ?  Richard Lifton’s group will kindly exclude 
GRA in your patients if  you send them a few drops of blood on filter paper. They 
have found many families with this condition and undoubtedly more will be 
found. For these families, identification of their genetic condition is very 
important. Affected  members  can  be identified, nonaffected  members firmly 
excluded and definitive therapy can  be administered. However, in  the large  frame 
of things, GRA is not terribly important to the hypertensive population at large. 

2.2 Apparent  mineralocorticoid  excess 

The facinating possibility that AME might be relevant in  the heterozygous state 
has  been  raised  by Li et al. (1997),  who  observed a patient with apparent mineralo- 
corticoid hypertension at age 38 years,  who  had a daughter with  homozygous 
AME. The patient had low renin and aldosterone concentrations and was found to 
have a mutation in  the gene  for  11P-hydroxysteroid  dehydrogenase. These are 
fascinating findings; however, the importance of AME does not appear  great and 
the condition will probably remain a curiosity and a topic for  medical students 
examinations. Mineralocorticoid receptor antagonists, spironolactone and similar 
compounds, are already  available and continue to be refined. 

2.3 Liddle  syndrome 

Liddle syndrome responds nicely to diuretics. However, it is unlikely that discov- 
eries linked to Liddle syndrome will increase the therapeutic armamentarium. 
Conceivably, a new loop-type diuretic could be produced by  developing inhibitors 
to CLCNKB;  however, loop diuretics are inferior to thiazide diuretics in terms of 
lowering  blood  pressure.  Currently, we still have difficulties in convincing physi- 
cians to apply readily available,  inexpensive, diuretic therapy in  the first place 
(Joint National Committee,  1997). It is unlikely in my  view that  the pharmaceu- 
tical industry will invest heavily in the development of future diuretics on the 
basis of genetic research. 

2.4 Autosomal-dominant  hypertension  with  brachydactyly 

Thus far, this syndrome has  only  been  described in this Turkish kindred and a 
similar  family in Canada.  Recently,  we encountered another such family in the 
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U.S.A. In these three families, the hypertension also  follows an autosomal-dominant 
mode of inheritance and cosegregates 100% with short stature and type E  brachy- 
dactyly (Toka  et aL, 1998). A deletion syndrome in a  Japanese child with type E 
brachydactyly,  as  well as the additional families,  has enabled us sharply to decrease 
the area on 12p containing the gene (Biihringet d., 1997);  however, a 4 million base- 
pair segment remains and we have not yet cloned the gene. Thus, importance of this 
syndrome to primary hypertension is totally speculative.  A putative mechanism 
explaining hypertension in these families  is the presence of a  vascular anomaly 
involving the posterior inferior cerebellar artery at  the ventrolateral medulla.  A 
tortuous, looping vessel  was found with magnetic resonance imaging in 15  affected 
subjects with autosomal-dominant hypertension and brachydactyly and in none of 
11 nonaffected siblings (Naraghi et d., 1997).  Recently,  Geiger et al. (1998) reported 
on  the favorable results of surgical decompression in this syndrome. However, no 
detailed neurophysiological studies have  been done in subjects with autosomal- 
dominant hypertension and brachydactyly. Thus, we do not yet  know whether or 
not this form of hypertension has  a neurovascular basis.  However, the possibility 
that essential hypertension has in  part a neurovascular basis is being actively 
pursued by several groups (Chalmers, 1998). If autosomal-dominant hypertension 
with brachydactyly is a suitable model of this condition, the impact for  diagnosis 
and treatment could be considerable. 

