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SUMMARY.

Human essential hypertension is a complex, multifactorial, quantitative trait
under polygenic control. Several strategies have been developed over the
last decade to dissect genetic determinants of hypertension. Of these, the
most successful have been studies identifying rare Mendelian syndromes in
which a single gene mutation causes high blood pressure (BP). The attempts
to identify multiple genes, each having a small contribution to the common
polygenic form of hypertension, have been less successful. Experimental
models of genetic hypertension have been used to develop paradigms for the
study of human essential hypertension in order to remove some of the
complexity inherent in studying human subjects. Several laboratories, using
diverse crosses between hypertensive and normotensive strains, identified
several quantitative trait loci (QTLs) for BP regulation. The strategy used to
identify BP QTLs is known as a genome scan and involves the
determination of the BP in a large segregating F2 population derived by
crossing contrasting inbred rat strains, and the genotyping of a large panel of
polymorphic microsatellite markers with a thorough coverage of the entire
rat genome. The next step is the production of congenic strains and
substrains to confirm the existence of the BP QTLs and to narrow down the

chromosomal region of interest.

The investigations reported in this thesis incorporate the use and validation

of a “speed” congenic strategy to dissect two BP QTLs identified previously

on rat chromosome 2. We produced 4 congenic strains through introgression

14



of various segments of chromosome 2 from the WKYg, strain into the
recipient SHRSPg;, strain, and vice versa. Transfer of the region of rat
chromosome 2 containing both BP QTLs from WKYi, into an SHRSPgi,
genetic background lowered both baseline and salt-loaded systolic BP by
~20 and ~40 mmHg in male congenic rats compared with the SHRSP
parental strain (F=53.4, p<0.005; F=28.0, p<0.0005, respectively). In
contrast, control animals for stowaway heterozygosity presented no
deviation from the BP values recorded for the SHRSPg;,, indicating that if
such heterozygosity exists, its effect on BP is negligible. Reciprocal
congenic strain in which one QTL was transferred from SHRSPg, onto the
WKYa background resulted in statistically significant but smaller BP
increase. This implicated region contains different candidate genes
including the Na'-K'ATPase o, isoform (Afplal), natriuretic peptide
receptor A/Guanylate cyclase A (Gca), angiotensin II receptor type 1B
(Agtr1b), and calcium/calmodulin-dependent protein kinase II delta subunit
(Camk2d). Sequencing analysis showed no differences in the coding regions
of the Atplal gene between the WKY gy, strain and the published sequence.
Two transitions were found between WKYg, and SHRSPg), resulting in
silent mutations. Therefore, the Afplal gene was not supported as a

candidate gene for the BP QTL on rat chromosome 2.

Radiation hybrid mapping was performed along with fluorescence in situ
hybridisation of rat chromosome 5 due to the discrepancies between our
genetic map and other genetic maps of rat chromosome 5. We successfully

constructed a radiation hybrid map of rat chromosome 5 using 35

15



microsatellite markers covering a genetic distance of 78 ¢cM, corresponding
to a physical distance of approximately 1,304 cR (17 cR/cM) and
comparable to reports from other laboratories. The Anf microsatellite marker
was mapped between D5Rat48 and D5Rat47 located at the telomeric end of
rat chromosome 5. Fluorescence in situ hybridisation confirmed that the Anf
gene is localised to the 5q36.3, which corresponds to the telomeric end of
the chromosome 5. Two different physical mapping methods have therefore
given identical results and are in agreement with genetic maps published by
other groups. We also produced a high resolution radiation hybrid map of
the telomeric end of rat chromosome 2 between markers D2Mit6 and
D2Mgh12. The physical to genetic distance conversion gave us an estimate
of 20.8 cM to 31.2 cM for this region and facilitated fine mapping of the
two BP QTLs on rat chromosome 2. We constructed congenic substrain
SP.WKY.Gla2c* where a small segment of approximately 20 cM was
transferred from the normotensive WKYgj, strain into the hypertensive
SHRSPgj.. Phenotyping of the congenic substrain is currently ongoing and
will determine if the BP QTL was successfully trapped. Additionally, we
produced a high resolution radiation hybrid map of this segment, which will

help in the identification of the gene(s) involved in this BP QTL.

It follows that we clearly demonstrated the applicability of a reciprocal
speed congenic strategy in the rat. We began further dissection of the BP
QTL by constructing congenic sub-lines and performing physical mapping
of the region of interest. Careful phenotyping of these substrains will narrow

down and refine the location of the BP QTL to a size where substitution

16



mapping, microarrays, positional cloning, and comparative mapping to
human chromosomes will permit the identification of the causal genes. A
better understanding of the gene(s) and their pathophysiologic pathways will
pave the way for more specific treatments and more importantly, for earlier

prevention of hypertensive cardiovascular disease.
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CHAPTER 1

INTRODUCTION.
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1.1 HYPERTENSIVE CARDIOVASCULAR DISEASE AS A

GENETIC COMPLEX TRAIT.

A single gene can be contributing to a preventable or treatable disease. If the
gene can be identified, then the structure, function, and ultimate role of that
gene in influencing the disease can be revealed, thus leading to better ways
of future detection, prevention, and treatment of the pathology (Shimkets
and Lifton, 1996). However, for hypertensive cardiovascular disease this
process has not yet been achieved for the most common of its
representatives, essential hypertension. Hypertensive cardiovascular disease
is an entity where, unfortunately, the individual susceptibilities to it and its
sequelae are known to be mediated by a large number of genetic and non-

genetic factors (Lander and Schork, 1994).

The key feature of genetically complex traits such as essential hypertension
is that the disease “per se” can be attributed to intricate inter-relationships
between genes and environmental factors (Figure 1.1). It follows that
complex traits do not show classical Mendelian inheritance attributable to a
single gene, and therefore their inheritance can be described as polygenic

and multifactorial (Schork, 1997).
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Figure 1.1. Multifactorial model of hypertensive cardiovascular disease,

demonstrating the potential influence of genes, environmental factors, and

demographic factors. The interactions between these determining factors is

represented by arrows linking them. Modified from Lifton (Lifton, 1995).
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1.1.1 HUMAN ESSENTIAL HYPERTENSION.

In mechanical and haemodynamic terms, the level of blood pressure is
determined by the amount of blood that is pumped out by the heart and by
resistance to flow in the peripheral arterial tree. The resistance to flow is
found mainly in the small arterioles that are highly contractile and are at all
times constricted to some degree; therefore the amount of constriction
determines the level of blood pressure. Maintaining a blood pressure level
guarantees adequate tissue perfusion, however for its regulation several
systems have to work in conjunction, with complicated and intricate inter-

relationships (Schork et al. 1996).

