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1. Introduction markedly increases with age [1] yet most models of
hypertension and heart failure only use young adult rats.

Animals have been used by humans for centuries to Animal models of ageing have been recently reviewed [2].
understand their own biology. In cardiovascular research, Thirdly, the development of atherosclerosis is very unusual
animal models have allowed the study of cardiovascular in most strains of rats, even in the presence of sustained
disease in the early stages, as well as the investigation of high blood lipid levels, in contrast to humans where
the mechanisms of the pathogenesis of cardiovascular atherosclerosis is common and an important risk factor in
disease and the effects of drug intervention. The aim of hypertension and heart failure.
these studies is to provide clear concepts for selected Although this review discusses almost exclusively ex-
investigations in humans. An ideal animal model for any periments in living animals, such studies are not appro-
cardiovascular disease in humans should have five charac- priate for all investigations of the cardiovascular system.
teristics: (i) mimic the human disease, (ii) allow studies in Cell dispersion from adult hearts and the culture of
chronic, stable disease, (iii) produce symptoms which are neonatal or adult cardiac fibroblasts or neonatal car-
predictable and controllable, (iv) satisfy economical, tech- diomyocytes have replaced some animal studies since
nical and animal welfare considerations, and (v) allow these allow studies of a single cell type in the absence of
measurement of relevant cardiac, biochemical and haemo- homeostatic mechanisms over a wider range of experimen-
dynamic parameters. tal conditions than easily obtained in vivo. However, while

The use of rats as animal models is rational from the these studies have allowed characterisation of cell prop-
economic viewpoint and many techniques have been erties, they cannot reproduce the working heart muscle.
developed to measure relevant functional parameters. The use of animal models may be limited by ethical
However, there is often insufficient consideration as to concerns and legislation, as a reaction to the diametrically
whether the other criteria, especially the mimicry of human opposed opinions within the community on the necessity
disease, are satisfied with the choice of rat models of for the use of animals in research [3]. Some rats will
cardiovascular disease. Three examples illustrate the prob- develop severe illness and death due to the procedures
lems. Firstly, cardiovascular diseases such as hypertension described in this review; this is inevitable if these rats are
and heart failure in humans are usually slowly developing valid models of human diseases with high morbidity and
with wide-ranging neurohumoral adaptations in contrast to mortality. This review aims to present the commonly used
the acute onset of symptoms in many surgical or drug- and some recently introduced rat models of hypertension,
induced rat models of these important diseases. Secondly, cardiac hypertrophy and heart failure to allow rational
cardiovascular disease is uncommon in young humans but discussion of the advantages and disadvantages of each

model.
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2. Hypertension Long-term hypertensives often have other cardiovascular
risk factors including elevated cholesterol levels, reduced

Human hypertension is usually a slowly-developing high-density lipoproteins, diabetes, left ventricular hyper-
disorder of middle to old age which predisposes to the trophy and obesity [2]. Untreated hypertensives present
cardiovascular disorders that cause most of the morbidity acutely with stroke, coronary artery disease leading to
and mortality in the elderly [2]. The incidence and myocardial infarction or acute renal failure. Most patients
sequelae of hypertension vary markedly by patient sub- have essential hypertension, where no cause can be
group, particularly by gender and race [4]. The prevalence determined, which leads to many abnormalities in the
of hypertension is higher in men than age-matched pre- physiological regulatory systems for blood pressure includ-
menopausal women, but similar for 70-year-old men and ing neurotransmitters and humoral factors with abnor-
postmenopausal women [4]. Physiological levels of oes- malities of the cardiac and vascular smooth muscle and
trogen exert a cardioprotective effect, with postmenopausal endothelium. It is often unclear which of these changes are
women being two to three times less likely to develop causative and which are secondary to the hypertension [6].
heart disease if receiving oestrogen replacement therapy These are the characteristics of human hypertension which
[5]. rat models should mimic. Many studies have been under-

Human hypertension is probably triggered by environ- taken using rat models of hypertension and heart failure
mental influences such as increased salt intake, obesity and since an earlier comprehensive review [8]. Our review of
lack of exercise acting on a genetic predisposition [6]. The hypertension is mainly of the rat models of systemic
specific genes responsible for hypertension have not been hypertension, but some consideration of renal and pulmon-
identified but epidemiological, family and twin studies ary hypertension is inevitable (Table 1). Excessive vas-
suggest that a substantial portion of the phenotypic vari- oconstriction, commonly involving the endogenous pep-
ation in blood pressure is genetically determined [7]. tides, angiotensin II and endothelin, or deficient vasodilat-

Table 1
Some rat models of hypertension, cardiac hypertrophy and failure

Syndrome Model

Hypertension
Systemic Spontaneously Hypertensive Rats (SHRs)

Stroke-prone SHR (SHR-SP)
Mineralocorticoids (DOCA–salt)
NO synthase inhibition (L-NAME administration)
Transgenics (TGR(mREN2)27 rats)
Diabetic hypertensive rats (STZ-SHR, Zucker)

Renal Renal artery occlusion (1K1C, 2K1C)

Pulmonary Monocrotaline
Hypoxia (normobaric, hypobaric)

Hypertrophy
Spontaneously Hypertensive Rats (SHRs)
Renal artery occlusion
Pressure loading (aortic banding)
Catecholamines (noradrenaline, isoprenaline)
Transgenics

Heart failure
Systemic hypertension Spontaneously Hypertensive Rats (SHRs-F)

Hypertensive HF prone rats
Dahl /Rapp salt-sensitive rats

Ischaemic heart failure Non-occlusive coronary ligation

Myocardial infarction Coronary ligation
Microembolization of coronary vessels

Cardiomyopathy Toxins (adriamycin, ethanol)

Myocarditis Autoimmune
Chagas’ disease

Pulmonary hypertension Monocrotaline
Hypoxia

Miscellaneous Aortacaval fistula (shunts)
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ation, often involving nitric oxide (NO), are common pathophysiological basis for the observed linkages remain
mechanisms in hypertension, whether defined as systemic, largely unknown. Another advantage of the SHR is that it
pulmonary or renal. follows the same progression of hypertension as human

hypertension with pre-hypertensive, developing and sus-
2.1. Systemic hypertension tained hypertensive phases with each phase lasting at least

several weeks [22]. However the SHR differs from human
2.1.1. Spontaneously hypertensive and stroke-prone rats hypertension in that SHRs reproducibly develop hyperten-
(SHRs and SHR-SP) sion in young adulthood rather than in middle age as in

The most commonly used model of cardiovascular humans. Because SHRs have a pre-hypertensive state, they
disease, with over 4000 Medline references in the last 10 have the important potential to be used in studies of the
years, is the Spontaneously Hypertensive rat (SHR) often cause and development of hypertension. It is somewhat
with the Wistar Kyoto rat (WKY) as the normotensive surprising that SHRs are rarely used for such studies. The
control. SHRs are descendants of an outbred Wistar male SHR model is also suitable for gender studies in hyperten-
with spontaneous hypertension from a colony in Kyoto, sion but only a few recent studies have considered gender
Japan, mating with a female with an elevated blood differences in SHR responses [23,24]. In addition, the
pressure, and then brother3sister mating continued with normal life spans of normotensive and SHRs are comfor-
selection for spontaneous hypertension, defined as a tably short, 2.5–3 years and 1.5–2.5 years, respectively, to
systolic blood pressure of over 150 mm Hg persisting for make it relatively easy to follow ‘cradle to grave’ [25].
more than one month [9]. From 1968, this inbred strain of The WKY controls were established later, in 1971, as a
SHRs was further developed in the USA (reviewed in normotensive control strain by the National Institutes of
[10]). The various colonies of SHR are pre-hypertensive Health (USA) as an inbreed of the Wistar Kyoto colony via
for the first 6–8 weeks of their lives with systolic blood brother3sister mating [10]. The degree of genetic differ-
pressures around 100–120 mmHg [11], and then hyperten- ence between the SHR and WKY strains and within
sion develops over the next 12–14 weeks [12]. As in different colonies of each strain is substantial and compar-
humans, hypertension develops more rapidly and becomes able to the maximum divergence possible between unre-
more severe in male than female SHR [13]. In vivo studies lated humans [26,27] and thus unlikely to be related solely
have shown that, in the early stages of hypertension, SHRs to hypertension. Differences between SHRs and Wistar
have an increased cardiac output with normal total normotensive rats other than WKY may be more likely to
peripheral resistance. As the SHR progresses into the be hypertension-related than differences between SHR and
established hypertension state, the cardiac output returns to WKY because the SHRs were derived from the WKY,
normal and the hypertrophied blood vessels produce an hypertension may develop spontaneously in the WKY, and
increase in the total peripheral resistance [14]. the WKY may share some of the genes responsible for

The male SHR is commonly used as a model of hypertension with the SHR [28]. Significant
established human hypertension, for example to define pathophysiological or pharmacological differences between
hypertension-induced changes in signalling mechanisms SHR and normotensive rats may not be related to hy-
[15] and to test new antihypertensive medication, for pertension but rather represent differences between various
example felodipine [16]. Human hypertension is difficult colonies of normotensive rats [29].
to study as there is substantial individual variation in the The SHR is a useful model as compounds which lower
two triggering elements of hypertension, polygenetic dis- blood pressure in SHR also lower blood pressure in
position and excitatory environmental factors, leading to hypertensive humans. The SHR is a chronic stable model
many variations in the direct and indirect effects on the producing symptoms which are predictable and controll-
cardiovascular system that are difficult to differentiate. able and avoiding difficult or life-threatening technical
Researchers in hypertension have commonly resorted to interventions. Thus it is not surprising that SHRs have
the use of SHRs which have, within each colony, uniform been used extensively and successfully for 30 years to test
polygenetic disposition and excitatory factors which medicines for their effectiveness in lowering blood pres-
produce uniform changes in the indirect and direct effects sure, and to study the mechanisms of established hyperten-
on the cardiovascular system. This lack of inter-individual sion. The common criticism of the SHR model is that it
variation is one of the major advantages of the SHR [17] has been around for a long time yet we still know little
but it means that the SHR can only model one of many about the cause of the onset of hypertension. One reason is
possible causes of human hypertension. As the specific that the appropriate studies with prehypertensive rats have
genes responsible for developing hypertension have not not been done. Another reason is the difficulties in
been identified, one of the most valuable contributions of undertaking and interpreting the appropriate genetic map-
inbred genetic models is the mapping and identification of ping studies.
these genes [7]. Extensive investigations have identified Experience with other genetic hypertensive strains of
several quantitative trait loci for hypertension and diabetes rats has been limited by comparison with the SHR yet
[18–21], although the identity of the genes and the these strains may be useful in determining the genes
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involved both in hypertension and in associated risk factors more severe in male than female DOCA–salt rats [44].
such as an elevated fibrinogen; some examples are the DOCA–salt rats have no signs of congestive heart failure
New Zealand [30], Milan [31], Prague [32], Lyon [33] and at 6 weeks (hepatic or pulmonary congestion or effusion;
San Juan [34] hypertensive rats. [41]). Initially there was about a 20% mortality associated

with unilateral nephrectomy [41] but the mortality in our
2.1.2. Stroke-prone spontaneously hypertensive rat recent studies is around 1–2% within the first 4 weeks
(SHR-SP) after surgery (Brown, unpublished observations).