3. Primary  hypertension 

A brief overview  of  papers in 1997 and 1998 on patients with primary hypertension 
revealed  research on the following  genes: angiotensin converting enzyme (ACE), 
angiotensinogen, AT1  receptor, p-2 adrenergic receptor, a-adducin, angiotensinase 
C, renin  binding protein, G-protein beta3 subunit, atrial natriuretic peptide, insulin 
receptor and eNOS in hypertension of  pregnancy.  Even telomere length has been 
raised  as being important  to primary hypertension (Aviv and Aviv,  1998). In 
addition to gene variants influencing blood pressure as such, other variants may 
exist that influence the likelihood to develop  complications. Such genetic attributes 
might be even more important  to hypertension-related sequellae.  An  example is the 
nitric oxide synthase gene polymorphism predisposing to acute myocardial 
infarction (Hibi et aL, 1998) and stroke (Markus et aL, 1998). Despite their interest, 
discussion of all these genes is beyond the scope of this commentary; however, in my 
view six genes - ACE, angiotensinogen, a-adducin,  the p-2 adrenergic receptor, G- 
protein beta3 subunit and the T594M mutation in  the P subunit of the epithelial 
sodium channel - are of particular promise. 

3.1 Angiotensin  converting  enzyme 

The ACE gene  locus was linked to blood pressure in spontaneously hypertensive rats 
in 1991, and although the ACE gene insertioddeletion allelic variant has been impli- 
cated in arteriosclerotic cardiovascular  disease,  cardiac  hypertrophy,  restenosis, 
progression of diabetic renal disease and progression of  IgA nephropathy, hanging a 
guilty verdict in terms of hypertension onto the ACE gene  has  been  difficult 
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(Soubrier,  1998).  O'Donnell et al. (1998) found  evidence  for  association and genetic 
linkage of the ACE  gene with  hypertension and blood  pressure in men, but not in 
women,  when  they  analyzed  over 3000 participants  from the Framingham Heart 
Study. The data were  significant, but not  robust.  Fornage et al. (1998) studied 583 
three-generation  pedigrees  from  Rochester, MN, U.S.A., and were  able  to  show that 
variations in a microsatellite  marker within the growth  hormone  gene,  which  is  close 
to the ACE gene  locus,  influenced interindividual blood  pressure  differences in 
young  white  men, but not in women.  What  these  findings  will  mean in terms of 
complications  is  not clear.  Recently, Girerd et al. (1998)  could find no  association 
between  renin-angiotensin  system  gene  polymorphisms, and wall  thickness of the 
radial and carotid  arteries in a sizable  middle-aged  cohort.  Could  genetic  variations 
in the ACE gene  have  any therapeutic inference in terms of  ACE inhibitor therapy? 
The answer is possibly yes, but not much  (Ueda et al., 1998). 

3.2 Angiotensinogen 

Jeunemaitre et al. (1992) first reported linkage of the angiotensinogen (AGT) gene 
locus to hypertension in hypertensive siblings from France and Utah. Subsequent 
screening identified the so-called  AGT  235T variant in hypertensive cases,  as 
being more frequent than  in controls. The variant is associated with higher AGT 
levels and appears to be in tight linkage disequilibrium with a promoter mutation 
-6 bp (G-6A) upstream of the initiation site of transcription (Inone et al., 1997). 
This mutation may result in a higher basal transcription rate. The haplotype 
combining the AGT  235T and G-6A polymorphisms appears as the ancestral 
allele of the human AGT  gene and is the haplotype associated with hypertension 
(Jeunemaitre et al., 1997). 

Caulfield et al. (1996)  have investigated AGT  extensively and reported linkage 
of the AGT locus to blood pressure in 77 European families (P~0.001). Their 
studies in African Caribbeans also supported the notion that  the AGT  locus  is 
linked to hypertension. Since the  initial reports,  many studies have  been 
published on the association  between  allelic variants in AGT and hypertension. 
Hunt et al. (1998)  genotyped large numbers of subjects from the Trials of 
Hypertension Prevention study. Patients with the -6 bp AA genotype seemed to do 
better with salt restriction than other genotypes. Kunz et al. (1997)  have recently 
reviewed the evidence on AGT  235T  from  11 studies of  14 populations. Data on 
5493 patients showed that  the AGT  235T  allele was significantly associated with 
hypertension (odds ratio, OR  1.2, confidence interval, C1 1.1 1-1.29). These data 
were significant statistically; however, their clinical significance is another 
matter. The authors concluded that much more than AGT 235T  had to be geneti- 
cally responsible for primary hypertension. The AGT  gene  has  been the most 
scrutinized and  the most promising finding of the primary hypertension genes 
thus far;  however, the AGT  235T variant explains only a relatively small part of 
blood pressure variance. 