A number of factors can influence blood pressure level within an individual.
This level is influenced by interactions of a host of systems and sub-systems
(neural, hormonal, and circulatory). Additional phenomena, such as
development, growth, and ageing, can further complicate blood pressure
regulation. Each system and sub-system may have a more or less
pronounced effect on an individual’s blood pressure level at different times
in life. This complexity, multitude of systems and age dependencies create
enormous potential for a variety of mutant genes to produce deleterious
effects on the blood pressure level (Schork, 1997). Essential hypertension is
the term used for those patients found to have arterial hypertension but with

no evident cause for the disorder. It is also referred to as primary
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hypertension or idiopathic hypertension (Hamet et al. 1998). Essential
hypertension is a very common disease, characterised by devastating
consequences such as stroke, myocardial infarction and end-stage renal
disease (Hamet et al. 1998). Since there is no dividing line between normal
and high blood pressure, an arbitrary level has been established to define
those who have an increased risk of developing a morbid cardiovascular
event and will clearly benefit from medical therapy. This level according to
the WHO (Gordon, 1994)criteria is defined as systolic blood pressure of 140

mmHg or greater and/or diastolic blood pressure of 90 mmH or greater.

1.1.2 BLOOD PRESSURE AS A HERITABLE TRAIT.

During the 1960s there was a dispute regarding the distribution of blood
pressure levels in the general population. Sir Robert Platt claimed the
existence of bimodality in the distribution of blood pressure, and it was
attributed to the segregation and effect of a single major gene (Platt, 1967).
In contrast, Sir George Pickering supported the existence of a unimodal
distribution in detailed, large surveys of the London population (Pickering,
1967). This type of distribution would suggest the existence of many genetic
factors segregating independently. At present, we could say that both Sir
George and Sir Robert were right: although several monogenetic forms of
hypertension have been clearly identified, essential hypertension is now
understood as being a polygenic disease with complexities such as “gene-
gene” and “environment-gene” interactions (Shimkets and Lifton, 1996)

(Figure 1.1).
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All evidence suggests the existence of a genetic component in the aetiology
of human essential hypertension, with 30-50% of variation in blood pressure
between individuals being attributed to genetics factors. Different studies
have calculated the percentage of the phenotypic variability in blood
pressure attributable to genetic factors (Table 1.1) (Ward, 1990). Even
though these studies used different designs, the results are remarkably
similar. In general, the percentage of blood pressure variability is lower and
more variable for diastolic blood pressure than for systolic blood pressure.
This can be explained either because the definition of diastolic blood
pressure values varies from one study to another or because diastolic blood
pressure is more influenced by environmental factors than systolic

(Mongeau, 1989).

The clustering of blood pressure observed within families revealed a highly
significant aggregation according to several epidemiological studies. When
the blood pressure measurements are compared in relatives, correlations
increase with the degree of genetic relationship between the relatives.
Identical twins who share all their genes demonstrate higher concordance
for blood pressure than non identical twins who share 50% of their genes
(Mcllhany et al. 1975; Feinleib et al. 1977, Havlik et al. 1979; Rose et al.
1979; Heiberg et al. 1981; Levine et al. 1982). Similarly, correlations are

higher for first-degree relatives such as sib-sib and child-parent pairs than
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for more distant relatives (Zinner et al. 1971; Annest et al. 1979;
Weinberger et al. 1981). As an important control, studies of families with
adopted and biological children have shown a significant correlation in the
blood pressure of parents and their biological children that is not seen when
blood pressures are compared between parents and their adopted children
(Biron et al. 1976). Individuals with essential hypertension are about twice
as likely as normotensive individuals to have a parent who is hypertensive

(Perera et al. 1972).

Blood pressure is recognised today as a quantitative trait, and the general
consensus is that blood pressure distributions stratified by age and sex, are
unimodal (Rapp, 1983). This mode of distribution suggests that the genetic
contributions to blood pressure are polygenic in nature. There are many
genetic loci influencing blood pressure and the effect of each gene at these
loci is not readily discernible from the others. Since the aetiology of
hypertension is being multifactorial, multiple combinations of genetic and
environmental factors may lead to the same blood pressure level (Mongeau,
1989). The effects of individual genes can be independent, or can
demonstrate greater complexity, characterised by phenomena such as
epistasis and pleiotropy (Schork et al. 1996). Moreover, genes that mediate
the response of blood pressure to environmental factors, such as stress and
diet, are significant determinants of the hypertensive phenotype (Hamet,
1996). For example, hypertension-related phenotypes such as left

ventricular hypertrophy, insulin resistance, obesity, dyslipidaemia and
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sensitivity of blood pressure to stress are not consistently present in all

hypertensive individuals (Williams et al. 1996).

1.2  GENETIC DISSECTION OF HUMAN ESSENTIAL

HYPERTENSION.

Human essential hypertension has an important genetic component,
however genes accountable for this variation, and their specific interaction
with environmental and demographic factors, remain unknown. Human
studies have been conducted in two main areas for gene recognition; firstly
the in-depth analysis of rare Mendelian forms of hypertension, and secondly
the equivalently intense interrogation of diverse candidate genes involved in

blood pressure regulation.

1.2.1 MENDELIAN DISORDERS ASSOCIATED WITH ABNORMAL

BLOOD PRESSURE.

Different monogenic disorders associated with altered blood pressure have
been clearly identified (Table 1.2). These are characterised by Mendelian
modes of inheritance attributable to a single-gene locus (Karet and Lifton,
1997). Although Mendelian forms of hypertension are rare, the
understanding of their pathogenesis could bring a better knowledge of blood
pressure regulation, which in turn will be useful in the study of the most
common form of hypertension, essential hypertension. Moreover, the genes

and pathways involved in these rare forms of hypertension are logical
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candidates for harbouring more common variants that contribute to less
severe alterations in blood pressure. These disorders result in severe or
resistant hypertension, making phenotypic selection easier and the effects of
segregation of single alleles in families can be discerned by simplifying

molecular genetic analysis.

The discovery of these rare hypertensive syndromes was due to not only a
close collaboration between pathophysiological and genetic approaches but
also to extremely good clinical observation of the cases (Shimkets and

Lifton, 1996).

There are several Mendelian forms of human hypertension that have
mutations (or at least its chromosomal localisation have been detected)

imparting a large elevating effect on blood pressure levels.