Hypertension is the major risk factor for stroke, a The DOCA–salt model shows a markedly depressed
cerebrovascular incident causing disability. Stroke in renin–angiotensin system and thus has been used in
humans is uncommon under age 40 but increases markedly hypertension research as an angiotensin-independent model
over age 65 with 65% due to atheroma and thrombosis, in the characterisation of new antihypertensive compounds
15% to haemorrhage and 15% to embolism [35]. The (for example, [45,46]). Mineralocorticoid overactivity,
SHR-SP strain was developed following separation of the especially hypersecretion of deoxycorticosterone, is rarely
SHR into three substrains, A, B and C, in 1971 with the A observed in humans [47] and is generally the result of a
strain having a higher incidence of cerebrovascular dis- genetic defect [48]. Although it may be more appropriate
ease, followed by selective mating of offspring with at to administer aldosterone since this is the major miner-
least one parent with spontaneous stroke [36]. The SHR- alocorticoid in humans, an aldosterone–salt model has
SP are hypertensive at 5 weeks and systolic blood pressure been less widely used than the DOCA–salt model although
rises to at least 250 mmHg in males, in contrast to it produces similar responses [47,49].
pressures of around 200 mmHg in SHR, with a positive Both the DOCA– and aldosterone–salt models rely on
correlation between the incidence of cerebral lesions and impairment of kidney capacity and salt loading to rapidly
blood pressure [36]. Salt-loading accelerates the develop- induce hypertension and hypertrophy. This is not a very
ment of hypertension and the occurrence of stroke [36,37]. realistic model for many human hypertensive patients: how
The initial signs of stroke are excitement, hyperirritability, many have hypersecretion of aldosterone, one kidney and
paroxysm, followed by behavioural and psychological eat huge amounts of salt to develop acute hypertension?
depression and motion disturbances, apathy, coma and These models progress quickly to severe hypertension and
death [36]. Consistent post-mortem findings are lesions in hypertrophy, and therefore are not suited for long-term
the cortex or subcortex of the frontal, medial and occipital studies in chronic, stable disease. The model is econ-
areas of the telencephalon with thromboses in the arterioles omical, with the technical requirements of this model
around the lesions [36]. Since these lesions are similar to being such that, with experience, there should be minimal
humans, SHR-SP have been used to investigate preventive mortality due to the procedures alone.
strategies for both stroke (for example, mibefradil [37] or
endothelin receptor blockade [38]) and cardiac hyper-
trophy due to severe hypertension [39]. However, SHR-SP 2.1.4. NO synthase inhibition
die in early to mid-adulthood (52–64 weeks [40] or around Nitric oxide (NO, endothelium-derived relaxing factor),
14–20 weeks old following salt-loading [37]), in contrast a paracrine vasodilator, has been implicated in regulating
to SHR (around 2 years), and WKY (around 3 years); thus vascular tone and myocardial contractility, and inhibiting
this model does not mimic the most common age of onset platelet aggregation, and therefore may be critical in the
of stroke in humans. Further, there is insufficient evidence development of hypertension and atherosclerosis [50].
that effective therapeutic regimes in the SHR-SP can be There are at least three forms of the NO synthase (NOS)
translated into effective prevention of stroke in humans. [51]; the cytokine-inducible NOS2 cosegregates with an
No studies were found which used the SHR-SP to investi- increased blood pressure in the Dahl salt-sensitive rat [52]
gate treatment regimens for stroke. but endothelial cell NOS3 seems uninvolved in human

essential hypertension [53]. NO synthesis can be blocked
v2.1.3. Mineralocorticoid hypertension by inhibitors such as L-NAME (N -nitro-L-arginine methyl

Salt retention is characteristic of human hypertension ester) and nitro-L-arginine. Chronic administration of L-
and can be achieved rapidly in uninephrectomised rats by NAME increased systolic blood pressure and heart weight
mineralocorticoid administration, for example by weekly and decreased renal function; the ACE inhibitor ramipril
subcutaneous injections of deoxycorticosterone acetate reversed all changes [54]. Chronic administration of L-
(DOCA), and salt loading as 1% NaCl in the drinking NAME to rats during gestation induces the development of
water [41–43]. Nephrectomised rats given deoxycortico- a pre-eclamptic syndrome similar to humans [55]. Since
sterone or NaCl alone do not show any major changes in the role of decreased NO production in human hyperten-
blood pressure, and it is only the combination of deoxy- sion is unclear, it is too early to decide whether NO
corticosterone and NaCl that produces a major increase in synthase inhibition is an appropriate model. However, this
blood pressure with increases in cardiac and renal weight model deserves more attention as it is technically easy and
[41]. Hypertension develops more quickly and becomes the procedure should have low mortality.
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2.1.5. Transgenic rats stimulation of the renin–angiotensin–aldosterone system in
Transgenic rats develop hypertension, hypertrophy and the absence of renal excretion or fluid loss. 2K2C hy-

heart failure, and are considered as models of hypertrophy pertension mimics bilateral renal artery stenosis in humans
in this review. while the clinical equivalent of the 1K1C model is unclear.

Renovascular hypertension occurs in humans due to
renal artery constriction, usually from atherosclerotic or

2.1.6. Diabetic hypertensive rats
fibromuscular dysplastic renal disease, since this lowering

Diabetes is an important risk factor in patients with
of renal perfusion pressure causes the kidney to over-

hypertension and heart disease; further, diabetics have a
produce renin and leads to a continual activation of the

high incidence of cardiovascular disease, especially hy-
renin–angiotensin–aldosterone system [69] similar to the

pertension, atherosclerotic coronary disease, car-
two-kidney, one-clip (2K1C) model of hypertension. In

diomyopathy and microvascular damage [56,57]. Rapid
contrast to 1K1C and 2K2C rats, 2K1C rats where the

injection of streptozotocin to adult rats produces many of
contralateral kidney remains untouched are a pressure

the characteristic cardiovascular and renal features of
overload model of hypertension as there is activation of the

humans with uncontrolled insulin-dependent diabetes [58],
renin–angiotensin–aldosterone system and vasoconstric-

even though these rats can survive without exogenous
tion in the presence of renal excretion and fluid loss. These

insulin for at least 12 weeks and are usually normotensive.
models of renovascular hypertension cause a sudden

Streptozotocin administration to SHR produces a model of
increase in blood pressure, unlike the slow onset of human

hypertensive insulin-dependent diabetic humans; these rats
hypertension with the development of homeostatic mecha-

show progressive cardiac deterioration [59] and have been
nisms.

used to measure responses of antihypertensive drugs on
In the rat, 2K1C hypertension is characterised by sharp

hypertrophy and vascular permeability [60]. Similar
increases in plasma renin activity due to the decreased

studies have been undertaken in the Cohen–Rosenthal
renal arterial pressure in the clipped kidney, and increased

diabetic hypertensive rat, a crossbreeding of the Cohen
circulating angiotensin II concentrations and blood pres-

diabetic and SHR [61]. Since at least 85% of diabetics are
sure within 2–4 weeks. Plasma renin activity and angioten-

non-insulin-dependent with many of these patients being
sin II levels return to near normal levels around 4 weeks

hypertensive and obese, models of non-insulin-dependent
with interstitial fibrosis now evident in the heart, especially

diabetic hypertension are more relevant. The genetically-
around the intramural coronary arteries. After several

determined obese Zucker rat [59,62,63] fulfils the criteria
months, a chronic phase develops characterised by ele-

as a relevant model of non-insulin-dependent diabetes [59]
vated plasma renin activity and perivascular and interstitial

with moderately elevated blood pressure, progressive
fibrosis of the myocardium [70]. These results are broadly

kidney damage [64] and hypercholesterolaemia. Lean, age-
consistent in rat and man [69]. 2K1C rats have been widely

matched littermates are the appropriate control for the
used as a high renin model of hypertension, for example in

obese Zucker rat. A newer genetic model of human non-
the evaluation of angiotensin receptor antagonists [71].

insulin-dependent diabetes is the Otsuka Long-Evans
The 2K1C procedure in rats is not uniformly successful;

Tokushima fatty rat which develops mild hypertension
for example, of 105 rats, 19 did not develop hypertension,

with typical cardiac and renal complications such as
27 developed malignant hypertension and 12 died; only 47

perivascular fibrosis and glomerulosclerosis [65]. Obesity
(45%) developed stable hypertension [72].

appears to be an independent risk factor for cardiovascular
Cardiac diseases remain the major cause of death in

disease [66]; the JCR:LA-cp rat is obese and develops
patients with end-stage renal failure. The reduced renal

atherosclerotic and myocardial lesions [67]. Further studies
mass model of chronic uraemia in rats, produced by 5/6

are essential to determine the specific cardiovascular
nephrectomy, is characterised by impaired cardiac function

changes caused by chronic obesity, diabetes and mild
after 28 days [73] as well as hypertension, cardiac hy-

hypertension.
pertrophy and fibrosis after 16 weeks which can be
significantly improved by the ACE inhibitor, enalapril

2.2. Renovascular hypertension [74]. After 14 months of uraemia, the cardiac hypertrophy
in these rats was not accompanied by a commensurate

The kidney is vital in cardiovascular homeostasis yet increase in the number of capillaries [75]. This model
renal damage is a relatively minor cause of human certainly allows the investigation of hypertension follow-
hypertension. Renovascular hypertension develops in re- ing renal failure but it is hard to envisage the applicability
sponse to renal ischaemia; models involve restricting blood to essential hypertension in humans.
flow by clips on the renal arteries [68,69]. The one-kidney, The major cause of end-stage renal failure is insulin-
one clip model (1K1C), where one kidney is removed and dependent diabetes with hypertension being an additional
a clip placed on the renal artery of the remaining kidney, risk factor. This can be reproduced in uni-nephrectomised
and the corresponding two-kidney two-clip (2K2C) model rats with streptozotocin-induced diabetes; these rats de-
are volume overload forms of hypertension, as there is velop hypertension and renal failure within 8 months
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which can be improved by treatment with an ACE by prolonged exposure to normobaric hypoxia (for exam-
inhibitor or an angiotensin AT1 receptor antagonist [76]. ple, 2 weeks with 10% O , [89]). Hypoxia in rats produces2

Perinephretic hypertension, an unusual variant in characteristic morphological changes in the pulmonary
humans, can be produced by encapsulation of one or both vasculature, especially an extension of smooth muscle into
kidneys with a cellulose acetate wrap (cellophane wrap more peripheral pulmonary arteries and reduction in their
model, [77]). These rats develop left ventricular hyper- number [90]. The synthesis of the vasoconstrictor, endo-
trophy, reactive cardiac fibrosis and increased cardiac thelin, is increased and its actions on local ET receptorsA

stiffness [78]. Functional studies have not been reported in induces hypertension, vascular remodelling and right ven-
this model of hypertension. tricular hypertrophy [89]. The role of the endogenous

vasodilator, NO, in hypoxia-induced pulmonary hyperten-
sion is unclear: both low NO due to hypoxia-induced

2.3. Pulmonary hypertension inhibition of uptake of its precursor, L-arginine [91], and
upregulation of endothelial NO synthase [92] have been

In human pulmonary hypertension, pulmonary artery reported.
systolic and mean pressures exceed 30 and 20 mm Hg, Right ventricular hypertrophy develops in humans living
respectively, at rest or pulmonary artery mean pressure at high altitude. This has been simulated in rats in a
exceeds 30 mm Hg during exercise [79]. Primary (un- barochamber, for example at 7000 m for 8 h/day, 5 days a
explained) pulmonary hypertension is a rare but serious week for 24 exposures [93] or continuously for 14 days
disorder that occurs predominantly (73%) in young women [94]. Rats subjected to hypobaric hypoxia develop pulmon-
(mean age 34) who develop prominent central pulmonary ary hypertension and right ventricular hypertrophy with
arteries and right ventricular hypertrophy followed by increased peak indices of mechanical performance [95] and
failure. Survival is poor with only 21% surviving to 5 an increased collagen deposition partly reversible by
years [80]. Secondary pulmonary hypertension is more enalapril treatment [93].
common and has many causes such as left ventricular Both monocrotaline treatment and hypoxia appear to
systolic failure, chronic obstructive pulmonary disease, produce similar cardiac changes, especially selective right
pulmonary thromboembolism and hypoventilation, and is ventricular hypertrophy, as in human pulmonary hyperten-
characterised by swelling of the pulmonary capillary sion, although the pulmonary changes do not seem to be
endothelial cells, thickening of endothelial cells basal comparable in rats and humans [96]. Since alveolar
lamina and interstitial oedema [80]. The fundamental hypoxia is often the stimulant of the pulmonary vasocon-
molecular mechanisms which may contribute to the patho- striction that underlies the hypertension in humans, the
physiology of pulmonary hypertension have recently been hypoxia models probably better mimic the human disease.
reviewed [81]. These models fulfil the other criteria as useful models of

human pulmonary hypertension.