3.3 &Adduein 

To  my knowledge, a-adducin is the only example of rat molecular genetic research 
contributing  pertinent information to the molecular  genetics  of human hyper- 
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tension. A mutation in rat a-adducin was found to be responsible for 50% of the 
hypertension in the Milan hypertensive rat. The mutation was shown to be 
responsible for an increase in Na-K pump activity in renal cell transfection exper- 
iments. Linkage and association studies were subsequently performed in hyper- 
tensive patients and controls and a point mutation (G460W)  was found in the 
human a-adducin gene. The 460W variant was shown to be more frequent in 
hypertensive patients than  in controls. The pressur+natriuresis relationship was 
subsequently studied in 108 hypertensive patients. The relationships suggested a 
shifted, reduced-slope, salt-sensitive pressure-natriuresis curve in persons 
bearing the W variant. The a-adducin studies combine molecular genetics and 
physiology in rats and patients and present a truly remarkable story of careful 
observations,  patience, and scholarship, which has  been summarized elsewhere 
(Manunta et aL, 1998).  However, the importance of a-adducin to other hyper- 
tensive populations and to salt-sensitive hypertension must await additional 
studies.  Recently, a Japanese group (Kato et al., 1998) and an  Australian group 
(Kaminati et al., 1998)  were unable to find an association  between a-adducin 
allelic variants and essential hypertension. 

3.4 8 2  Adrenergic receptor 

A restriction  fragment length polymorphism in  the p-2 adrenergic  receptor  gene was 
associated  with and linked to  salt  sensitive  hypertensive  persons of  African origin in 
earlier studies (Svetkey et aL, 1997).  An amino terminal variant in  the p-2 adreno- 
ceptor,  which  encodes  glycine  instead  of arginine at basepair  position  16 
(Argl6+Gly),  has  been  described  which  appears to have  functional  significance 
(Yang-Feng et al., 1990). The variants  showed  equal  affinity  for epinephrine or 
isoproterenol; however, the Gly16 variant  exhibited  increased  downregulation in 
response  to  isoproterenol,  compared  with the  Argl6 variant  (Green et al., 1994).  Such 
a downregulation pattern could  lead to impaired  vasodilatory  responses to circu- 
lating p-2 adrenergic  agonists. This hypothesis  is  supported  by in vivo studies 
showing that pulmonary (3-2 adrenoceptors  with the Gly16 variant  also  exhibit 
increased  down-regulation in response to salbutamol,  compared to the Argl6 variant. 
Furthermore, a recent  report indicating that the Gly16 variant in the p-2 adreno- 
ceptor  is  associated  with nocturnal asthma  renders further support to the notion that 
this polymorphism may  have  major  functional  importance  (Turki et aZ., 1995). 
Finally,  increased p-2 adrenoceptor  downregulation  might  serve to explain the 
decreased p-2 adrenoreceptor  expression on the fibroblasts of salt-sensitive, 
compared  with  salt-resistant  normotensive  Europeans  (Kotanko et al.,  1992). 
Recently,  Kotanko et al. (1997)  performed  an  association study in 136  African 
Caribbeans  with  hypertension and 81  unrelated  control  persons  from the island of St 
Vincent. They found significant support for  an  association of the pro-downregu- 
latory  Gly  variant  with  hypertension.  Hypertensive  persons of African  origin  would 
be  expected to be salt  sensitive,  although  they  were not tested. Data from the Bergen 
Blood Pressure study support the idea that the Argl6-Gly  allelic  variant is 
important to  increased  blood  pressure (Timmermann et aL, 1998).  However, in that 
study, the Gly  variant was associated  with  lower  blood  pressures in a dose-dependent 
fashion.  Recently,  Liggett et al. (1998) found that another polymorphism in this same 
gene  predicted  which patients with  congestive  heart  failure  were  more  likely  to  die. 
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Obviously,  much  remains  to be done  to  elucidate the role of the P-2 adrenergic 
receptor  gene  in  primary  hypertension and cardiovascular  disease. 