1.2.1.1 GLUCOCORTICOID-REMEDIABLE ALDOSTERONISM (GRA).

GRA was first described by Sutherland and colleagues in the 1960s
(Sutherland et al. 1966). GRA is characterised by autosomal dominant
transmission of hypertension, variable elevated aldosterone levels with
suppressed plasma renin activity and high levels of abnormal adrenal
steroids, 18-hydroxy cortisol and 18-oxo cortisol. The aberrant steroids and
aldosterone (which is normally under control of angiotensin II) are all under
the control of the adrenocorticotrophic hormone (ACTH), and are

consequently suppressible by exogenous glucocorticoids (Ulick et al.
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1990). Elevation of 18-oxo cortisol is the most consistent and reliable
biochemical marker of the disease. This steroid is an agonist for the
mineralocorticoid receptor and has been shown to raise blood pressure in
animal models (Hall and Gomez-Sanchez, 1986). Laboratory and clinical
abnormalities are suppressed by treatment with glucocorticoids, whereas
infusion of ACTH exacerbates these problems (Oberfield et al. 1981;

Ganguly et al. 1984).

Hypertension in GRA patients is caused by constitutive secretion of
aldosterone (and perhaps other adrenal mineralocorticoid hormones) but,
critically this secretion is regulated by ACTH and not by angiotensin II
(Figure 1.2). Cortisol is produced in the zona fasciculata and its secretion is
regulated by ACTH (Lifton et al. 1992). The genes encoding 11f-
hydroxylase (CYP11B1) and aldosterone synthase (CYP11B2) are 95%
identical in nucleotide sequence and are both located on chromosome 8
(Mornet et al. 1989). Lifton et al (Lifton ef al. 1992) performed a genetic
analysis of GRA kindreds finding that the chromosome 8 carries normal
copies of CYP11B1 and CYP11B2 but, in addition, have a novel, chimaeric
gene absent in normal subjects (Figure 1.2). This gene arises by unequal
crossing over between the CYP11B1 and CYP11B2 genes, fusing 5’
regulatory sequences from 11B-hydroxylase gene into coding sequences of
the aldosterone synthase gene. Therefore, aldosterone synthase gene
expression and enzymatic activity is brought under control of ACTH by the
abnormal 5° regulatory region of the 11B-hydroxylase gene, and aldosterone

becomes ectopically secreted by the zona fasciculata (Lifton et al. 1992).
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Figure 1.2.a. GRA mutation. Unequal crossing over producing the chimera
between 11B-hydroxylase (CYP11B1) and aldosterone synthase (CYP11B2)
genes.

Glomerulosa Glomerulosa
All All
CYP11B2 ~a CYP11B2 X\;
Aldosterone Aldosterone
Cortisol
ACTH pr— \ ACTH Chimeric +
Cortisol CYP11B1/2 Aldosterone
+
18-OH Cortisol
Fasciculata Fasciculata
Normal Adrenal GRA Adrenal

Figure 1.2.b. Pathophysiology of the adrenal cortex in GRA. In the normal
adrenal gland aldosterone is secreted from the glomerulosa in response to
angiotensin II (AII). In GRA adrenal gland, unequal crossing over generates
a chimeric CYP11B1/2 gene that has the aldosterone activity but is
expressed in the zona fasciculata under control of ACTH. Modified from
Lifton et al (Lifton et al. 1992).
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Even though GRA is a monogenic disease following Mendelian inheritance,
there is evidence that particular conditions can modify its phenotypic
expression. Genetic analysis of large kindreds reveal that the presence of the
chimaeric gene does not always result in severe hypertension, and that
kallikrein levels may affect the development of hypertension in this disorder
(Dluhy and Lifton, 1995). One study found that blood pressure in patients
with GRA is higher when the disease is inherited from the mother than
when it is paternally inherited raising the possibility that the gene is

imprinted (Jamieson et al. 1995).

1.2.1.2 LIDDLE’S SYNDROME.

Liddle’s syndrome is characterised by an early onset of moderate to severe
hypertension, suppressed plasma aldosterone and renin activity.
Interestingly the biochemical values in these patients appear like if they
were hyperaldosteronaemic (Liddle ef al. 1974). In the original description
of Grant Liddle, hypokalemia was included, however this is not a universal
finding. Also, renal transplantation in Liddle’s original proband corrected
the defect (Botero-Velez et al. 1994) suggesting that the abnormality was
intrinsic to the kidney. These patients respond to the administration of
triamterene and amiloride which inhibit the amiloride-sensitive epithelial
sodium channel. It is thought that in normal subjects the regulated
absorption of sodium through this channel by aldosterone appears to be the
major determinant of net renal sodium reabsortion (Figure 1.3). Canessa et

al (Canessa et al. 1994), described the structure of the epithelial sodium
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channel receptor. Being a heteromultimer of three subunits, each having two
transmembrane domains and intracytoplasmatic amino and carboxyl
terminal segments. The a-, B-, and y-subunits are all necessary for normal
channel function and are encoded by separate genes, with the o subunit on

chromosome 12 and 3- and y- subunits close together on chromosome 16.

Genetic analysis demonstrated that Liddle’s Syndrome is attributed to a
mutation in the B-subunit gene.: specifically, the introduction of a premature
stop codon (R564X) that truncates the cytoplasmatic carboxyl terminal
segment of the encoded protein (Shimkets et al. 1994). Similar mutations
have been reported in the B- and y- subunit genes, all removing the carboxyl

terminal amino acids of the protein (Hansson ef al. 1995).

Heterologous expression of the epithelial sodium channel with mutant
subunits in Xenopus oocytes demonstrated that these mutations result in
constitutive activation of the channel (Schild et al. 1995). The over-activity
is not explained just by alteration of single channel conductance and/or open
probability, but rather by an increased number of channels inserted into the
plasmic membrane. The mutations indicate that the cytoplasmatic carboxyl
terminus of the B- and y- subunits have elements required for the normal

negative regulation of channel activity. The two channel subunits share a
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Figure 1.3. Mechanism of active sodium reabsorption across tight epithelia
showing the amiloride-sensitive epithelial sodium channel. Passive
electrodiffusion of sodium through the apically expressed epithelial sodium
channel is coupled to an active extrusion of sodium through the basolateral
sodium/potassium ATPase. Positive and negative effectors of sodium

absorption are indicated with arrows. Adapted from Barbry (Barbry, 1999).
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short proline-rich domains that are altered by the mutation and are often
mediators of protein-protein interaction. It is proposed that the alteration of
this segment may lead to defective endocytosis and results in the
accumulation of the channels at the apical membrane. Such a mechanism
has also been described for the LDL receptor, the lisosomal acid

phosphatase and the B-adrenergic receptor (Snyder et al. 1995).

Another explanation has been proposed recently. Staub et al (Staub et al.
1996) have identified the rat NEDD-4 protein (a binding partner for the
proline rich regions of the B- and y- subunits) which initiates the removal of
the channel from the apical membrane (Figure 1.3). Abriel et al (Abriel et
al. 1999) discovered that NEDD-4 acts as a negative regulator of the wild-

type epithelial sodium channel, but is inactive on the Liddle form.