2.3.1. Monocrotaline
Subcutaneous administration of a single dose of the

Crotalaria alkaloid, monocrotaline (60–105 mg/kg), to rats
3. Cardiac hypertrophy and failurehas been used as a non-invasive, slowly-developing,

haemodynamically relevant model for primary pulmonary
Cardiac hypertrophy is an increase in the mass of thehypertension leading to right ventricular hypertrophy

contractile and ancillary proteins of the heart above that[82,83]. Right ventricular performance was enhanced in
which is normal for the given stage of its maturationmonocrotaline-treated rats without heart failure, yet b -1 growth [97]. In its initial stages, the hypertrophied ventri-adrenoceptor density and adenylate cyclase activity were
cle is able to compensate in the face of an increasedselectively decreased in the right ventricle [84] as were
workload, but in the later stages, the diastolic and eventu-isoprenaline-induced responses in isolated right ventricular
ally the systolic properties of the left ventricle becomemyocytes [85] and noradrenaline-induced positive ino-
impaired causing decompensation, and this leads to hearttropic responses in right ventricular papillary muscles [86].
failure [97]. The commonest cause of cardiac hypertrophySimilar changes have been reported in the failing right
is hypertension, and hypertrophy is an independent riskventricle of patients with primary pulmonary hypertension
factor for sudden death of unknown origin, and also[87]. The systemic effects of monocrotaline killed about
increases the risk of myocardial ischaemia and of ventricu-20% of rats within the first few days [88]; this experience
lar arrhythmias [97].does not appear to be general.

The common definition of heart failure is the inability of
the heart to provide an adequate nutrient supply to

2.3.2. Hypoxia metabolising tissues [98]. Heart failure in humans can be
Secondary pulmonary hypertension caused by hypo- acute, for example immediately after a myocardial infarc-

ventilation can be produced in rats as a model for humans tion, in hypertensive crises or in cardiotoxicity, but heart
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failure usually refers to the chronic condition following 4. Hypertrophy
long-term hypertension or coronary heart disease [99].
Hypertension-induced heart failure is preceded by hy- 4.1. Spontaneously hypertensive rats
pertension-induced cardiac hypertrophy. Valvular heart
disease and cardiomyopathy are also causes of chronic The SHR is a commonly-used model of chronic hy-
heart failure. Left heart failure is the most common initial pertension (see above) which progresses to heart failure
symptom and is associated with an increased pulmonary during the last six months of their lifespan of about 2 years
capillary pressure which in turn causes an increase in the [107]. Thus, SHR should not be overlooked as a model to
pulmonary venous system pressure to impair respiration study the mechanisms of hypertension-induced hyper-
[100]. This progression is modified by reactive pulmonary trophy as it progresses to heart failure. Electrophysiologi-
vasoconstriction and obliteration of small pulmonary ar- cal studies have shown that action potentials from hy-
teries which helps to decrease pulmonary capillary pres- pertrophied SHR left ventricular slabs or myocytes are
sure and to protect the lungs from oedema but has the prolonged [108,109]. Ion channel studies have shown
disadvantage of causing an increase in pulmonary artery impaired function of cardiac inward rectifying K channels
pressure (pulmonary hypertension) that ultimately causes without changes to transient or delayed outward rectifying
right heart failure [100]. The heart responds to pressure K channels or L-type Ca channels in SHR hypertrophy
overload by hypertrophy in the form of wall thickening [109]. Apoptosis is observed in the hearts of 8 and 16
and a reduced cavity size. In the hypertrophied heart, the week old SHRs [110]. Studies with multicellular SHR
heart cells start to die and this myocyte necrosis is ventricular preparations usually show impaired contractili-
associated with fibroblast proliferation and expansion of ty and responses to b-adrenoceptor stimulation [108]
the extracellular matrix. Programmed cell death (apoptosis) whereas hypertrophied SHR myocytes have increased
rather than necrosis has been shown to be the key event in contractility [111].
end-stage human heart failure [101–103]. The heart is As hypertrophy in humans is usually associated with
dilated in the final stages of heart failure [100]. This chronic hypertension, the SHR is a realistic model of
chronic condition develops slowly in humans and is human hypertrophy. This model also fulfils the other
associated with compensatory changes in other organs criteria in that it allows studies in chronic, stable disease,
including the kidney, as well as in the peripheral vascula- produces symptoms which are predictable and controllable,
ture and skeletal muscle. In human heart failure, neuro- and allows measurement of relevant cardiac, biochemical
humoral systems become activated increasing the circulat- and haemodynamic parameters.
ing levels of noradrenaline, angiotensin, aldosterone and
atriopeptin [98]. 4.2. Renal artery occlusion

Reviews of animal models of heart failure [104–106]
have all generally concluded that no one animal model can Renovascular hypertension resulting from renal is-
mimic entirely any one pattern of human heart failure. chaemia (see above) leads progressively to left ventricular
Nevertheless many different models have been developed hypertrophy and failure. Hypertension in the adult heart
and most are useful in evaluating particular aspects of induces concentric ventricular hypertrophy, in which wall
failure (mechanisms in pathogenesis, drug intervention) thickness increases without chamber enlargement. This
and can provide information not available in the clinic. The hypertrophy is characterised by a lateral increase in the
choice of model, established or new, should be based on a size of the myocytes rather than an increase in the number
particular question. Kept in perspective, and used in this of cells or average myocyte length [112]. About 12 weeks
way, models complement clinical experience and extend after surgery, 2K1C rats show left ventricular heart failure
our understanding of cardiovascular disease. Most humans with a 35% increase in left ventricular weight, increased
with heart failure present in the later stages; thus models left ventricular end-diastolic pressure and wall stress with
can be particularly useful as they allow study in the early reduced stroke volume and cardiac output together with
stages. marked ventricular fibrosis [113,114].

In this review, we will consider whether some of the
presently used rat models of heart hypertrophy and failure 4.3. Pressure loading by outflow constriction
(Table 1) are appropriate as models of the human disease.
We have chosen to emphasise models that attempt to Partial aortic constriction by aortic banding leads to a
produce heart failure by hypertension and coronary artery rapid increase in cardiac load and therefore cardiac hy-
disease, the most common causes of human heart failure, pertrophy. Under anaesthesia, a left thoracotomy is per-
which occur together in 80% of patients with heart failure formed to expose the ascending aorta which is constricted
[99]. The major problems with all heart failure models are to about 30% of the original cross-sectional area with a
controlling the onset, rate of progression and degree of silver clip or a Week hemoclip [115–118]. Alternatively, a
heart failure, with particular difficulty in producing a stable spirally cut polyethylene catheter tube is placed around the
level of failure. abdominal aorta to produce the aortic stenosis [119]. The
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heart weight is increased by 47% in 28 days by banding studies of catecholamine-infused rats to determine whether
[115], and a low mortality of 10–15% is associated with these rats develop heart failure.
the operation [115,119]. This model has been used to Phaeochromocytomas produce very high catecholamine
define the changes occurring during hypertrophy, for concentrations, usually much higher than in heart failure.
example in cell size, myofibrils and myosin isoforms Thus, rats with this transplantable tumour may be a
[120], incidence of apoptosis [121] and altered adreno- suitable model for the pathological effects of chronic
ceptor responsiveness [122]. There is no evidence of excess catecholamine concentrations but are unlikely to be
chronic heart failure as liver enlargement or pleural or relevant for chronic heart failure research. These rats
peritoneal effusions are not observed following short term develop cardiomyopathy and a functional desensitisation of
banding [117]. However, superimposition of strep- b-adrenoceptor function [131] but have not been further
tozotocin-induced diabetes on the hypertension of abdomi- studied as models of heart failure.
nal aortic constriction led to ascites, liver and lung
congestion and reduced heart noradrenaline levels as signs
of heart failure [123]. 4.5. Transgenic rats

Outflow constriction by aortic banding is clearly a
model of cardiac hypertrophy and not of heart failure, Transgenic techniques are now increasingly used since
although several of the above studies have suggested it is a they offer the possibility of analysing responses by select-
model of heart failure. The operative procedure is rela- ed genes [132]. The most commonly used species for
tively easy and has a high success rate in generating transgenic experiments is mice but their small size limits
cardiac hypertrophy in a short time. This model does not their usefulness in cardiovascular research as few tech-
mimic a clinical condition and one cannot be certain that niques are available for functional studies. Since the renin–
the hypertrophy associated with this short sharp pressure angiotensin system is pivotal in controlling the car-
overload is similar to that observed with the more gradual diovascular system, the murine Ren-2 gene was chosen to
process of essential hypertension in humans. generate transgenic rats [133]. Male rats have a sustained

Right ventricular hypertrophy independent of pulmonary angiotensin II-dependent increase in blood pressure with
hypertension can be produced by increasing right ventricu- low circulating renin levels thus providing convincing
lar pressure following pulmonary artery banding. In 7 evidence for the physiological significance of tissue renin–
week old rats, banding to an internal diameter of 1.4 mm angiotensin systems. At 12–14 weeks, male transgenic rats
for twelve weeks led to right ventricular hypertrophy and have concentric cardiac hypertrophy but no dilatation or
an increased collagen fraction in the right ventricle [124]. any signs of heart failure, and downregulation of b -1

This model would appear to mimic a minor cause of right adrenoceptors [134]. Female Ren-2 transgenic rats have
ventricular dysfunction in humans. been used to study the interplay between the renin–an-

giotensin system and oestrogen in the pathogenesis of
4.4. Catecholamines (isoprenaline and noradrenaline) hypertension [135,136]. Since this transgenic rat line

[TGR(mREN2)27] is a rat model of hypertension with a
Heart failure is characterised by activation of the precisely defined monogenetic defect, it therefore cannot

sympathetic nervous system leading to high circulating be considered as a genuine model of polygenic human
noradrenaline concentrations which correlate with car- hypertension [133]. Further, human hypertension is usually
diovascular morbidity [125]. High noradrenaline concen- associated with normal or high plasma renin concen-
trations are associated with b-adrenoceptor downregulation trations. However, this model may allow a clearer under-
[126]. Noradrenaline as the sympathetic neurotransmitter standing of the role of local renin–angiotensin systems in
would seem to be the only relevant catecholamine for cardiovascular disease [137]. Transgenic rats expressing
comparison with humans. Noradrenaline infusion leads to the human angiotensinogen gene have been used to test the
selective left ventricular hypertrophy; cAMP-mediated functional importance of the local human renin–angioten-
positive inotropic responses were reduced in the hyper- sin system [138]. These results indicate that transgenic rats
trophied left ventricle [127]. Unlike noradrenaline, iso- are becoming an important tool in understanding hyperten-
prenaline is a nonselective b-adrenoceptor agonist produc- sion.
ing no a-adrenoceptor-mediated vasoconstriction. The Angiotensin converting enzyme (ACE) produces the
isoprenaline-infused rat has been used to study desensitiza- physiologically active peptide, angiotensin II. Local ex-
tion of the adenylate cyclase signalling pathway [128,129]. pression of ACE in the rat carotid artery [139] and of NO
Isoprenaline-treated rats developed myocardial necrosis synthase in cardiomyocytes [140] were achieved using in
and a progressive enlargement of the left ventricular cavity vivo gene transfer techniques. These techniques may
out of proportion to mass, as in humans with discrete become important for defining the role of paracrine or
myocardial infarction [130]. These studies have not mea- autocrine substances in vascular biology and hypertension
sured circulating noradrenaline or isoprenaline concen- by making possible the comparison of segments with
trations and therefore a comparison with levels in human overexpression of these factors and adjacent nontransfected
heart failure is not possible. Further, there are no chronic vessel or muscle segments.
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5. Heart failure fest hyperinsulinaemia and diabetes (males) or abnormal
glucose tolerance (females). Obese rats develop fatal

5.1. Spontaneously hypertensive rats with failure dilated cardiomyopathy between 10 and 12 months (males)
(SHRs-F) or 14 and 16 months (females) of age while lean male