3.5 G-protein beta3 subunit 

The notion that G-proteins might be  involved in primary  hypertension  stems  from 
observations that pertussis  toxin-sensitive G proteins in lymphoblasts and fibrob- 
lasts  from  selected  patients  with primary hypertension  engaged in enhanced  signal 
transduction  (Siffert, 1998). Siffert et al. (1998)  detected a novel  polymorphism 
(C825T) in exon  19  of the gene  encoding the G-protein  beta3 subunit (GNB3). The T 
allele is associated  with the occurrence of a splice  variant,  which  causes a loss of  41 
amino  acids and one WD repeat  domain of the G beta subunit. The splice  variant was 
shown  to be active in expression  studies. A genotypic  analysis of  427 normotensive 
and 426 hypertensive  subjects  suggested a significant  association of the T allele  with 
essential  hypertension. Schunkert et al. (1998)  have  since  identified  an  association 
between this polymorphism and lower renin values,  as  well  as  elevated diastolic 
blood  pressure  levels in a German  cohort.  Additional support comes  from  an  associ- 
ation study in the Canadian  Oji-Cree indians (Hegele et al., 1998). The relevance of 
these  findings  will  require additional confirmatory  studies. 

3.6 T594M mutation in the B subunit of the epithelial sodium  channel 

A variant of the P-subunit of the amiloride-sensitive sodium channel was 
described by  Su et al. (1996)  who  also  observed  increased channel activity in 
lymphocytes in African  Americans.  Baker et al. (1998) recently studied 206 hyper- 
tensive  black patients and 142 normotensive black control subjects in London. 
Seventeen (8%)  of the hypertensive blacks had the T594M mutation, compared to 
2% of normotensive blacks.  Persons with the mutation had  lower  plasma renin 
activity, supporting the notion of increased sodium reabsorption. Thus, the 
T594M mutation may  serve to explain  some  degree of salt-sensitivity and hyper- 
tension in blacks. The elucidation of Liddle syndrome led to the discovery of this 
allelic variant. The finding underscores the potential relevance of rare monogenic 
diseases to complex genetic disease.  Nevertheless,  flies surround the ointment. 
Munroe et al. (1998)  were unable to find linkage of the epithelial sodium channel 
to hypertension in black  Caribbeans.  Recently, Melander and colleagues  (1998) 
described the PArg564X mutation as the cause  for Liddle syndrome in a Swedish 
kindred. However, they were unable to identify polymorphisms in  the gene, 
which  were  associated with hypertension or diabetic nephropathy.  Persu et al. 
(1998) found seven polymorphisms in this gene, which were more common in 
subjects of African origin, compared to Caucasian  subjects. Functionally signif- 
icant properties could not be shown for these genetic variants. 

4. Genetic and environmental factors: Pickering's work 
revisited 

Although major  efforts  have  been  expended,  excellent experiments have  been 
performed, and exciting stories have  been  told, the results in  the area of human 
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molecular genetics of hypertension are modest. In  terms of genetically explaining 
blood  pressure  variance  for specific genes, we have a long way to go. The above six 
genes and  their allelic variants  are  worthy of special discussion, in  my view, 
because of the  thought processes involved in  their evaluation. Linkage analysis 
was successful in  the case of three of the genes - AGT, a-adducin,  and p-2 adren- 
ergic receptor. However,  we cannot  conclude that these genes were found  by 
linkage analysis. They were candidate genes which were selected by investigators 
who then  sought linkage of their loci with  the phenotype,  hypertension. That  the 
genes of the renin-angiotensin system and  the genes for  catecholamine receptors, 
and genes  for the enzymes involved in  their  production  and degradation  might  be 
involved in hypertension, would have occurred  to students of hypertension 50 
years ago. a-Adducin  and  the G-protein  beta3 subunit were identified as candi- 
dates  by whole animal  and cell physiology approaches, which  resulted in their 
being selected as candidate genes. A linkage analysis was subsequently  performed 
in hypertensive  sibling  pairs and  the  a-adducin gene locus was indeed  linked  to 
hypertension. 