No Liddle’s syndrome mutations have been recognised so far in the human
a-subunit of the channel, and the effects of a-subunit in vitro mutations on
sodium channel function are still unclear (Snyder et al. 1995; Schild et al.

1996).

1.2.1.3 SYNDROME OF APPARENT MINERALOCORTICOID EXCESS

(AME).

AME is an autosomal recessive disorder characterised by early onset of
moderate to severe hypertension, hypokalaemia, low renin activity, and low

levels of aldosterone in contrast to GRA. A low salt diet or blockade of
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mineralocorticoid receptors with  spironolactone ameliorates the
hypertension, whereas ACTH and glucocorticoids exacerbate it. These
findings suggest that cortisol acts as a stronger mineralocorticoid than is
normally the case. In AME patients cortisol half-life is prolonged from
approximately 80 to 120-190 minutes, and very low levels of cortisone
metabolites are excreted in the urine as compared with cortisol metabolites

(Ulick et al. 1979).

Cortisol has been shown to bind to and activate the mineralocorticoid
receptor. This interaction in vivo is normally prevented by conversion of
cortisol to cortisone by the enzyme 11B-hydroxysteroid dehydrogenase in
the kidney (Arriza et al. 1987). Patients with AME are deficient in this
enzymatic activity and normal circulatory levels of cortisol lead to profound
mineralocorticoid excess. Cloning of the renal isoenzyme of 11pB-
hydroxysteroid dehydrogenase permitted a search for mutations in this gene
(HSD11B2), and 18 different mutations in the HSD11B2 gene have been
published (Mune ef al. 1995; Wilson et al. 1995; Stewart et al. 1996;
Kitanaka et al. 1997; Li et al. 1997; Dave-Sharma et al. 1998; Wilson et
al. 1998). All of these mutations affect the enzymatic activity of pre-mRNA
splicing. Similar but milder abnormalities occur with liquorice intoxication,
where the active component of the liquorice, glycyrrhetinic acid, inhibits the
activity of the 11B-hydroxysteroid dehydrogenase (Stewart et al. 1987,

Monder et al. 1989).
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Most patients with AME are homozygous for single mutations, with only
three published cases being compound heterozygotes for two different
mutations. This could suggest that the prevalence of AME mutations in the
general population is low and the disease is found in limited populations
with high inbreeding (Shimkets and Lifton, 1996). In patients with essential
hypertension a prolonged half-life of cortisol in plasma has been found
suggesting that mild 11B-hydroxysteroid dehydrogenase deficiency might
contribute to essential hypertension (Walker et al. 1993). However,
heterozygotes for mutation in the HSD11B2 gene have shown neither
abnormalities in conversion of cortisol to cortisone nor an increased

prevalence of hypertension (Shimkets and Lifton, 1996).

1.2.1.4 PSEUDOHYPOALDOSTERONISM TYPE II OR GORDON'’S

SYNDROME.

Type II pseudohypoaldosteronism was the designation used by Schambelan
et al (Schambelan et al. 1981) for a syndrome in which chronic
mineralocorticoid-resistant hyperkalemia with hypertension was noted. This
syndrome shows autosomal dominant inheritance with variable expression.
Mansfield et al (Mansfield et al. 1997) performed linkage analysis in 8
families with Gordon’s Syndrome, indicating locus heterogeneity for the
trait, with a multilocus lod score of 8.1. Linking the Gordon’s Syndrome
gene to 1q31-q42 and 17pll-p2l1, possible candidate genes are

angiotensinogen at 1q42-q43 and the CL'HCOj3™ anion exchanger at 17p21-
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p22. However, careful analysis of all the exons of both genes in 15 patients

with the disease revealed no novel mutations altering the encoding products.

1.2.1.5 HYPERTENSION AND BRACHYDACTYLY.

This syndrome follows an autosomal-dominant mode of inheritance and co-
segregates 100% with short stature and type E brachydactyly (Toka et al.
1998). Schuster et al (Schuster et al. 1996) undertook a linkage analysis
study in a Turkish kindred localising the responsible gene to chromosome
12p in a region defined by markers D12S364 and D12S87. Bahring et al
(Bahring et al. 1997) studied a Japanese child with type E brachydactyly
and hypertension finding a “de novo” chromosomal deletion at 12p11.2-
pl2.2 that overlapped the segment to which the hypertension and
brachydactyly gene had been mapped. This allowed the region of interest to
be narrowed down to a 4 million base-pair segment, which is, however, still

too large for positional cloning of the gene.

A putative mechanism explaining hypertension in these families has been
proposed by Bahring et al (Bahring et al. 1997), involving the posterior
inferior cerebellar artery at the ventrolateral medulla. Magnetic resonance
imaging of the posterior fosa showed a tortuous, looping vessel, and this
structure might cause neurovascular compression responsible for the

hypertension.
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1.2.1.6 CONGENITAL ADRENAL HYPERPLASIA DUE TO 11-BETA-

HYDROXYLASE DEFICIENCY OR ADRENAL HYPERPLASIA IV.

Eberlein and Bongiovanni (Bongiovanni et al. 1967) first described this
disease. The enzyme 11-B-hydroxylase (encoded by the CYP11B1 gene)
catalyses the hydroxylation of 11-deoxycortisol to cortisol in the
glucocorticoid pathway. The block of the 11 carbon results in the
accumulation of 11-deoxycortisol and deoxycorticosterone, the latter being
a potent salt-retaining hormone that causes hypertension rather than salt loss
(Mormnet et al. 1989). The CYP11B1 gene has been mapped to 8q 21 (Chua
et al. 1987) and a number of different mutations have been found. The
more characteristic is a missense mutation (ARG448HIS) found in Jewish

subjects of Moroccan origin (White et al. 1991).

1.2.1.7 CONGENITAL ADRENAL HYPERPLASIA DUE TO 17-ALPHA-

HYDROXYLASE DEFICIENCY OR ADRENAL HYPERPLASIA V.

The pathology is produced by mutations in the 17-alpha-hydroxylase gene
or CYP17. The 17-alpha-hydroxylase enzyme catalyses both 17-alpha-
hydroxylation of pregnenolone and progesterone and 17, 20-lysis of 17-
alpha-hydroxypregnenolone and 17-alpha-hydroxyprogesterone. The
accumulation of corticosterone and deoxycorticosterone results in both

hypertension and alkalosis.
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A 4-base duplication in exon 8 of the CYP17 was discovered by Kagimoto
et al (Kagimoto et al. 1988) which produces a protein with an altered C-
terminal amino acid sequence which resulted in loss of both enzymatic
activities. However, many other mutant allelic variants have been found to
yield a significant reduction in the activity of the enzyme (Yanase et al.

1989; Lin et al. 1991; Miura et al. 1996).