SHHF develop hypertension and left ventricular hyper-
The SHR-F has been long known to have many simi- trophy by 3 to 5 months of age and overt heart failure by

larities to human essential hypertension-induced heart 16 to 20 months of age [146–148]. The circulating levels
failure [141] including the important feature that impaired of noradrenaline, renin, aldosterone and atriopeptin are all
myocardial performance is a late feature that precedes raised [146] and there are abnormalities in cardiac struc-
overt failure. More recently, Bing et al. [142] have shown ture such as biventricular hypertrophy, myocyte enlarge-
that at 18–24 months, 57% of the SHRs have cardiac ment and increased interstitial fibrosis [145]. Echocardiog-
decompensation and they have further compared these raphy showed eccentric hypertrophy in 10–12 month old
animals to age-matched SHR without failure (SHR-NF) non-failing male SHHF rats in contrast to the concentric
and Wistar Kyoto normotensive (WKY) rats. The SHR-F hypertrophy in SHRs of the same age [149]. Expression of
can be identified outwardly as they become less active and the genes for the enzymes controlling mitochondrial fatty
well groomed and develop occasional tachypnoea which acid b-oxidation was reduced both in heart failure stages
becomes more persistent and turns into laboured respira- of SHHF rats and in human heart failure [150].
tion. Left, but not right, ventricular hypertrophy is a feature This model seems to have many similarities to the
of the young adult SHR while hypertrophy of the right human disease when it is a slowly developing mix of
ventricle is a reliable marker in the cardiac decompensa- hypertension, hyperinsulinemia and diabetes. The model
tion of failure [142]. Pleuropericardial effusions and atrial needs to be more fully characterised but, because of its
thrombi are also commonly observed in SHR-F. Ech- time course, neurohumoral changes and lack of technical
ocardiography was used to show that the SHR-F had intervention, has considerable potential as a model of the
increased diastolic and systolic volumes and decreased development of human heart failure. The disadvantages of
ejection fractions with cardiac catherization demonstrating this model are the variable expression of symptoms and
an increased left ventricular end-diastolic pressure [142]. expense as it is a slowly developing model, although
Increased apoptosis of cardiomyocytes is observed in the age-induced changes should play a lesser role than in the
SHR-F compared with the SHR-NF [143] which may be SHR-F.
caused by increased endothelial cell NO synthase in
cardiomyocytes [140]. The biochemical changes underly- 5.3. Dahl /Rapp salt-sensitive rats
ing the pathophysiology of heart failure are unclear;
however, alterations in NO synthesis by myocardial NO Understanding salt-sensitive hypertension in humans has
synthase have been implicated [144]. been helped by the introduction of inbred rat models,

The SHR-F model is a good model of human hy- especially the Dahl /Rapp salt-sensitive and salt-resistant
pertension-induced heart failure as these conditions have rats [151]. The development of hypertension and heart
many features in common, and thus will allow measure- failure in the Dahl /Rapp salt-sensitive rat can be con-
ment of relevant cardiac, biochemical and haemodynamic trolled by titration of the amount of salt in their diet, and is
parameters. In the SHR, failure occurs around 2 years of more rapid and greater in male than female rats [152].
age and may therefore be compromised by the effects of Addition of 8% NaCl to the diet at 6 weeks of age leads to
ageing [142]. This may make the interpretation of the rat concentric left ventricular hypertrophy at 11 weeks, and
data more difficult but it could also be argued that, since marked left ventricular dilation at 15–20 weeks which
human heart failure is also commonly complicated by the leads to laboured respiration, left ventricular hypokinesis
effects of ageing, the aged SHR is the more realistic and sudden death [153]. In human heart failure, specific
model. As this is a non-intervention model, there is no organ (heart, lung, liver) enlargement is a feature and this
need for skilled technical assistance or mortality associated is also observed in this salt-sensitive model of heart failure.
with surgery. The major disadvantage of the SHR-F model The isometric contractions of the isolated left papillary
is the extended time frame and therefore increased costs of muscle of the Dahl /Rapp salt-sensitive rat heart are
these experiments compared with other models of heart decreased and prolonged in the hypertrophied muscle and
failure. further decreased and prolonged in end-stage failure [153].

There is also a reduction followed by a loss in response of
5.2. Hypertensive HF-prone rats (SHHF) the left papillary muscle to isoprenaline in this model

[153]. These contractile parameters are very similar to
A hypertensive heart failure-prone rat strain, SHHF/ those reported in end-stage human heart failure. The

Mcc-cp or SHHF, that develops failure at a younger age corresponding normotensive control strain is the Dahl /
than SHR was created by mating Koletsky rats hetero- Rapp salt-resistant rat; as with SHR and WKY rats, Dahl
zygous for the corpulent gene with SHR [145]. These rats rats show more genetic polymorphism than expected [26].
are spontaneously hypertensive, 25% are obese and mani- Recent studies have shown that modulation of NO pro-
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duction from L-arginine is integrally involved in the In their original report, Pfeffer et al. [155] acknowl-
development of hypertension in these salt-sensitive rats edged that coronary artery ligation was not analogous to
[151,154]. the pathogenesis of coronary artery disease or to infarction

Salt is considered to be one of environmental triggers in humans as the model initially contained an otherwise
for human hypertension. However, the appropriateness of normal myocardium and coronary arteries. The inability of
the model may be questioned as the parallel group of coronary artery ligation to model any common cause of
humans who are as exquisitively salt-sensitive as the Dahl / heart failure is a major disadvantage. Other problems with
Rapp salt-sensitive rat may be a subset of African-Ameri- this model are the high mortality of the rats and the
cans with inherited hypertension, salt sensitivity and a variation in infarct size, and that it does not have a
predisposition to kidney damage [151] rather than a progression from compensation to endstage heart failure.
significant proportion of hypertensive humans. The symp- These disadvantages are much less obvious following
toms of the model do however have many characteristics coronary ligation in Lewis inbred rats in comparison with
in common with the human disease. Other advantages are Sprague-Dawley rats [160]. The advantage to this model is
that it is easy, non-invasive, relatively quick and con- that it quickly, and therefore economically, produces some
sistent. This model is potentially useful in studies of the rats with some of the symptoms of heart failure. However,
role of the L-arginine:NO pathway as a mechanism by we consider that the disadvantage of not modelling any
which a well-compensated hypertrophied heart eventually cause of human heart failure far outweighs any advantages.
decompensates. Ischaemic heart disease in humans results from chronic

non-occlusive coronary artery narrowing. This can be
reproduced in rats by ligation of a probe held in contact

5.4. Coronary artery ligation with the left coronary artery and then removal of the probe
resulting in an average 53% reduction in luminal diameter

The most commonly used model of heart failure is and 43% mortality within 1 month [161]. The reduction in
complete coronary artery occlusion by ligation. A left coronary blood flow leads to a predictable progression to
thoracotomy is performed under ether anaesthesia; gentle impairment of left ventricular haemodynamic performance
pressure on the right side of the thorax exteriorizes the and heart failure [162]. Although the major cause of the
heart, and then the left coronary artery is ligated [155]. In chronic narrowing of human coronary arteries is athero-
this initial and more recent studies (for example [156– sclerosis, usually of several vessels, rather than partial
158]), a high rate of mortality, up to 50%, occurred ligation, this model allows a slower, more realistic de-
following this drastic surgery. In Pfeffer’s study, 46 of the velopment of ischaemic heart failure than complete cor-
surviving 90 rats at 3 weeks did not have signs of onary ligation.
myocardial infarction at autopsy, and 44 had infarcts of
4–59% of the left ventricular endocardial circumference.
This variation in infarct size observed after 3–4 weeks 5.5. Microembolization of coronary vessels
usually results in the grouping of rats into a small infarct
group, about 20% of the left ventricular circumference A more appropriate model of human heart failure may
which is considered a model of myocardial infarction, and be produced by blockage of smaller intramyocardial
a major infarct group, about 40–50%, which is considered vessels, for example by microspheres, rather than blockage
the model of heart failure [156–158]. In their original of one of the larger epicardial coronary arteries. In the
study, Pfeffer et al. [155] noted that the rats that had small anaesthetised rat, a catheter is placed into the left ventricle
infarcts did not have outward signs of myocardial infarc- by way of the external right carotid artery in order to
tion and heart failure (no ascites, peripheral oedema, deliver a suspension containing about 150–200 000 plastic
respiratory distress or failure to groom). There was also no microspheres of 15 mm diameter to the coronaries during a
change in body weight or left ventricular weight and heart temporary occlusion of the ascending aorta [163]. The
rate was normal but there was a gain in the weight of the embolized rats have a small decrease in heart rate, stroke
right ventricle, an increase in ventricular and right atrial volume and cardiac index and an increase in total peripher-
pressures, and a decrease in arterial pressure. In those rats al resistance and left ventricular end-diastolic pressure
with a large infarct, the right and left ventricle filling [163].
pressures were increased and cardiac output was decreased This model of heart failure is relatively new and only a
after 3–4 weeks indicating that the rats were in failure preliminary characterisation has taken place. It seems
[155,156]. In these large infarct rats, there is hypertrophy likely that the model created by this technique will have
of the septum but no weight gain of the left ventricle due similar characteristics, advantages and disadvantages to the
to loss of viable myocardium [156]. Both necrosis and coronary ligation model, and in the absence of a diseased
apoptosis are associated with the infarct in the coronary myocardium cannot be considered an appropriate model. It
artery ligation model [159]. Large myocardial infarcts are would be of interest to compare mortality and variability
also associated with increased circulating level of atriopep- data in both microembolization and coronary ligation
tins and renin [158]. models.
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5.6. Adriamycin (doxorubicin) disease characterized by the appearance of multinucleated
giant cells in lesions. This disorder is not associated with

The use of adriamycin in the treatment of human preceding infection and no pathogen has been isolated, and
cancers is associated with the side effect of cardiotoxity thus it is presumed that autoimmune mechanisms are
that can lead to congestive heart failure and death [164– involved. Myocarditis is frequently characterised by
166]. Rats treated with adriamycin are usually used to congestive heart failure and is occasionally lethal. Recently
investigate the mechanisms of cardiotoxicity and ways of a new rat model of both acute and chronic heart failure
preventing it [167–169] but occasionally used as a model following autoimmune myocarditis has been described in
of heart failure [170]. Treatment of rats with adriamycin, 2 which the myosin fraction, extracted from the human heart
mg/kg/week, for 12 weeks results in a decreased cardiac at autopsy from patients who had no history of myocarditis
output, decreased blood pressure, pleural effusions, ascites or heart failure and no inflammatory lesions, is mixed with
and hepatic congestion [170]. There is no change in heart Freund’s adjuvant supplemented with Mycobacterium
weight but there are pathological changes in the myocytes tuberculosis and injected subcutaneously into the foot pads
such as cytoplasmic vacuolation, disorganisation of of Lewis rats [175]. In order to get a more effective
myofibrils and some necrosis; adriamycin toxicity is not all sensitisation, Bordetella pertussis vaccine was also given
as a result of cardiotoxicity, as anaemia, thrombocytosis i.v. [175]. This procedure does not produce myocarditis in
and decreases in serum albumin are also observed [170]. mice, guinea-pigs or other strains of rats. In the acute
21 of 41 rats did not survive the 12 week treatment with phase (after 4 weeks), there is massive pericardial effusion,
adriamycin because of gross pathological changes con- mild to moderate pleural effusion, gray swollen patch areas
sistent with heart failure [170]. on the cardiac surface, an increase in heart weight with