To my knowledge, thus far no gene for a complex disease has been discovered 
and cloned on  the basis of a linkage analysis. This state of affairs is also true for  rat 
genetics. Despite  huge  breeding colonies, countless  numbers of transgenic  strains, 
major financial  support, and boundless  enthusiasm, the  rat cardiovascular geneti- 
cists have not cloned a single new gene responsible  for elevated blood pressure. I 
hasten  to  point out  that I too  am heavily involved in rodent research and some of 
my best  friends are rat geneticists. Recently, Aitman et al. (1999) identified Cd36 
(Fat) as an  insulin-resistance gene causing defective fatty  acid and glucose metab- 
olism in spontaneously  hypertensive rats. They used an impressive, high-tech, 
micro-array  linkage approach. Their  findings  are indeed  interesting; however, the 
relevance to  hypertension  is not  suficient to warrant  my  eating a crow dinner! 
Cd36 in man is known; a molecular basis of Cd36 deficiency was elucidated by 
Kashigwagi et al. (1995) earlier, and  no connection  with  hypertension  has  been 
shown. 

One possible explanation  for this result  is that  the genes we seek have relatively 
small effects. If  there  are  many genes with  small effects (such as the gene  variants 
above), the sample  size necessary for  linkage  studies will be prohibitive.  Perhaps 
the  right linkage  studies have not been  done and indeed  cohorts of hypertensive 
sibling  pairs exceeding 1000 pairs  are  being  subject  to  total  genome Scans in  the 
United  States and Europe; however, I am not optimistic. 

A review of Pickering’s work is  enlightening  in  my view (reviewed in Pickering, 
1982). His group  obtained a sample of the population at large believed to  be repre- 
sentative;  first degree relatives of patients  with  essential  hypertension;  and  first 
degree relatives of patients  without  essential  hypertension. The data  acquisition 
and data analysis took 4 years. Pickering  found  that  the  frequency  distribution 
curves for blood pressure in  the relatives of subjects  without  hypertension were 
indistinguishable  from  those of the population sample. Those for relatives of 
subjects with  essential  hypertension were similar in shape but were shifted 
upwards, by about  the same  amount  at all ages. The increase in blood  pressure 
with age was the same in  the relatives of subjects  with  hypertension as in  the rest 
of the population, but  the relatives tended  to have higher  pressures  at  all ages. 
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Miall and Oldham (1955)  performed a similar study in a Welsh mining valley and 
measured  blood pressure in a sample of the population and their first degree  rela- 
tives. The regression  coefficient of blood pressure of relatives and propositi was 
about 0.2, similar to that observed  by  Pickering’s  group. Thus, blood pressure 
appeared to be inherited as a graded characteristic over the whole range of blood 
pressure, irrespective of the classifications: hypotension, normotension or hyper- 
tension. Pickering concluded that  the inheritance of blood pressure was quite 
analogous to the inheritance of height. Were  we to consider heights in excess of 
170  cm  as abnormal, we might as well be looking for  ‘tallness’  genes. In all like- 
lihood, we are facing many  genes with small effects. 