1.2.1.8 MENDELIAN FORMS OF HYPOTENSION.

The identification of mutations causing recessive forms of severe
hypotension could have implications in the wider population; heterozygous
carriers of these mutations could be protected from development of
hypertension. Hypotension in these rare syndromes is due to the alteration
of the renal sodium-handling mechanisms. This is a powerful argument for
the further dissection of these pathways, both to investigate how far
protective alleles mitigate against the development of hypertension in the
wider population and to consider the possibilities of therapeutic intervention

at this end of the spectrum of human blood pressure variation.

1.2.1.8.1 Autosomal dominant pseudohypoaldosteronism type I (ADPHAL).

ADPHAL1 syndrome is characterised by neonatal renal salt wasting with

hyperkalaemic acidosis, high levels of aldosterone in plasma, and clinical

improvement with age (Chang et al. 1996). Patients with the disease do not

have mutations in the epithelial sodium channel. Geller et al (Geller et al.
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1998) found 4 different mutations in the mineralocorticoid receptor gene
(MLR) in these patients with sequence analysis revealing two variants
introducing frameshift mutations resulting in a gene product lacking the
entire DNA binding and hormone binding domains, as well as the

dimerisation motif.

1.2.1.8.2 Autosomal recessive pseudoaldosteronism type I (ARPHAL).

This pathology is distinguished by life-threatening dehydration and
hyperkalaemia in the neonatal period, marked hypotension, salt wasting,
metabolic acidosis, and high aldosterone levels and plasma renin activity.
Chang et al (Chang et al. 1996) performed a genetic analysis of affected
sibs demonstrating linkage of the disease to segments of chromosomes 12 or
16, with each segment containing genes encoding different subunits of the
epithelial sodium channel. The same channel is mutated in Liddle’s
syndrome, however in ARPHA1 the mutations result in loss of function of
the epithelial sodium channel. The mutations found in ARPHA1 have been
located in the o- and B- subunit introducing frameshift, premature

termination or missense mutations (Chang et al. 1996).

1.2.1.8.3 Gitelman’s syndrome.

Gitelman’s syndrome is an autosomal recessive disorder characterised by

hypokalemic alkalosis, salt wasting, hypotension, hypomagnesemia and

hypocalciuria (Gitelman et al. 1966). There is a marked similarity between
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the clinical manifestations of this disease and the electrolyte abnormalities
induced by thiazides diuretics, which motivated a candidate gene approach
to detect the causal gene (Figure 1.4). Simon et al (Simon et al. 1996)
cloned the gene for the thiazide-sensitive Na'/Cl” co-transporter (NCCT) in
humans. They subsequently carried out a linkage analysis and found a very
high co-segregation of marker alleles within the NCCT gene with the
Gitelman’s syndrome phenotype. Seventeen different mutations were
recognised and mutant alleles have been shown to result in loss of normal
NCCT function, leading to defective sodium and chloride reabsorption in
the distal convoluted tubule. This defect is expected to result in NaCl
wasting, hypovolaemia, low blood pressure and metabolic acidosis, with a
subsequent elevation of renin and aldosterone levels. The -elevated
aldosterone levels produce increased electrogenic sodium reabsorption via
the epithelial sodium channel in the cortical collecting tubule. The voltage
strongly favours potassium and hydrogen excretion down the
electrochemical gradient at this site, thereby inducing hypokalemia and

metabolic alkalosis (Simon and Lifton, 1998).

1.2.1.8.4 Bartter’s syndrome.

Bartter’s syndrome is an autosomal recessive disorder that has the same

features as Gitelman’s apart from hypercalciuria, and normomagnesemia

(Bettinelli ez al. 1992). Three different channels have been found to be

altered and produce identical Bartter’s phenotype.
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Figure 1.4. Schematic representation of representative cells from 2 different
nephron segments and the channels involved in the development of
Gitelman’s and Bartter’s syndrome. DCT, distal convoluted tubule; TAL,
thick ascending limb. Modified from Simon and Lifton (Simon and Lifton,

1998).
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Bartter’s syndrome type I is produced when mutations in the NKCC2
(encoding for the Na'/K'/2Cl" co-transporter of the thick ascending limb)
occur and result in loss of function of the channel. This markedly reduces
NaCl reabsorption in the thick ascending limb, thereby producing salt
wasting, hypovolaemia, low blood pressure, and activation of the renin-
angiotensin-aldosterone system. Normal function of the Na'/K'/2Cl" co-
transporter is required to generate the lumen positive transepithelial voltage
in the thick ascending limb which drives calcium reabsorption into the
bloodstream. Therefore, loss of the channel function will produce severe

hypercalciuria (Simon ef al. 1996).

Simon et al (Simon et al. 1996) provided evidence of genetic heterogenity
in Bartter’s syndrome patients, finding that mutations in the apical ATP-
sensitive K channel (ROMK) can produce identical Bartter’s phenotype
(Bartter’s syndrome type II). The ROMK channel is a channel which
recycles potassium back into the lumen of the thick ascending limb and is

critical for continued co-transporter activity.

The same group (Simon ef al. 1997) found that mutations in the CLCNKB
gene can cause Bartter’s syndrome type III. CLCNKB has been proposed to
mediate chloride reabsorption across the basolateral membrane of renal
tubular cell into the bloodstream (Figure 1.4). Patients with mutations in the
CLCNKB do not have nephrocalcinosis. This clearly distinguishing this
group from those with type I and type II syndrome. The loss in function of

the CLCNKB channel results in increased intracellular Cl° that inhibits
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further CI" entry via the apical Na'/K'/2CI" co-transporter, reproducing the

Bartter’s syndrome.

1.2.2 GENETIC STUDIES IN HUMAN ESSENTIAL HYPERTENSION.

Genetic studies of human essential hypertension were initially performed
using the candidate gene strategy. However, enough genomic resources
have now become available to progress to total genome-wide scanning

methods (Koike and Jacob, 1998).