The main advantages of this model is that it is a simple interstitial oedema and cellular infiltration, and inflamma-
technique, non-invasive, economical and has a short time tion with the accumulation of neutrophils, lymphocytes
course. It is an appropriate model of adriamycin cardiotox- and macrophages [175]. The chronic phase (after 3
icity but does not model any other type of heart failure. months) is characterized by diffuse myocardial fibrosis
Thus this model is not useful in determining the mecha- without significant inflammation [176]. In vivo haemo-
nisms or prevention of heart failure following decompensa- dynamic measurements have shown left ventricular
tion following chronic hypertrophy. systolic and diastolic dysfunction [176]. The inflammation

and course of myocardial damage appear to be modulated
5.7. Alcoholic heart disease by cytokines and excessive amounts of NO produced by

inducible NO synthase [177,178]. This model has been
Chronic ingestion of ethanol by humans is often associ- used in a study to evaluate the usefulness of cyclosporin,

ated with alcoholic heart disease resulting in ventricular prednisolone and aspirin in the treatment of myocarditis
dysfunction and heart failure; alcohol abuse may be a [179]. The advantage of this model of myocarditis is the
major cause of cardiomyopathy [171]. Male rats main- production of severe symptoms unlike earlier models
tained chronically on oral ethanol (30% in their drinking which gave mild lesions without congestive heart failure
water for 8 months) developed myocardial damage, espe- [175]. This model is useful in evaluating the mechanisms
cially multiple areas of myocyte loss and replacement and treatment of myocarditis but has little or no relevance
fibrosis, and ventricular wall remodelling resulting in to heart failure of other etiologies.
ventricular dysfunction; all necessary ingredients in the Chronic Chagas disease, produced decades after in-
development of alcoholic heart disease [172]. Chronic fection with the parasite, Trypanosoma cruzi, is the leading
ethanol treatment in rats produced moderate hypertrophy cause of heart failure in South and Central America. The
with significantly decreased responses to phenylephrine, heart is the most commonly affected organ showing
glucagon and dobutamine [173]. Short-term ethanol treat- lymphocytic myocarditis, diffuse interstitial fibrosis and
ment for 8 weeks produced no signs of heart failure but myocyte hypertrophy. These pathological changes were
showed early decreases in a -adrenoceptor and muscarinic reproduced in rats chronically infected for 8 months with1

receptor densities without any changes in b-adrenoceptor T. cruzi [180]. This model deserves further investigation
density or adenylate cyclase activity [174]. since adequate treatment of the symptoms of chronic

This would seem to be an ideal model of alcoholic Chagas’ disease would ameliorate this major public health
cardiomyopathy demonstrating slowly-developing symp- problem in South America.
toms similar to those in humans but, like the adriamycin
model, would not be useful in determining the mechanisms 5.9. Pulmonary hypertension
of the more common forms of heart failure due to either
coronary artery disease or hypertension or both. The monocrotaline model is commonly used as a model

of pulmonary hypertension (see above) and occasionally
5.8. Myocarditis used as a model of heart failure. Right ventricular heart

failure develops as accumulation of liquid in the peritoneal
Giant cell myocarditis is a lethal inflammatory heart and pleural spaces in about 4 weeks after monocrotaline
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injection [88,181,182]; at six weeks, heart failure is severe Aortacaval fistula procedures have a very high mortality
with laboured respiration and often large volumes of fluid rate (77%, 133; 47% 134) but this is much reduced with
in the chest [86]. Positive inotropic responses to norad- the revised procedure [189] to less than 5% [193]. Flaim et
renaline but not calcium chloride are reduced six weeks al. [186] claim that aortacaval fistula is a form of heart
after monocrotaline treatment [86], as in human heart failure because it met the current definition as ‘that
failure [183]. However, several conditions not normally condition in which the heart is no longer able to pump an
associated with human heart failure have been reported in adequate supply of blood in relation to the venous return
monocrotaline-treated rats such as hepatic cirrhosis and and in relation to the metabolic needs of the body at the
megalocytosis, venooclusive disease [182] and throm- particular moment’. They did however concede that the
bocytopenia [184]. The major advantages are the ease and performance of these hearts is normal and that the pro-
rapidity of producing the model. The disadvantages of the duction of aortacaval fistula was a model to study compen-
monocrotaline model are the effects not associated with satory mechanisms associated with heart failure [186].
heart failure. As a model of one of the lesser causes of Most indexes of cardiac function were normal or elevated
heart failure, the monocrotaline model may be useful in 5 months after surgery despite renal and hepatic congestion
evaluating pharmacological interventions for pulmonary [188] although echocardiography showed abnormalities in
hypertension-induced right heart failure, but it is hard to left ventricular filling at 18 weeks [194]. The combination
see how this could be of benefit to the majority of patients of hypertension (SHR) and rats with aortacaval fistula did
with heart failure associated with systemic hypertension not appear to be a relevant model of congestive heart
and coronary artery disease. No studies of heart failure failure and provided no new concept or idea compared
induced by chronic hypoxia in rats were found, although with aortacaval fistula in normotensive rats [190]. It seems
this may be a relevant model of secondary pulmonary unlikely that the compensatory mechanisms following
hypertension-induced failure. aortacaval fistula mimic the compensatory mechanisms in

human heart failure [186].
5.10. Aortacaval fistula (shunts)

Volume overloading produces cardiomegaly in humans
[185]; substantial volume overload-induced cardiac hy- 6. Conclusions
pertrophy can be produced in rats following large ar-
teriovenous shunts. A mid-line incision is made in the Cardiovascular disease remains the major cause of death
anaesthetised rat to expose the abdominal artery and vena in Western countries. The use of relevant models for
cava, which are then isolated using bulldog clamps [186]. human cardiovascular disease may provide useful infor-
Under a dissection microscope, 1 mm openings are made mation allowing an understanding of the cause and pro-
in each vessel and then the opposing edges are stitched gression of the disease state as well as potential therapeutic
together. The clamps are removed and the patency of the interventions. The most common pathophysiological
fistula is confirmed visually by the presence of mixing changes in the human cardiovascular system – hyperten-
arterial blood in the vena cava [186]. End-to-side anastom- sion, cardiac hypertrophy and heart failure – have been
oses between the left iliolumbar vein and the aorta successfully reproduced in rat models. There is an exten-
produced shunts of about 1.25 mm diameter [187,188]. sive range of rat models; most mimic some aspects of the
Similar shunts can be achieved by puncturing the aorta relevant human disease. No model mimics exactly all the
with an 18 gauge needle, perforating its opposite wall and symptoms of the human disease, partly because many of
penetrating the vena cava. The aorta is then clamped, the the changes in the human disease are not thoroughly
needle taken out and a drop of cyanoacrylate glue used to understood, and this aim is probably illusory. As human
seal the aorta puncture point [189]. Shunts have also been hypertension, hypertrophy and heart failure have many
created in SHRs [190]. Aortacaval fistula below the renal different genetic and environmental causes, it may be
arteries produced either compensated or decompensated appropriate to study different rat models. The major
heart failure after 6 days with 35 or 65%, respectively, deficiency in many rat models is reproducing the slow
increases in heart weight and all signs of heart failure such onset of human disease; important exceptions are the
as ascites, oedema and dyspnoea [191]. Rats with aortacav- SHR-F and SHHF as models of heart failure. Several
al fistula are a model of high cardiac output with decreased models do not reproduce the concurrent activation of
mean arterial blood pressure, increased right atrial pres- homeostatic mechanisms in humans, especially neuro-
sure, increased left ventricular end-diastolic pressure and humoral changes during heart failure. Further, many rat
marked hypertrophy of both ventricles with dilation of the models produce pathophysiological changes which are
ventricular cavities [186–189]. Ligation of the shunt led to rarely seen in the human disease state. However, a
significant, but not complete, reversal of the cardiac thorough understanding of both the advantages and dis-
hypertrophy showing that myocytes can remove recently advantages of each model is necessary if the results are to
added series sarcomeres [192]. be extrapolated to humans. This requires further studies on

D
ow

nloaded from
 https://academ

ic.oup.com
/cardiovascres/article/39/1/89/273921 by guest on 16 August 2022



S.A. Doggrell, L. Brown / Cardiovascular Research 39 (1998) 89 –105 101

ogy and clinical consequences. J Cardiovasc Pharmacolboth rats and humans and critical evaluation of the results
1993;22(Suppl 1):S1–S6.of these investigations.

[23] Kauser K, Rubanyi GM. Gender differences in endothelial dysfunc-
tion in the aorta of spontaneously hypertensive rats. Hypertension
1995;25:517–524.

[24] Nigro D, Fortes ZB, Scivoletto R, Barbeiro HV, Carvalho MH.References
Sex-related differences in the response of spontaneously hyperten-
sive rats to angiotensin-converting enzyme inhibition. Endothelium

[1] Kannel WB. Hypertension as a risk for cardiac events – epi- 1997;5:63–71.
demiological results of long-term studies. J Cardiovasc Pharmacol [25] Folkow B, Svanborg A. Physiology of cardiovascular aging. Physiol
1993;21(Suppl 2):S27–S37. Rev 1993;73:725–758.

[2] Weindruch R. Animal models. In: Masoro EJ, editors. Handbook of [26] St Lezin E, Simonet L, Pravenec M, Kurtz TW. Hypertensive strains
physiology, section 11: Aging. New York, Oxford: Oxford Universi- and normotensive ‘control’ strains. How closely are they related?.
ty Press, 1995:37–52. Hypertension 1992;19:419–424.

[3] Editorial. The role of animal experimentation in cardiovascular [27] Johnson ML, Ely DL, Turner ME. Genetic divergence between the
therapeutic discovery. Cardiovasc Res 1994;28:1102–1118. Wistar-Kyoto rat and the Spontaneously Hypertensive Rat. Hy-

[4] Hanes DS, Wier MR, Sowers JR. Gender considerations in hyperten- pertension 1992;19:425–427.
sion pathophysiology and treatment. Am J Med 1996;101:10S–21S. [28] Louis WJ, Howes LG. Genealogy of the spontaneously hypertensive

[5] Stampfer MJ, Colditz GA, Willett WC, et al. Postmenopausal rat and Wistar-Kyoto rat strains: Implications for studies of inherited
estrogen therapy and cardiovascular disease: ten-year follow-up hypertension. J Cardiovasc Pharmacol 1990;16(Suppl 7):S1–S5.
from the nurses health study. New Engl J Med 1991;325:756–762. [29] Clineschmidt BE, Geller RG, Govier WG, Sjoerdsma A. Reactivity

[6] Bohr DF, Dominiczak AF, Webb RC. Pathophysiology of the to norepinephrine and nature of the alpha adrenergic receptor in
vasculature in hypertension. Hypertension 1991;18(Suppl 111):S69– vascular smooth muscle of a genetically hypertensive rat. Eur J
S75. Pharmacol 1970;10:45–50.

[7] Dzau VJ, Gibbons GH, Kobilka BK, Lawn RM, Pratt RE. Genetic [30] Ledingham JM, Laverty R. Nitric oxide synthase inhibition with N
models of human vascular disease. Circulation 1995;91:521–531. omega-nitro-L-arginine methyl ester affects blood pressure and

[8] de Jong W, editor. Experimental and genetic models of hypertension. cardiovascular structure in the genetically hypertensive rat strain.
In: Birkenhger W, Reid JL, editors. Handbook of hypertension, vol Clin Exp Pharmacol Physiol 1997;24:433–435.
4. Amsterdam, New York, Oxford: Elsevier, 1984:1–549. [31] Bianchi G, Ferrari P. A genetic approach to the pathogenesis of

[9] Okamoto K, Aoki K. Development of a strain of spontaneously primary hypertension and to its treatment. Clin Exp Pharmacol
hypertensive rats. Japan Circ J 1963;27:282–293. Physiol 1995;22:S399–S405.

[10] Kurtz TW, Morris RC. Biological variation in WKY rats: implica- [32] Heller J, Hellerova S, Dobesova Z, Kunes J, Zicha J. The Prague
tions for research with the spontaneously hypertensive rat. Hyperten- Hypertensive Rat: a new model of genetic hypertension. Clin Exp
sion 1987;10:127–131. Hypertens 1993;15:807–818.

[11] Adams MA, Bobik A, Korner PI. Differential development of [33] Sassard J, Vincent M, Orea V, Privat P, Bataillard A. Genetics of
vascular and cardiac hypertrophy in genetic hypertension. Hyperten- blood pressure and associated phenotypes in the Lyon rat. Clin Exp
sion 1989;14:191–201. Hypertens 1997;19:567–575.

[12] McGuire PG, Tweitmeyer TA. Aortic endothelial functions in [34] Crespo MJ, Escobales N, Rodriguez-Sargent C. Endothelial
developing hypertension. Hypertension 1985;7:483–490. dysfunction in the San Juan hypertensive rat: possible role of the

[13] Iams SG, Wexler BC. Inhibition of the development of spontaneous nitric oxide synthase. J Cardiovasc Pharmacol 1996;27:802–808.
hypertension in SH rats by gonadectomy or estradiol. J Lab Clin [35] Bannister R. In: Brain and Bannister’s clinical neurology, 7th ed.,
Med 1979;10:608–616. Oxford: Oxford Medical Publications, 1992:237–282.