What are our options? The relative power of linkage and association studies for 
the detection of genes  involved in hypertension have  been  reviewed by Jones 
(1998). He performed power calculations according the methods developed  by 
Risch and Merikangas (1996), and showed that if a single major  locus causing 
susceptibility to hypertension were  present, nonparametric linkage strategies 
using affected sibling pairs may  prove  effective.  However,  if  as  suggested  by the 
experiences  of the last decade the number of  genes is large and their effect is small, 
the sample size for such linkage analyses  will be massive. In that case, a systematic 
search  for  allelic  association  may be more appropriate because of the dramatic 
reduction in  the excess  allele sharing for  genes of small effect. The transmission 
disequilibrium test is an example  (Ewens and Spielman, 1995). This test requires 
the collection  of trios of two parents and an affected child. The frequency at which 
alleles are transmitted and not transmitted to the affected offspring is compared to 
the Mendelian expectation of 5050. Importantly, this test determines allelic  asso- 
ciation requiring the presence of both linkage and linkage disequilibrium in order 
to yield a significant result. By using nontransmitted alleles  as the control popu- 
lation, problems of population admixture and mismatched controls are avoided. 
Spielman and Ewens  (1998)  have recently expanded the transmission disequi- 
librium test to permit accruing information from units  in which the parents are 
already  dead, as is often the case in cardiovascular  diseases. They describe a 
method termed the sib transmission disequilibrium test that overcomes this 
problem  by using marker data  from  unaffected siblings instead of from  parents, 
thus allowing application of the transmission disequilibrium test to sibships 
without parental data. 

An alternative approach might be to identify quantitative trait loci (QTLs) for 
blood pressure in normotensive individuals. In my view, Pickering would  have 
liked that approach, since he was not at all convinced that ‘hypertension’  existed 
as a discrete entity. That such QTLs might be relevant to primary hypertension is 
highly likely. We have  employed studies in monozygotic and dizygotic twins and 
the parents of the latter. An analysis of monozygotic and dizygotic twins allows 
heritability estimates to be made. The dizygotic twins and their parents then lend 
themselves to a linkage analysis. We have linked the insulin-like growth factor 
(1GF)-1  gene  locus to systolic  blood pressure and heart size with this approach 
(Nagy et aL, 1997). In that study, we also found linkage to the loci  for Liddle 
syndrome, and AT, receptor gene  for systolic blood  pressure. Linkage for diastolic 
blood pressure was found at  the autosomal-dominant hypertension with brachy- 
dactyly  locus.  Both  systolic and diastolic blood pressure were linked to the renin 
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gene  locus.  However, the linkage was most consistent for the I G P l  gene  locus and 
systolic  blood  pressure. We also found linkage between the  IGF-l gene  locus and 
posterior cardiac wall thickness, septal thickness and left ventricular mass  index. 
We suggest that these QTLs may be important for the subsequent detection of 
allelic variants for elevated  blood  pressure. In retrospect, it is not surprising that 
these genes, with important blood pressure-regulatory effects, are linked to blood 
pressure in normal individuals. Recruiting families with multiple children is an 
alternative approach. The children can then be studied in terms of concordance 
and discordance for  blood pressure and other variables.  Excellent cohorts are 
available  for such analyses in  the United States. The Rochester  Family Heart 
Study and  the San Antonio Heart Study are two  examples. 

QTLs for  blood pressure in normal individuals lend themselves to powerful 
approaches. Normal persons do not stay that way; they become ill and develop 
hypertension and heart disease at a later date. Identifying the ones that will do so 
may be possible from QTLs. We recently identified the p-2 adrenergic receptor 
gene  locus  as a QTL for  blood pressure in normal twin subjects (unpublished 
work). We relied on  the powerful technique of multiplex sequencing developed  by 
Church and Kieffer-Higgins (1988) and sequenced the  entire gene in 
normotensive dizygotic  twin  subjects. We did the same with the subjects from the 
Bergen  Blood Pressure study mentioned earlier. We identified the known  poly- 
morphisms, plus a series of other variants not yet  described. We found significant 
associations of certain polymorphisms with blood pressure spanning 10  mm Hg  in 
these normal subjects. By sequencing QTL genes, we should find more variants in 
candidate genes  affecting  blood pressure in normal persons. Performing associ- 
ation studies at a later date in hypertensive individuals or conducting prospective 
long-term evaluation studies examining the influence of these genetic variants 
would then be much easier. 