The candidate gene approach focuses on a single gene of interest, and the
main assumption is that the hypertensive disease is caused by altered
expression or structure of a gene product which in turn is reflected by
changes in the gene sequence. These studies are used when the
pathophysiology of a trait is at least partly understood and a number of
genes are suggested as mutations within them that could result in the trait of
interest (Khoury and Wagener, 1995). The extensive study of the
physiology of blood pressure regulation has identified many systems that
affect its regulation suggesting a number of candidate genes. For example,
genes encoding enzymes and peptides of the renin-angiotensin system, the
adrenergic nervous system, genes involved in sodium homeostasis,
intracellular calcium regulation, and those involved in lipid metabolism. An
additional source of candidate genes comes from genetic studies of animal
hypertension identifying novel genes or chromosomal regions (Lifton and

Jeunemaitre, 1993).
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The candidate gene strategy works well for Mendelian diseases. However,
the genetic background of essential hypertension is both polygenic and
heterogeneous and is likely to involve epistatic (gene-gene) and ecogenetic
(gene-environment) interactions with incomplete penetrance as well as the
confounding phenomenon of a pronounced sexual dimorphism. It follows
that, with current technology, the candidate gene strategy is not an efficient
way to study hypertension owing to the hundreds or thousands of
combinations of candidate genes within the population (Karet and Lifton,
1997). An additional limitation of the candidate gene approach is that the
candidates are selected from a pool of previously identified genes, which
represent a small portion of the estimated total. This number in the human
genome has been estimated to be between 30,000 to 120,000 (Ewing and
Green, 2000; Roest et al. 2000; Liang et al. 2000), and if the essential
hypertension causative genes are, as is likely, among the unknown majority,
it will be nearly impossible to find them using this strategy (Dominiczak
and Lindpaintner 1994). Moreover, the reproducibility is poor between
different populations, and different outcomes have been obtained depending
on whether a linkage study or an association study was used for the analysis

(Table 1.3.) (Kunz et al. 1997; Brand et al. 1998).

A genome-wide scanning strategy was first proposed by Lander and
Botstein (Lander and Botstein, 1986). It has since become a strategy of
choice as the numbers of genetic markers have increased, and quantitative
trait loci in animal models have been studied successfully. In this strategy, a

complete genetic linkage map has to be available, and the total genome can
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then be scanned simultaneously to find genetic markers that cosegregate
with the blood pressure phenotype (Falconer, 1989). The advantage of this
approach is that the region containing the gene responsible for hypertension
could be mapped without any "a priori"” knowledge and with the potential to
identify novel genes. However, identification of the chromosomal location
is only the first step towards the discovery of the causal gene, and so far this
strategy has only been applied successfully in three studies designed to find
QTLs for blood pressure regulation (Krushkal ez al. 1999; Xu et al. 1999;

Hsueh et al. 2000).

There are three widely used genetic epidemiological approaches for
localising hypertension susceptibility genes in the population: linkage
analysis (pedigree analysis), allele-sharing analysis (affected sib-pairs
study), and association analysis (case control study) (Lander and Schork,
1994). Classical linkage analysis involves proposing a model to explain the
inheritance pattern or phenotypes and genotypes observed in a pedigree
(Risch, 1990). This parametric analysis is ideal for Mendelian disorders, but
in essential hypertension heterogeneity, incomplete penetrance (individuals
with the susceptibility gene but without hypertension), and phenocopy
(individuals with hypertension but not the susceptibility gene), make this

model more complicated and less powerful (Lander and Schork, 1994).

To address the limitations of classical linkage analysis, non-parametric

allele-sharing methods have been developed (O'Connor et al. 1996).

Information regarding the mode of inheritance and penetrance of the disease

47



is not required and the analysis is based on detecting a significant increase
in sharing of alleles between affected relatives at the loci apparently
involved with the disease. This method is less powerful than a correctly
specified linkage model, as the relatively late onset of hypertension leads to

a shortage of sib and parent-offspring pairs (Risch and Merikangas, 1996).

Association studies are the most commonly used strategy for genetic
analysis. These are based on a comparison of unrelated affected and
unaffected individuals from a given population, and test whether a particular
allele is observed at a higher frequency in affected individuals (Lander and
Schork, 1994). Association studies give a positive result if alleles chosen for
genotyping are the cause of the disease, or if these alleles lie very close to
the susceptibility gene (are in linkage disequilibrium with it). However,
positive associations can be observed even in the absence of linkage
disequilibrium because of undetected heterogeneity in the population, when
population subgroups differ systematically both in alleles frequencies and in
disease incidence. For example, the presence of an association can arise as
an artefact when any trait is present at a higher frequency in a subgroup and
the allele studied also happens to be more common in this group (Mitchell et

al. 1997).

Multiple candidate genes have been studied thus far (Table 1.3) and a few
judged to be most relevant will be described in more detail (Section 1.2.2.1).
It is important to consider the phenotype used in studies of candidates genes

in essential hypertension. Most of the patients studied could be receiving
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treatment and their pre-treatment blood pressure might be unknown. In
addition, many variables that may affect blood pressure should be taken into
account. These include the age and sex of the patient, age at the time of
diagnosis, presence or absence of a documented family history of
hypertension, and environmental factors (smoking, obesity, alcohol
consumption, oestrogen treatment, etc.). Better clinical and biochemical
description of hypertensive populations would allow studies to be performed
on more homogeneous populations and thereby increase their statistical

power (Corvol et al. 1999).

1.2.2.1 ANGIOTENSINOGEN (AGT).

Human angiotensinogen (AGT) is a glycoprotein which is cleaved in its N-
terminal part by renin to generate the inactive decapeptide angiotensin I,
angiotensin I is then cleaved by the angiotensin-converting enzyme (ACE)
producing the active hormone angiotensin II which has vasoconstrictor
properties among others. Plasma-AGT concentration is approximately 1,000
fold higher than renin, and in addition AGT limits the amount of angiotensin
I generated because its plasma concentration is not far from the Km of
renin. AGT is mainly synthesised and present in the liver but also in other
tissues such as the brain, large arteries, kidneys, and adipocytes. Therefore,
modest changes in AGT could play a major role in controlling blood
pressure through the generation of angiotensin I and angiotensin II (Corvol

and Jeunemaitre, 1997).
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The role of AGT in human hypertension was first suspected from an
epidemiological study, in which a strong correlation was found between
plasma AGT concentration and blood pressure (Walker et al. 1979), and
from another study where the offspring of hypertensive patients had
elevated plasma AGT levels (Fasola et al. 1966). Positive linkage has been
found between the AGT locus and human hypertension in different studies
(Jeunemaitre et al. 1992; Caulfield et al. 1994; Caulfield et al. 1995) when
a highly polymorphic AGT microsatellite marker located in the 3’ region of
the gene was used for the screening. Mutations were found, and the most
commonly occurring one, the M235T (or 235T variant) was linked to
hypertension (Jeunemaitre et al. 1992; Jeunemaitre et al. 1993; Schmidt et
al. 1995). Subjects carrying the 235T variant of the AGT gene have a 20%
increase in plasma levels of AGT (Jeunemaitre et al. 1993). Moreover,
Kimura et al (Kimura et al. 1992) generated transgenic mice over
expressing the rat AGT gene and this resulted in hypertension. Kim et al
(Smithies and Kim, 1994; Kim ef al. 1995) used targeted gene disruption
and duplication to generate mice having one, two or four copies of the
mouse agt gene. Blood pressure and plasma AGT concentrations increased

progressively, according to the agt copy number.