[14] Smith TL, Hutchins PM. Central hemodynamics in the developmen- [36] Okamoto K, Yamori Y, Nagaoka A. Establishment of the stroke-
tal stages of spontaneous hypertension in the anaesthetized rat. prone spontaneously hypertensive rat. Circ Res 1974;34–35(suppl
Hypertension 1979;1:508–517. I):I143–153.

[15] Takata Y, Kato H. Adrenoceptors in SHR: alterations in binding [37] Vacher E, Richer C, Fornes P, Clozel J-P, Guidicelli J-F. Mibefradil,
characteristics and intracellular signal transduction pathways. Life a selective calcium T-channel blocker, in stroke-prone spontaneous-
Sci 1996;58:91–106. ly hypertensive rats. J Cardiovasc Pharmacol 1996;27:686–694.

[16] Lund-Johansen P. Hemodynamic effects of felodipine in hyperten- [38] Stasch J-P, Hirth-Dietrich C, Frobel K, Wegner M. Prolonged
sion: a review. J Cardiovasc Pharmacol 1990;15(suppl 4):S34–39. endothelin blockade prevents hypertension and cardiac hypertrophy

[17] Lindpaintner K, Kreutz R, Ganten D. Genetic variation in hyperten- in stroke-prone spontaneously hypertensive rats. Am J Hypertens
sive and ‘control’ strains. What are we controlling for anyway?. 1995;8:1128–1134.
Hypertension 1992;19:428–430. [39] Kim S, Ohta K, Hamaguchi A, Yukimura T, Miura K, Iwao H.

[18] Aitman TJ, Gotoda T, Evans AL, et al. Quantitative trait loci for Effects of an AT receptor antagonist, an ACE inhibitor and a1

cellular defects in glucose and fatty acid metabolism in hypertensive calcium channel antagonist on cardiac gene expressions in hyperten-
rats. Nat Genet 1997;16:197–201. sive rats. Br J Pharmacol 1996;118:549–556.

¨[19] Kovcs P, Voigt B, Kloting I. Novel quantitative trait loci for blood [40] Nagura J, Hui C, Yamamoto M, et al. Effect of chronic treatment
pressure and related traits on rat chromosomes 1,10, and 18. with ME3221 on blood pressure and mortality in aged stroke-prone
Biochem Biophys Res Commun 1997;235:343–348. spontaneously hypertensive rats. Clin Exp Pharmacol Physiol

[20] Dukhanina OI, Dene H, Deng AY, Choi CR, Hoebee B, Rapp JP. 1995;22(Suppl 1):S363–S365.
Linkage map and congenic strains to localize blood pressure QTL [41] de Champlain J, Krakoff LR, Axelrod J. Catecholamine metabolism
on rat chromosome 10. Mamm Genome 1997;8:229–235. in experimental hypertension in the rat. Circ Res 1967;20:136–145.

[21] Kren V, Pravenec M, Lu S, et al. Genetic isolation of a region of [42] de Champlain J, Mueller RA, Axelrod J. Turnover and synthesis of
chromosome 8 that exerts major effects on blood pressure and norepinephrine in experimental hypertension in rats. Circ Res
cardiac mass in the spontaneously hypertensive rat. J Clin Invest 1969;25:285–291.
1997;99:577–581. [43] Schenk J, McNeill JH. The pathogenesis of DOCA–salt hyperten-

[22] Folkow B. Early structural changes in hypertension: pathophysiol- sion. J Pharmacol Toxicol Methods 1992;27:161–170.

D
ow

nloaded from
 https://academ

ic.oup.com
/cardiovascres/article/39/1/89/273921 by guest on 16 August 2022



102 S.A. Doggrell, L. Brown / Cardiovascular Research 39 (1998) 89 –105

[44] Crofton JT, Share L. Gonadal hormones modulate deoxycortico- [66] Paulson DJ, Tahiliani AG. Cardiovascular abnormalities associated
sterone–salt hypertension in male and female rats. Hypertension with human and rodent obesity. Life Sci 1992;51:1557–1569.
1997;29:494–499. [67] Russell JC, Amy RM. Myocardial and vascular lesions in the

[45] Hilditch A, Hunt AA, Gardner CJ, et al. Cardiovascular effects of La/N-corpulent rat. Can J Physiol Pharmacol 1986;64:1272–1280.
GR117289, a novel angiotensin AT1 receptor antagonist. Br J [68] Goldblatt H, Lynch J, Hanzal RF, Summerville WW. Studies on
Pharmacol 1994;111:137–144. experimental hypertension. 1. The production of persistent elevation

[46] Li JS, Schurch W, Schiffrin EL. Renal and vascular effects of of systolic blood pressure by means of renal ischemia. J Exp Med
chronic endothelin receptor antagonism in malignant hypertensive 1934;59:347–379.
rats. Am J Hypertens 1996;9:803–811. [69] Robertson JIS. Renin and the pathology of renovascular hyperten-

[47] Garwitz ET, Jones AW. Aldosterone infusion into the rat and sion. In: Robertson JIS, Nicholls MG, editors. The renin–angioten-
dose-dependent changes in blood pressure and arterial ionic trans- sin system, Mosby, 1993:55.1–55.34.
port. Hypertension 1982;4:374–381. [70] Weber KT, Janicki JS, Rick R, Capasso J, Anversa P. Myocardial

[48] White PC. Inherited forms of mineralocorticocoid hypertension. fibrosis and pathologic hypertrophy in the rat with renovascular
Hypertension 1996;28:927–936. hypertension. Am J Cardiol 1990;65:1G–7G.

[49] McMahon EG, Paul RJ. Calcium sensitivity of isometric force in [71] Brown L, Sernia C. Angiotensin receptors in cardiovascular disease.
intact and chemically skinned aortas during the development of Clin Exp Pharmacol Physiol 1994;21:811–881.
aldosterone–salt hypertension in the rat. Circ Res 1985;56:427–435. [72] Dussaule J-C, Mitchel J-B, Auzan C, Schwartz K, Corvol P, Menard

[50] Loscalzo J, Welch G. Nitric oxide and its role in the cardiovascular J. Effect of antihypertensive treatment on the left ventricular
system. Progr Cardiovasc Dis 1995;38:87–104. isomyosin profile in one clip, two kidney hypertensive rats. J

Pharmacol Exp Ther 1986;236:512–518.[51] Sessa WC. The nitric oxide synthase family of proteins. J Vasc Res
1994;31:131–143. [73] Raine AEG, Seymour A-ML, Roberts AFC, Radda GK, Ledingham

JGG. Impairment of cardiac function and energetics in experimental[52] Deng AY, Rapp JP. Locus for the inducible, but not a constitutive,
renal failure. J Clin Invest 1993;92:2934–2940.nitric oxide synthase cosegregates with blood pressure in the Dahl

salt-sensitive rat. J Clin Invest 1995;95:2170–2177. [74] Suzuki H, Schaefer L, Ling H, et al. Prevention of cardiac
[53] Bonnardeaux A, Nadaud S, Charru A, Jeunemaitre X, Corvol P, hypertrophy in experimental chronic renal failure by long-term ACE

Soubrier F. Lack of evidence for linkage of the endothelial cell nitric inhibitor administration: potential role of lysosomal proteinases. Am
oxide synthase gene to essential hypertension. Circulation J Nephrol 1995;15:129–136.
1995;91:96–102. [75] Amann K, Wiest G, Zimmer G, Bretz N, Ritz E, Mall G. Reduced

¨[54] Hropot M, Grotsch H, Klaus E, et al. Ramipril prevents the capillary density in the myocardium of uremic rats – a stereological
detrimental sequels of chronic NO synthase inhibition in rats: study. Kidney Int 1992;42:1079–1085.

´ ´hypertension, cardiac hypertrophy and renal insufficiency. Naunyn- [76] Villa E, Rabano A, Cazes M, Cloarec A, Ruilope LM, Garcia-
Schmiedeberg’s Arch Pharmacol 1994;350:646–652. Robles R. Effects of UP269-6, a new angiotensin II receptor

[55] Richer C, Boulanger H, Es-Slami S, Giudicelli J-F. Lack of antagonist, and captopril on the progression of rat diabetic nephro-
beneficial effects of the NO-donor, molsidomine, in the L-NAME- pathy. Am J Hypertens 1997;10:275–281.
induced pre-eclamptic syndrome in pregnant rats. Br J Pharmacol [77] Black MJ, Campbell JH, Campbell GR. Differential effect of renal
1996;119:1642–1648. wrap hypertension on aortic smooth muscle polyploidy in the rat and

[56] Kannel WB, Hjortland M, Castelli WP. Role of diabetes in conges- rabbit. Clin Exp Pharmacol Physiol 1994;21:249–251.
tive heart failure: the Framingham study. Am J Cardiol 1974;34:29– [78] Jalil JE, Doering CW, Janicki JS, Pick R, Shroff SG, Weber KT.
34. Fibrillar collagen and myocardial stiffness in the intact hyper-

[57] Hsueh WA. Effect of the renin-angiotensin system in the vascular trophied rat left ventricle. Circ Res 1989;64:1041–1050.
disease of Type II diabetes mellitus. Am J Med 1992;92:13S–19S. [79] Riedel M, Hall RJC, Haworth SG. Disorders of the pulmonary

[58] Anonymous . Classification and diagnosis of diabetes mellitus and circulation. In: Julian DG, Camm AJ, Fox KM, Hall RTC, Poole-
other categories of glucose intolerance. National Diabetes Data Wilson PA, editors. Diseases of the heart, 2nd ed. London: Saunders,
Group. Diabetes 1979;28:1039–1057. 1996:1236–1280.

[59] van Zwieten PA, Kam KL, Pijl AJ, Hendriks MGC, Beenen OHM, [80] Grossman W. Pulmonary hypertension. In: Braunwald, E, editor.
Pfaffendorf M. Hypertensive diabetic rats in pharmacological Heart disease: a textbook of cardiovascular medicine, 4th ed.
studies. Pharmacol Res 1996;33:95–105. Philadelphia: Saunders, 1992:790–816.

´[60] Hulthen UL, Cao Z, Rumble JR, Cooper ME, Johnston CI. Vascular [81] Rabinovitch M. Pulmonary hypertension: updating a mysterious
hypertrophy and albumin permeability in a rat model combining disease. Cardiovasc Res 1997;34:268–272.
hypertension and diabetes mellitus. Effects of calcium antagonism, [82] Werchan PM, Summer WR, Gerdes AM, McDonough KH. Right
angiotensin converting enzyme inhibition, and angiotensin II-AT - ventricular performance after monocrotaline-induced pulmonary1

receptor blockade. Am J Hypertens 1996;9:895–901. hypertension. Am J Physiol 1989;256:H1328–H1336.
[61] Rosenthal T, Erlich Y, Rosenmann E, Cohen A. Effects of enalapril, [83] Wanstall JC, O’Donnell SR. Endothelin and 5-hydroxytryptamine on

losartan and verapamil on blood pressure and glucose metabolism in rat pulmonary artery in pulmonary hypertension. Eur J Pharmacol
the Cohen–Rosenthal diabetic hypertensive rat. Hypertension 1990;176:159–168.

`1997;29:1260–1264. [84] Pela G, Missale C, Raddino R, Condorelli E, Spano PF, Visioli 0.
[62] Zucker LM, Zucker TF. Fatty: a new mutation in the rat. J Hered b1- and b2-receptors are differentially desensitized in an experimen-

1961;52:275–278. tal model of heart failure. J Cardiovasc Pharmacol 1990;16:839–
[63] Math D. Dyslipidemia and diabetes: animal models. Diabetes Metab 846.

1995;21:106–111. [85] Vescovo G, Jones SM, Harding SE, Poole-Wilson PA. Isoproterenol
[64] Kasiske BL, O’Donnell MP, Keane WF. The Zucker model of sensitivity of isolated cardiac myocytes from rats with mono-

obesity, insulin resistance, hyperlipidemia, and renal injury. Hy- crotaline-induced right-sided hypertrophy and heart failure. J Mol
pertension 1992;19(suppI):I110–I115. Cell Cardiol 1989;21:1047–1061.