We should perhaps reconsider still another approach. A powerful  tool  for the 
fine structure localization of disease  genes in a complex condition such as hyper- 
tension is linkage disequilibrium mapping in isolated populations. This novel 
approach adapts Luria and Delbriick‘s  classical methods for analysing bacterial 
cultures to the study of human isolated founder populations with several  goals in 
mind; namely, the estimation of the recombination fraction between a disease 
locus and a marker; the determination of the expected  degree  of  allelic  homo- 
geneity in a population, and the mutation rate of marker loci. Linkage disequi- 
librium mapping is based on the observation that affected  chromosomes 
descended from a common ancestral mutation should show a distinctive 
haplotype of the ancestral chromosome. The technique offers increased resolution 
because it exploits recombination events occurring over the  entire history of a 
population. The best setting  in which to apply the method would be a population 
in which there is a single disease-causing  allele with a high frequency, so that  the 
excess  of  an ancestral haplotype can be detected easily. Furthermore, this allele 
should have  been introduced into  the population sufficiently long ago that recom- 
bination has  made the region of strongest linkage disequilibrium confined, but 
not too  small. The theoretical basis  for this ‘haplotype sharing’ method are 
described in detail elsewhere (de Vries et d., 1996;  Donelly,  1983; Lander and 
Botstein,  1986). The combination of focused sampling and  the method of  mass 
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parallel genotyping (genome scanning) represent a new strategy to  identify new 
genes for complex diseases. Isolated populations are available for study. Finland 
represents an ideal population for linkage disequilibrium mapping  (de la 
Chapelle, 1993).  However, there  are  other relatively isolated populations in many 
countries on  the  north American continent,  other  countries  in Europe, the middle 
east, and elsewhere. 

Finally, the discussion should  not  be ended without some comments as to  the 
phenotype. I love  Mozart’s A major piano concerto, a remarkable genotype for a 
given piece of music. However,  my performance is a laughable phenotype 
compared to  the phenotype rendered by any capable musician, even though  the 
genotype remains the same. Gene-environment  interactions exert their obvious 
effects. Pickering  indicated  that blood pressure is a continuous variable and  that 
‘hypertension’ as such, does not exist. Since his work, we have been busy assuming 
the  contrary  and have divided the nonexistent entity ‘hypertension’ into low 
renin, normal renin  and high renin hypertension, salt-sensitive and salt-resistant 
hypertension, modulating  and  nonmodulating hypertension, white coat hyper- 
tension, dipping  and  nondipping hypertension, neurogenic hypertension and 
whatever else have you. These  intermediate phenotypes may help us;  however, to 
use them a massive additional effort will be necessary. Controlled diets, 
provocative maneuvers, 24 h ambulatory blood pressure measurements, complex 
hormonal  determinations  and  much more would be required. If 700 affected 
sibling pairs is a hindrance, imagine that same number all removed from their 
medication for a month  and phenotyped in terms of salt sensitive or modulator 
status! However, such an effort may be warranted. Or alternatively, we might 
concentrate more on  the ‘normotensive’ individuals. As discussed above, we  may 
be helped by searching for quantitative  trait loci for blood pressure in putatively 
healthy persons, ‘hypertension’ being arbitrary. Another avenue might  be  to 
genotype normotensive or hypertensive individuals prospectively for the 
candidate variation in question (angiotensinogen M235T for example). 
Thereafter, age- and gender-matched homogenous groups could be phenotyped in 
terms of intermediate  or blood pressure-relevant variables and  the genotypic 
groups compared. This approach would represent a novel association study from 
the genotype to  the  phenotype  (bottom-up association). 