Despite all this evidence, no linkage has been found between the AGT locus
and hypertension in others studies (Atwood et al. 1997; Brand et al. 1998;
Niu et al. 1998). A recently published meta-analysis (Staessen ez al. 1999)
found, pooling all the available data, a weak but significant association

between the 235T variant and hypertension. The association found in this
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meta-analysis increased modestly when positive family history of
hypertension and severity of hypertension were considered together. Finally,
a guanine for adenosine substitution at position —6 upstream of the initial
transcription of the AGT gene was found to be in linkage disequilibrium
with the 235T variant. Moreover, this substitution caused an increased basal
rate of AGT transcription when the promoter activity was evaluated in vitro

(Jeunemaitre ef al. 1997; Inoue et al. 1997).

1.2.2.2 ANGIOTENSIN I CONVERTING ENZYME (ACE).

The ACE gene is an interesting candidate for the regulation of blood
pressure because it plays a key role in the generation of angiotensin II and
inactivation of bradykinin. It has been shown that the insertion/deletion
(I/D) polymorphism within the ACE gene can modulate plasma ACE levels
(Jeunemaitre ef al. 1992). This I/D polymorphism has been used in several
association studies in humans with conflicting results as illustrated in Table
1.3 (Schmidt et al. 1993; Summers et al. 1993; Morris et al. 1994,

Maguchi et al. 1996; Frossard et al. 1997).

It is interesting that in 5 different rat crosses BP QTLs on rat chromosome
10 have been identified containing the angiotensin I converting enzyme
locus (Table 1.6). Moreover, this region has been transferred in congenic
strains displaying important changes in blood pressure (Dukhanina et al.
1997). This region on rat chromosome 10 has been found to be homologous

to human chromosome 17 using homology mapping between species. Two
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studies looked at areas in the human genome homologous to BP QTLs
detected on rat chromosome 10. These studies, performed with a number of
highly informative microsatellite markers on chromosome 17, found
evidence of linkage with a region 18 cM from the ACE locus (Julier et al.
1997; Baima et al. 1999). This region on 17q has also been linked to
Gordon’s syndrome. Therefore, it is possible that the human chromosome

17 carries more than one blood pressure locus.

1.2.2.3 a-ADDUCIN.

Adducin is an o/f heterodimer protein thought to regulate cell-signal
transduction through changes in the actin cytoskeleton regulating the tubular
absorption of ions (Hughes and Bennett, 1995). By cross-immunisation
Salardi et al (Salardi et al. 1989) found differences in the adducin proteins
between Milan hypertensive and normotensive strains, and point mutations
in the o and B adducin subunits account for up to 50% of the difference in

blood pressure between these two strains (Bianchi et al. 1994).

Cusi et al (Cusi et al. 1997) found significant linkage between mutated o-
adducin and essential hypertension in two different populations. Moreover,
a Gly460Trp mutation was found to be more frequent in hypertensive
patients with increased sensitivity to changes in sodium balance, suggesting
that this polymorphism may identify hypertensive patients who will benefit
from diuretic treatment. In a recent paper Manunta et a/ (Manunta et al.

1999) tested the proximal renal tubular function by the fractional excretion
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of lithium in patients carrying the 460Trp variant and found increased
sodium reabsorption as compared to those with the wild type a-adducin.
More recently, lack of association between the a-adducin mutation and
hypertension has been reported in the Japanese and Australian populations
(Kato et al. 1998; Ishikawa et al. 1998; Alam et al. 2000; Ranade et al.
2000). However, Barlassina et al (Barlassina et al. 2000) found positive
association of the a-adducin gene in black South Africans, reminding us of
the important role of ethnic variation in the nature of genetic susceptibility

loci (Cusi et al. 1997).

1.3 EXPERIMENTAL MODELS FOR THE STUDY OF

HYPERTENSIVE CARDIOVASCULAR DISEASE.

Historically, one of the first attempts to develop an animal model for
hypertension research was that of Tigerstedt and Bergman (Tigerstedt and
Bergman, 1898) when the injection of a kidney extract into the blood of
dogs produced an increase in blood pressure. This experiment led to
generation of several models of experimental hypertension in which some
kind of lesion was induced in the vasculature, kidney, or other organs of
otherwise healthy animals. This resulted in a hypertensive state that could
resemble the hypertensive disease in humans. Harry Goldblatt developed the
most classical model, which is based on clipping the renal artery of a dog to
produce secondary hypertension (Goldblatt et al. 1934). Although these
experimentally induced models of hypertension provided insight into the

regulation of blood pressure, they were not always consistent with respect to
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producing equivalent levels of hypertension. However, animal models, and
in particular the rat, offer several advantages for genetic research. Their low
cost, easy handling and breeding, access to sophisticated physiological
measurements, short generation time, and large litters all help to remove
some of the complexity inherent in studying human subjects and families
(Lovenberg, 1987). Many aetiologies of human hypertension (primary or
secondary) can be mimicked in rat models and these have been developed to
investigate further different aetiologies known or suspected to occur in

human hypertension (Figure 1.5).

Genetic hypertensive animal models were developed to provide reliable and
reproducible forms of high blood pressure. The creation of inbred,
genetically homogeneous hypertensive stains from outbred colonies by
selective breeding of animals showing elevated blood pressure avoids the
confusing heterogeneity of the human disease (Dominiczak and
Lindpaintner, 1994). To establish a hypertensive inbred rat colony, the
strategy most commonly used has been to measure blood pressure in a large
number of outbred animals and then selectively breed those animals having
the highest blood pressure. In each successive generation the offspring with
the highest blood pressure are then brother-sister mated to fix the strain.
After 20 generations of brother-sister mating the offspring should be
homogeneous at more than 99% of loci and therefore all animals within the
strain are nearly isogenic. In the inbred hypertensive rat strains the variance

of blood pressure of the selected lines is lower than in the starting
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Rat models of hypertension

Aetiology of hypertension

— T

Secondary H Il Primary
Renal Endocrine Genetic Environmental
2K1C Doca-salt Inbred strains Stress model

Transgenic models

Figure 1.5. Simplified version of rat models of hypertension grouped
according to their aetiology. 2KIC, 2-kidneys 1-clip or Goldblatt-
hypertension model where one of the renal arteries is clipped to produce an
increase in blood pressure; DOCA-salt, deoxycorticosterone in combination
with a high salt diet is given to these animals to raise blood pressure.

Modified from Pinto et al (Pinto et al. 1998).
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population, since repeated selective breeding concentrates the hypertensive

alleles in one strain in the homozygous state (Rapp, 1983).

Each of the rat strains selectively bred for blood pressure (Table 1.4) has
unique pathophysiological features linked to the development of the disease.
These features are similar to the hypertension-related phenotypes such as
left ventricular hypertrophy, stroke, renal failure, salt sensitivity, and stress-
induced hypertension (Williams et al. 1996) found in subgroups of

hypertensive patients but not consistently present in all individuals.