[65] Yagi K, Kim S, Wanibuchi H, Yamashita T, Yamamura Y, Iwao H. [86] Brown L, Miller J, Dagger A, Sernia C. Cardiac and vascular
Characteristics of diabetes, blood pressure, and cardiac and renal responses after monocrotaline-induced hypertrophy in rats. J Car-
complications in Otsuka Long-Evans Tokushima Fatty rats. Hy- diovasc Pharmacol 1998;31:108–115.
pertension 1997;29:725–728. [87] Bristow MR, Minobe W, Rasmussen R, et al. beta-Adrenergic

D
ow

nloaded from
 https://academ

ic.oup.com
/cardiovascres/article/39/1/89/273921 by guest on 16 August 2022



S.A. Doggrell, L. Brown / Cardiovascular Research 39 (1998) 89 –105 103

neuroeffector abnormalities in the failing human heart are produced [110] Hamet P, Richard L, Dam T-V, et al. Apoptosis in target organs in
by local rather than systemic mechanisms. J Clin Invest hypertension. Hypertension 1995;26:642–648.
1992;89:803–815. [111] Brooksby P, Levi AJ, Jones JV. Contractile properties of ventricular

[88] Ceconi C, Condorelli E, Quinzanini M, Rodella A, Ferrari R, Harris myocytes isolated from the spontaneously hypertensive rat. J
P. Noradrenaline, atrial natriuretic peptide, bombesin and neuro- Hypertens 1992;10:521–527.
tensin in myocardium and blood of rats in congestive heart failure. [112] Anversa P, Capasso JM, Olivetti G, Sonnenblick EH. Cellular basis
Cardiovasc Res 1989;23:674–682. of ventricular remodelling in hypertensive cardiomyopathy. Am J

[89] DiCarlo VS, Chen S-J, Meng QC, et al. ETA-receptor antagonist Hypertension 1992;5:758–770.
prevents and reverses chronic hypoxia-induced pulmonary hyperten- [113] Li P, Zhang X, Capasso JM, Meggs LG, Sonnenblick EH, Anversa
sion in rat. Am J Physiol 1995;269:L690–L697. P. Myocyte loss and left ventricular failure characterise the long

[90] Rabinovitch M, Gamble W, Nadas AS, Miettinen OS, Reid L. Rat term effects of coronary artery narrowing or renal hypertension in
pulmonary circulation after chronic hypoxia: hemodynamic and rats. Cardiovasc Res 1993;27:1066–1075.
structural features. Am J Physiol 1979;236:H818–H827. [114] Anversa P, Li P, Malhotra A, Zhang X, Herman MV, Capasso JM.

[91] Block ER, Herrera H, Couch M. Hypoxia inhibits L-arginine uptake Effects of hypertension and coronary constriction on cardiac
by pulmonary artery endothelial cells. Am J Physiol function, morphology, and contractile proteins in rats. Am J
1995;269:L574–L580. Physiol 1993;265:H713–H724.

[92] Xue C, Johns RA. Upregulation of nitric oxide synthase correlates [115] Cutilletta AF, Dowell RJ, Rudnik M, Arcella RA, Zak R. Regres-
temporally with onset of pulmonary vascular remodelling in the sion of myocardial hypertrophy 1. Experimental model, changes in
hypoxic rat. Hypertension 1996;28:743–753. heart weight, nucleic acids and collagen. J Mol Cell Cardiol

´ 1975;7:767–780.[93] Pelouch V, Kolr F, Ostadal B, Milerova B, Cihak R, Widimsky J.
Regression of chronic hypoxia-induced pulmonary hypertension, [116] Mercadier J-J, Lompre A-M, Wisnewsky C, et al. Myosin iso-
right ventricular hypertrophy, and fibrosis: effect of enalapril. enzymic changes in several models of rat cardiac hypertrophy. Circ
Cardiovasc Drugs Ther 1997;11:177–185. Res 1981;49:525–552.

´[94] Morrell NW, Morris KG, Stenmark KR. Role of angiotensin-con- [117] Le Lievre LG, Maixent JM, Lorents P, Movas C, Charlemagne D,
verting enzyme and angiotensin II in development of hypoxic Swynghedauw B. Prolonged responsiveness to ouabain in hy-
pulmonary hypertension. Am J Physiol 1995;269:H1186–H1194. pertrophied rat heart: physiological and biochemical evidence. Am

´ ´ J Physiol 1986;250:H923–H931.[95] Kolar F, Ostadal B. Right ventricular function in rats with hypoxic
pulmonary hypertension. Pflugers Arch/Eur J Physiol [118] Chevalier B, Mansier P, Callens-El Amranis F, Swynghedauw B.
1991;419:121–126. beta-Adrenergic system is modified in compensatory pressure

[96] Heath D. The rat is a poor animal model for the study of human cardiac overload in rats: Physiological and biochemical evidence. J
pulmonary hypertension. Cardioscience 1992;3:1–6. Cardiovasc Pharmacol 1989;13:412–420.

[97] Shapiro LM, Sugden PH, Left ventricular hypertrophy. In: Julian [119] Mertens M, Mathy M-J, Pfaffendorf M, van Zwieten PA. De-
DG, Camm AJ, Fox KM, Hall RTC, Poole-Wilson PA, editors. pressed inotropic response to beta-adrenoceptor agonists in the
Diseases of the heart. 2nd ed. London: Saunders, 1996. presence of advanced cardiac hypertrophy in hearts from rats with

[98] Braunwald E, Clinical manifestations of heart failure. In: Braunwald induced aortic stenosis and spontaneously hypertensive rat. J
E, editor. Heart disease: a textbook of cardiovascular medicine, 3rd Hypertens 1992;10:1361–1368.
ed. Philadelphia: Saunders, 1988:471–484. [120] Toffolo RL, Ianuzzo CD. Myofibrillar adaptations during cardiac

[99] Kannel WB, Belanger AJ. Epidemiology of heart failure. Am Heart hypertrophy. Mol Cell Biochem 1994;131:141–149.
J 1991;121:950–957. [121] Teiger E, Dam T-V, Richard L, et al. Apoptosis in pressure-

[100] Katz AM. Heart failure. In: Physiology of the heart, 2nd ed. New overload induced heart hypertrophy in the rat. J Clin Invest
York: Raven Press, 1992:638–668. 1996;97:2891–2892.

[101] Narula J, Haider N, Virmani R, et al. Apoptosis in myocytes in [122] Foster KA, Hock CE, Reibel DK. Altered responsiveness of
end-stage heart failure. New Engl J Med 1996;335:1182–1189. hypertrophied rat hearts to alpha- and beta-adrenergic stimulation. J

[102] Olivetti G, Abbi R, Quaini F, et al. Apoptosis in the failing human Mol Cell Cardiol 1991;23:91–101.
21 21heart. New Engl J Med 1997;336:1131–1141. [123] Sahai A, Weiser SJ, Ganguly PK. Renal Ca 1Mg ATPase in

[103] Nishigaki K, Minatoguchi S, Seishima M, et al. Plasma Fas ligand, congestive heart failure due to diabetes. Angiology 1993;44:769–
an inducer of apoptosis, and plasma soluble Fas, an inhibitor of 775.
apoptosis in patients with chronic congestive heart failure. J Am [124] Ito N, Nitta Y, Ohtani H, Ooshima A, Isoyama S. Remodelling of
Coll Cardiol 1997;29:1214–1220. microvessels by coronary hypertension or cardiac hypertrophy in

[104] Smith HJ, Nuttall A. Experimental models of heart failure. rats. J Mol Cell Cardiol 1994;26:49–59.
Cardiovasc Res 1985;19:181–186. [125] Cohn JN, Levine TB, Olivari MT, et al. Plasma norepinephrine as

[105] Einstein R, Abdul-Hussein N. Animal models of heart failure for a guide to prognosis in patients with chronic congestive heart
pharmacological studies. Clin Exp Pharmacol Physiol failure. New Engl J Med 1984;311:819–823.
1995;22:864–868. [126] Brodde O-E. beta1- and beta2-adrenoceptors in the human heart:

[106] Elsner D, Riegger GAJ. Characteristics and clinical relevance of Properties, function, and alterations in chronic heart failure.
animal models of heart failure. Curr Opin Cardiol 1995;10:253– Pharmacol Rev 1991;43:203–242.
259. [127] Brown L, Sernia C, Newling R, Fletcher P. Cardiac responses after

[107] Mitchell GF, Pfeffer JM, Pfeffer MA. The transition to failure in norepinephrine-induced ventricular hypertrophy in rats. J Cardiov-
the spontaneously hypertensive rat. Am J Hypertens asc Pharmacol 1992;20:316–323.
1997;10:120S–126S. [128] Mende U, Eschenhagen T, Geertz B, et al. Isoprenaline-increased

[108] Nand V, Doggrell SA, Barnett CW. Effects of veratridine on the increase in the 40/41 kDa pertussis toxin substrates and functional
action potentials and contractility of right and left ventricles from consequences on contractile response in rat heart. Naunyn-
normo- and hypertensive rats. Clin Expt Pharmacol Physiol Schmiedeberg’s Arch Pharmacol 1992;345:44–50.
1997;24:570–576. [129] Sarsero D, Molenaar P. Effects of chronic infusion of (-)-iso-

[109] Brooksby P, Levi AJ, Jones JV. The electophysiological charac- prenaline on rat cardiac muscarinic (M2)-cholinoceptors and beta
teristics of hypertrophied ventricular myocytes from the sponta- 1- and beta 2-adrenoceptors. J Auton Pharmacol 1995;15:239–255.
neously hypertensive rat. J Hypertension 1993;11:611–622. [130] Teerlink JR, Pfeffer JM, Pfeffer MA. Progressive ventricular

D
ow

nloaded from
 https://academ

ic.oup.com
/cardiovascres/article/39/1/89/273921 by guest on 16 August 2022



104 S.A. Doggrell, L. Brown / Cardiovascular Research 39 (1998) 89 –105

remodelling in response to diffuse isoproterenol-induced myocar- characterization of left ventricular adaptation in a genetically
determined heart failure rat model. Am Heart J 1995;130:806–811.dial necrosis in rats. Circ Res 1994;75:105–113.

[150] Sack MN, Rader TA, Park S, Bastin J, McCune SA, Kelly DP.[131] Rosenbaum JS, Billingham ME, Ginsburg R, Tsujimoto G, Lurie
Fatty acid oxidation enzyme gene expression is downregulated inKG, Hoffman BB. Cardiomyopathy in a rat model of pheochromo-
the failing heart. Circulation 1996;94:2837–2842.cytoma. Morphological and functional alterations. Am J Cardiov-

[151] Sanders PW. Salt-sensitive hypertension: lessons from animalasc Path 1988;1:389–399.
models. Am J Kid Dis 1996;28:775–782.[132] Paul M, Wagner J, Hoffmann S, Urata H, Ganten D. Transgenic

[152] Dahl LK, Knudsen KD, Ohanian EV, Muirhead M, Tuthill R. Rolerats: new experimental models for the study of candidate genes in
of gonads in hypertension prone rats. J Exp Med 1975;142:748–hypertension research. Ann Rev Physiol 1994;56:811–829.
759.¨[133] Lee AE, Bohm M, Paul M, Bader M, Ganten U, Ganten D.

[153] Inoko M, Kihara Y, Morii I, Fujiwara H, Sasayama S. TransitionPhysiological characterization of the hypertensive transgenic rat
from compensatory hypertrophy to dilated left ventricles in DahlTGR(mREN2)27. Am J Physiol 1996;270:E919–E929.
salt-sensitive rats. Am J Physiol 1994;267:H2471–2482.¨[134] Bohm M, Moll M, Schmid B, et al. beta-Adrenergic neuroeffector

[154] He H, Kimura S, Fujisawa Y, et al. Dietary L-arginine supple-mechanisms in cardiac hypertrophy of renin transgenic rats.
mentation normalizes regional blood flow in Dahl-Iwai salt-sensi-

Hypertension 1996;24:653–662.
tive rats. Am J Hypertens 1997;10:89S–93S.