Will molecular genetics eventually be  important  to hypertension management? 
The complexities are far greater than we could foresee. As previously mentioned, 
there  are four polymorphisms described in  the p-2 adrenergic receptor gene which 
result in  amino acid substitutions  and therefore are likely to be of functional 
significance (Liggett, 1995). Setting  up a haplotype analysis of this  information is 
a daunting prospect. Let us assume that we have found all 30 (or more) of 
Pickering’s genes responsible for variation in blood pressure. Technically, it is 
quite conceivable that all variants in these genes could be placed on a single chip 
for hybridization and genotyping. For  the p-2 adrenergic receptor alone, I know 
that  the  number approaches a dozen. Will this huge amount of data, even  if we can 
analyze it, help us pick the  patient best treated with a beta blocker or 
hydrochlorothiazide or an ACE inhibitor? Will we develop new drugs  on  the basis 
of this  information with different modes of action? Possibly, transcription modu- 
lating  drugs  and  drugs  interfering  with signal transduction  are examples; 
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however, thus far such drugs have not been  developed  because of genetic infer- 
ences (Kurtz and Gardner, 1998). This work is currently emanating from  cell 
biology and molecular  pharmacology, not from  genetics. 

In summary,  while our successes with monogenic diseases  have  been 
phenomenal, our search  for  genes causing primary hypertension have  been more 
modest. Interesting finds have  been  made;  however, the surface  has  barely  been 
scratched. Novel  approaches in terms of study design,  analyses and populations 
will be necessary. Future success  will depend less on molecular genetic technology 
and more on investigator ingenuity. In terms of the latter, Pickering provides a 
brilliant example  for  us to follow. 
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193,252 

nocturnal, 249 

113,247 

BACs, 86 
Bacteriophage lambda, 135 
Bartter’s syndrome, 42,193 
Benzamil,  151 
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Chorionic cells, 182 
Chromatography 

chromosomes, 35 

generation of chimeric CYPllB1/2 

denaturing  high pressure liquid, 179 

human, 153,187,193,215 [l]; 128  [S]; 
130 [lo]; 189 [ll]; 152  [12];  101, 
152  [16]; 7,59,180,182,189, 
193 [l71 

mouse, 107,202 [l]; 202  [8] 
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48,188,202 [13]; 39,59 [18];  202 

[19];  59 [x]; 42 (figure 2)  [21,47 
(figure 3) [l31 

sex chromosome effects, 39 
yeast artificial chromosomes, 45 

Clinical genetics, 2 
Clinical management 

impact of molecular genetics of 
hypertension, 245-257 

Clinical presentation 
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Endothelium-derived relaxing factor,  185 
Environmental factors, 18,21,23,178, 
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202; 128 (figure 3) 
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Extrapolation of data, 66-67 
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F, rat progeny, 33,39,58,60,100,102 
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definition  with  animal models, 32 
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fasciculataheticularis, 75 

Fatty acid, 25 1 
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Fertility 
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(figure 2) 
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reduced, 109 
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beta3subunitY 247,250,251 
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pertussis toxin-sensitive, 188 
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Gene 
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discovery, 2,7-l0 
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knock-in, 14,46 
knock-out, 4,14,16,21,46,48,98, 

56-58,66,175-199; 8 (table 2) 
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unequal crossing-over, 132,133,135 
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Gene  titration, 14,99,104,106,109,112, 
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Genetic analysis 
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glucocorticoid-suppressible 
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hyperaldosteronism, 132-134 
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Genetic epidemiology, 3,18 

candidate genes in hypertension 
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scans results summary, 35-37;  36-37 
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Genomic structure angiotensinogen gene, 
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morbid conditions, 62-65 
morphological alterations 

(TGR(mRen2)27),  89 (figure 3) 
pathological alterations, 88 (table 1) 
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long-term effects,  232 
Hypocalciuria, 193 
Hypokalemia, 121,131,135,140,164,190, 

Hyponatremia, 126 
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Hypovolemia, 126 

193 

Immunological recognition of M235T 
polymorphism, 206 (figure 4) 
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247 
insertion/deletion, 182,183,235,236, 
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