For many years these rats have been used for comparative studies
contrasting them with their control strain constructed from the same outbred
stock but selecting against hypertension (Lovenberg, 1987). In these studies,
differences at any level (biochemical, anatomical, physiological, etc.)
between the two strains were wrongly considered to be a causal factor for
hypertension (Dominiczak and Lindpaintner, 1994). Moreover, most of this
work is difficult to analyse given the confounding presence of many
differences unrelated to blood pressure between the two strains compared
(genetic drift) and the innate inability of association studies that use
intermediate phenotypes (rather than direct genetic information) to

determine casuality (Rapp, 1983).

There is little genetic diversity in the different hypertensive strains. Some of

them have been derived from Sprague-Dawley stocks and some from
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Wistar-related stocks, but both Sprague-Dawley and Wistar rats have a
common origin (Lindsey, 1979). This low genetic diversity is important in
terms of genetic tools that can be applied for a more refined dissection of

high blood pressure in the rat (Dietrich et al. 1996).

1.3.1 THE STROKE-PRONE SPONTANEOUSLY HYPERTENSIVE RAT

(SHRSP).

Forty years ago, Okamoto and Aoki (Okamoto and Aoki, 1963) examined
the blood pressure of several hundreds of rats from the Wistar colony of the
animal centre at Kyoto University. The blood pressure in these Wistar rats
averaged 120 to 140 mmHg measured with tail plethysmography, but one of
the male rats examined exhibited blood pressures of 145 to 175 mmHg. This
male was mated with a female rat with blood pressures of 130 to 140 mmHg
four times, and the offspring of this mating exhibiting hypertension for over
1 month were used for further brother-sister matings. Successive
generations of hypertensive animals were obtained by brother-sister matings
of animals selected for higher blood pressure. The mean blood pressure of
the succeeding generations increased rapidly, with a plateau being
approached at the sixth generation (F6). This procedure was continued until
a colony of rats was produced with blood pressure uniformly higher than
180 mmHg by 20 weeks of age. These animals were called spontaneously
hypertensive rats (SHR) and the inbred strain was obtained in 1969 after
successive brother-sister matings (Okamoto and Aoki, 1963). The typical

hypertensive lesions often associated with human essential hypertension
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such as cardiac hypertrophy, cardiac failure, renal dysfunction, and
depressed endothelium dependent relaxations were frequently observed in
these rats suggesting that they might be good models for the human disease

(Pinto et al. 1998).

Before full inbreeding was reached, a substrain of SHR with exceptionally
high blood pressure was found to be more susceptible to stroke than other
SHR substrains when the SHR strain was separated into three groups in
1971. The incidence of spontaneous stroke was different in the three groups,
being high in substrain A (80%) and low in B and C (50%) despite almost
identical blood pressure. Speculations regarding the existence of
independent genetic factors in the pathogenesis of stroke led to the animals
from substrain A being selected and bred. Okamoto et al (Okamoto et al.
1974) selected and maintained the offspring only from the SHR which died
of stroke, resulting in the production of the stroke-prone spontaneously
hypertensive rats or SHRSP. The SHRSP is characterised by an early onset
of hypertension and by 20 weeks of age adult males have systolic blood
pressures of 230 mmHg or higher. Moreover, 80% of the animals have a
stroke by 9 to 13 months of age (Okamoto et al. 1974), with
cerebrovascular lesions localised in the anteromedial and occipital cortex
and the basal ganglia (Shibota et al. 1976). The SHRSP strain is also

characterised by salt sensitivity (Yamori ef al. 1981).

The SHRSP develops many features of the hypertensive cardiovascular

disease seen in humans, such as cardiac hypertrophy, cardiac failure, renal
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dysfunction, sexual dimorphism in blood pressure and fibrinoid necrosis of
intracerebral arteries (Yamori et al. 1979; Conrad et al. 1991), although
macroscopic atherosclerosis or vascular thrombosis is not developed
(Frohlich, 1986). Interestingly, the most common location for
cerebrovascular lesions in the SHRSP is the cortical region (69.8%), the
next highest being the basal ganglia (24.5%); these percentages are very

similar in human stroke (Yamori et al. 1976).

The SHR and SHRSP were of significant interest to cardiovascular research
and in 1960s they and their control reference strain WKY were sent to the
National Institutes of Health in the United States, before some of the strains
were fully inbred. This brought the major problem of genetic heterogeneity
between colonies of SHRSP, SHR and WKY from commercial suppliers in
the United States and the colonies originating directly from Japan (Kurtz
and Morris, 1987; Kurtz et al. 1989; Samani ef al. 1989; Matsumoto et al.
1991). This problem does not affect the utility of these animal models, but it
is difficult to compare experimental results obtained in different laboratories

due to the lack of standardisation (St.Lezin et al. 1993).

To conclude, the SHRSP exemplified a good animal model of human
hypertensive and cerebrovascular disease with which to commence the
exploration of the specific genetic determinants of hypertension and stroke,

their interaction, and the impact of environmental factors.
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1.3.1.1 BLOOD PRESSURE PHENOTYPE IN THE SHRSP.

There are a variety of methods to measure blood pressure in the rat that
differ in the degree of restraint that is applied. Great effort has been made to
provide error free, high fidelity and continuous blood pressure recordings.
Stressful methods that induce increases in blood pressure (additional to the
genetic hypertensive background) could lead to different results because not
only would genes involved in the spontaneous hypertension be detected, but
also those stress-induced hypertensive genes (Kurtz et al. 1994). It follows
that an ideal phenotypic method to show small genetic components altering
blood pressure should be able to give coverage of the blood pressure
continuously (be able to show diurnal variations in blood pressure), should

provide total freedom for the animal, and eliminate human contact.

1.3.1.1.1 Animal restraint.

There are two main types of animal restraint: chemical and physical.
Chemical restraint refers to the use of anaesthesia for acute studies of blood
pressure lasting no more than a few hours. However, anaesthesia itself
produces physiological changes that can affect blood pressure recording
such as increased cardiac output, reduced arterial pressure, modifications to
total peripheral resistance, and modifications to blood flow to the brain,
gastrointestinal tract, myocardial muscle, and liver (Smith and Hutchins,

1980; Seyde et al. 1985).
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Physical restraint is used in both acute studies lasting only a few hours and
in long-term studies that require intermittent monitoring over the course of
years. Restraint itself affects the physiological behaviour of the animals, and
as a consequence measurement error and variability are introduced to the
data. Diurnal variation can be studied using this procedure, however it is
very labour intensive and expensive. Immobilisation stress is one of the
best-documented problems associated with physical restraint producing an
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