[135] Brosnihan KB, Moriguchi A, Nakamoto H, Dean RH, Ganten D,
[155] Pfeffer MA, Pfeffer JM, Fishbein MC, et al. Myocardial infarct

Ferrario CM. Estrogen augments the contribution of nitric oxide to
size and ventricular function in rats. Circ Res 1979;44:503–512.

blood pressure regulation in transgenic hypertensive rats expressing [156] Zimmer H-G, Gerdes AM, Lortet S, Mall G. Changes in heart
the mouse Ren-2 gene. Am J Hypertens 1994;7:575–582. function and cardiac cell size in rats with chronic myocardial

[136] Li P, Ferrario CM, Ganten D, Brosnihan KB. Chronic estrogen function. J Mol Cell Cardiol 1990;22:1231–1243.
treatment in female transgenic (mRen2)27 hypertensive rats aug- [157] Stuver TP, Cove CJ, Hood WB. Mechanical abnormalities in the rat
ments endothelium-derived nitric oxide release. Am J Hypertens ischemic heart failure model which lie downstream to cAMP
1997;10:662–670. production. J Mol Cell Cardiol 1994;26:1221–1226.

[137] Ohta K, Kim S, Wanibuchi H, Ganten D, Iwao H. Contribution of [158] Bralet J, Marie C, Mossat C, Lecomte J-M, Gros C, Schwartz J-C.
local renin-angiotensin system to cardiac hypertrophy, phenotypic Effects of alatriopril, a mixed inhibitor of atriopeptidase and
modulation, and remodelling in TGR(mREN2)27 transgenic rats. angiotensin 1-converting enzyme, on cardiac hypertrophy and
Circulation 1996;94:785–791. hormonal responses in rats with myocardial infarction. Comparison

¨[138] Muller DN, Hilgers KF, Bohlender J, et al. Effects of human renin with captopril. J Pharmacol Exp Ther 1994;270:8–14.
in the vasculature of rats transgenic for human angiotensinogen. [159] Kajstura J, Cheng W, Reiss K, et al. Apoptotic and necrotic
Hypertension 1995;26:272–278. myocyte cell deaths are independent contributing variables of

[139] Morishita R, Gibbons GH, Ellison KE, et al. Evidence for direct infarct size in rats. Lab Invest 1996;74:86–90.
local effect of angiotensin in vascular hypertrophy. In vivo gene [160] Liu YH, Yang XP, Nass O, Sabbah HN, Peterson E, Carretero OA.
transfer of angiotensin converting enzyme. J Clin Invest Chronic heart failure induced by coronary artery ligation in Lewis
1994;94:978–984. inbred rats. Am J Physiol 1997;272:H722–H727.

[140] Kawaguchi H, Shin WS, Wang Y, et al. In vivo gene transfection of [161] Capasso JM. Nisoldipine improves ventricular function in rats with
human endothelial cell nitric oxide synthase in cardiomyocytes ischemic heart failure. J Mol Cell Cardiol 1995;27:1841–1849.
causes apoptosis-like cell death. Identification using Sendai virus- [162] Capasso JM, Malhotra A, Li P, Zhang X, Scheuer J, Anversa P.
coated liposomes. Circulation 1997;95:2441–2447. Chronic nonocclusive coronary artery constriction impairs ven-

[141] Pfeffer JM, Pfeffer MA, Fishbein MC, Frohlich ED. Cardiac tricular function, myocardial structure, and cardiac contractile
function and morphology with aging in the spontaneously hy- protein enzyme activity in rats. Circ Res 1992;70:148–162.
pertensive rat. Am J Physiol 1979;237:H461–H468. [163] Medvedev OS, Gorodetskaya EA. Systemic and regional hemo-

[142] Bing OHL, Brooks WW, Robinson KG, et al. The spontaneously dynamic effects of perindopril in experimental heart failure. Am
hypertensive rat as a model of the transition from compensated left Heart J 1993;126:764–769.
ventricular hypertrophy to failure. J Mol Cell Cardiol [164] Lefrak EA, Pitha J, Rosenheim S, Gottlier JA. A clinicopathologic
1995;27:383–396. analysis of adriamycin cardiotoxicity. Cancer 1973;32:302–307.

[143] Li Z, Binh OH, Long X, Robinson KG, Lakatta EG. Increased [165] Mettler FP, Young DM, Ward JM. Adriamycin-induced cardiotox-
cardiomyocyte apoptosis during the transition to heart failure in the icity (cardiomyopathy and congestive heart failure) in rats. Cancer
spontaneously hypertensive rat. Am J Physiol 1997;272:H2312– Res 1977;37:2705–2713.
H2319. [166] Bristow MR, Mason JW, Billingham ME, Daniels JR. Doxorubicin

[144] Khadour FH, Kao RH, Park S, Armstrong PW, Holycross BJ, cardiomyopathy: evaluation of phonocardiography, endomyocar-
Schulz R. Age-dependent augmentation of cardiac endothelial NOS dial biopsy, and cardiac catheterization. Ann Int Med
in a genetic rat model of heart failure. Am J Physiol 1978;88:168–172.
1997;273:H1223–H1230. [167] de Wildt DJ, de Jong Y, Hillen FC, Steerenberg PA, van Hoesel

[145] Rubin Z, Miller JE, Rohrbacher E, Walsh GM. A potential model QGCM. Cardiovascular effects of doxorubicin-induced toxicity in
for human disease: spontaneous cardiomyopathy-congestive heart intact Lou/M wsl rat and in isolated heart preparations. J Phar-
failure in SHR/N-cp rats. Human Pathol 1984;15:901–902. macol Exp Ther 1985;235:234–240.

[146] McCune SA, Baker PB, Stills HF. SHHF/Mcc-cp rat: model of [168] Weinberg LH, Singal PK. Refractory heart failure and age-related
obesity, noninsulin-dependent diabetes, and congestive heart fail- differences in adriamycin-induced myocardial changes in rat. Can J
ure. ILAR News 1990;32:23–27. Physiol Pharmacol 1987;65:1957–1965.

[147] Park S, McCune SA, Radin MJ, et al. Verapamil accelerates the [169] Wakasurgi S, Wada A, Hasegawa Y, Nakano S, Shibata N.
transition to heart failure in obese, hypertensive, female SHHF/ Detection of abnormal cardiac neurone activity in adriamycin-

cpMcc-fa rats. J Cardiovasc Pharmacol 1997;29:726–733. induced cardiomyopathy with iodine-125-
[148] Hohl CM, Hu B, Fertel RH, Russell JC, McCune SA, Altschuld metaiodobenzylguanidine. J Nucl Med 1992;33:208–214.

RA. Effects of obesity and hypertension on ventricular myocytes: [170] Ambler GR, Johnston BM, Maxwell L, Gavin JB, Gluckman PD.
comparison of cells from adult SHHF/Mcc-cp and JCR:LA-cp Improvement of doxorubicin induced cardiomyopathy in rats
rats. Cardiovasc Res 1993;27:238–242. treated with insulin-like growth factor 1. Cardiovasc Res

[149] Haas GJ, McCune SA, Brown DM, Cody RJ. Echocardiographic 1993;27:1368–1373.

D
ow

nloaded from
 https://academ

ic.oup.com
/cardiovascres/article/39/1/89/273921 by guest on 16 August 2022



S.A. Doggrell, L. Brown / Cardiovascular Research 39 (1998) 89 –105 105

[171] Rubin E. Alcoholic myopathy in heart and skeletal muscle. New [183] Brown L, Lorenz B, Erdmann E. Reduced positive inotropic effects
Engl J Med 1979;301:28–33. in diseased human myocardium. Cardiovasc Res 1986;20:516–520.

[172] Capasso JM, Li P, Guideri G, Anversa P. Left ventricular dysfunc- [184] Hilliker KS, Bell TG, Roth RA. Pneumotoxicity and throm-
tion induced by chronic alcohol ingestion in rats. Am J Physiol bocytopenia after single injection of monocrotaline. Am J Physiol
1991;261:H212–H219. 1982;242:H573–H579.

[173] Segel LD. Alcoholic cardiomyopathy in rats: inotropic responses to [185] Hutchins GM, Anaya OA. Measurements of cardiac size, chamber
phenylephrine, glucagon, ouabain, and dobutamine. J Mol Cell volumes and valve orifices at autopsy. Johns Hopkins Med J
Cardiol 1987;19:1061–1072. 1973;133:96–106.

[174] Strasser RH, Nuchter I, Rauch B, Marquetant R, Seitz H. Changes [186] Flaim SF, Minteer WJ, Nellis SH, Clark DP. Chronic arteriovenous
in cardiac signal transduction systems in chronic ethanol treatment shunt: evaluation of a model of heart failure. Am J Physiol
preceding the development of alcoholic cardiomyopathy. Herz 1979;236:H698–H704.
1996;21:232–240. [187] Liu Z, Hilbelink DR, Crockett WB, Gerdes AM. Regional changes

[175] Kodama M, Matsumoto Y, Fujiwara M, Masani F, Izumi T, Shibata in hemodynamics and cardiac myocyte size in rats with aortacaval
A. A novel experimental model of giant cell myocarditis induced in fistulas. 1. Developing and established hypertrophy. Circ Res
rats by immunization with cardiac myosin fraction. Clin Immunol 1991;69:52–58.
Immunopath 1990;57:250–262. [188] Liu Z, Hilbelink DR, Gerdes AM. Regional changes in hemo-

[176] Koyama S, Kodama M, Izumi T, Shibata A. Experimental rat dynamics and cardiac myocyte size in rats with aortacaval fistulas.
model representing both acute and chronic heart failure related to 2. Long-term effects. Circ Res 1991;69:59–65.
autoimmune myocarditis. Cardiovasc Drugs Ther 1995;9:701–707. [189] Garcia R, Diebold S. Simple, rapid, and effective method of

[177] Okura Y, Yamamoto T, Goto S, et al. Characterization of cytokine producing aortacaval shunts in the rat. Cardiovasc Res
and iNOS mRNA expression in situ during the course of ex- 1990;24:430–432.
perimental autoimmune myocarditis in rats. J Mol Cell Cardiol [190] Arnal J-F, Philippe M, Laboulandine I, Mitchel J-B. Effects of
1997;29:491–502. perindopril in rat cardiac volume overload. Am Heart J

[178] Ishiyama S, Hiroe M, Nishikawa T, et al. Nitric oxide contributes 1993;126:776–782.
to the progression of myocardial damage in experimental au- [191] Pieruzzi F, Abassi ZA, Keiser HR. Expression of renin-angiotensin
toimmune myocarditis in rats. Circulation 1997;95:489–496. system components in the heart, kidneys, and lungs of rats with

[179] Zhang S, Kodama M, Hanawa H, Izumi T, Shibata A, Masani F. experimental heart failure. Circulation 1995;92:3105–3112.
Effects of cyclosporine, prednisolone and aspirin on rat autoim- [192] Gerdes AM, Clark LC, Capasso JM. Regression of cardiac
mune giant cell myocarditis. J Am Coll Cardiol 1993;21:1254– hypertrophy after closing an aortacaval fistula in rats. Am J Physiol
1260. 1995;268:H2345–H2351.

[180] Junqueira Jr. LF, Beraldo PSS, Chapadeiro E, Jesus PC. Cardiac [193] Willenbrock R, Scheuermann M, Hohmel K, Luft FC, Dietz R.
autonomic dysfunction and neuroganglionitis in a rat model of Acute and chronic neutral endopeptidase inhibition in rats with
chronic Chaga’s disease. Cardiovasc Res 1992;26:324–329. aortacaval shunt. Hypertension 1996;27:1259–1266.

[181] Meyrick B, Gamble W, Reid L. Development of Crotalaria [194] Litwin SE, Katz SE, Weinberg EO, Lorell BH, Aurigemma GP,
hypertension: hemodynamic and structural study. Am J Physiol Douglas PS. Serial echocardiographic-Doppler assessment of left
1980;239:H692–H702. ventricular geometry and function in rats with pressure-overload

[182] Ghodsi F, Will JA. Changes in pulmonary structure and function hypertrophy. Chronic angiotensin-converting enzyme inhibition
induced by monocrotaline intoxication. Am J Physiol attenuates the transition to heart failure. Circulation 1995;21:2642–
1981;240:H149–H155. 2654.

D
ow

nloaded from
 https://academ

ic.oup.com
/cardiovascres/article/39/1/89/273921 by guest on 16 August 2022


