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Abstract: Angiotensin 11 is a potent vasoconstrictor that is implicated in the pathogenesis of hypertension, heart failure
and atherosclerosis. In the present study, angiotensin II receptor mRNA expression levels were quantified by real-time
polymerase chain reaction and the vasocontractile responses to angiotensin II were characterised by in vitro pharmacology
in endothelium-denuded human coronary arteries. Angiotensin II type 1 (AT;) and type 2 (AT,) receptor mRNA expres-
sion levels were significantly down-regulated in arteries from patients with heart failure as compared to controls. The
angiotensin II-induced vasoconstriction diminished with increasing age in patients with heart failure (r?>=0.31, P<0.05).
Also, the AT, receptor mRNA expression levels decreased with increasing age in patients with heart failure (r>=0.74,
P<0.05), while no such correlation could be shown in the control group (r>=0.04, P=n.s.). The AT, receptor mRNA
expression levels did not correlate with age in patients with heart failure or controls. In conclusion, the diminished
angiotensin II vasoconstriction with age in heart failure patients is most likely due to a lower density of AT, receptors
and may result from a longer period of exposure to heart failure in older patients.

Angiotensin II is the principal effector molecule of the re-
nin-angiotensin system. Angiotensin II is produced by the
action of renin on angiotensinogen to form angiotensin I
and its subsequent conversion to the biologically active pep-
tide by angiotensin-converting enzyme. The formation of
angiotensin II has been demonstrated in the systemic circu-
lation and in a number of local tissues including the human
vasculature (Kifor & Dzau 1987). Angiotensin II is a potent
vasoconstrictor that regulates regional blood flow and a
growth factor that elicits vascular smooth muscle cell pro-
liferation (Daemen et al. 1991; Simon & Altman 1992;
Weber 2000).

In the human vasculature, the angiotensin II effects are
mediated by the angiotensin II type 1 (AT;) and type 2
(AT,) receptors. These are G-protein coupled receptors that
have been identified, cloned and sequenced in man (Furuta
et al. 1992; Tsuzuki et al. 1994). The AT, and AT, receptors
are distributed heterogeneously in human tissues including
blood vessels and the heart (Kim & Iwao 2000). Angio-
tensin II-induced vasoconstriction in human arteries is me-
diated primarily by AT, receptors on smooth muscle cells
(Garcha et al. 1999; Ytterberg & Edvinsson 2001). The AT,
receptors are mainly believed to induce endothelium-de-
pendent dilatation by release of nitric oxide and prosta-
glandins (Carey et al. 2000). In human coronary arteries,
AT, receptors on smooth muscle cells mediate vasoconstric-
tion (Pantev et al. 2002).
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The angiotensin II receptor expression changes during
the development of cardiovascular pathology such as vascu-
lar injury and cardiac remodelling (Masaki et al. 1998; Mat-
subara 1998;Akishita er al. 2000; Katugampola & Daven-
port 2000). Even though inhibitors of the renin-angiotensin
system are increasingly used for the treatment of heart fail-
ure and hypertension, data on angiotensin II receptor
mRNA expression and function in the human vasculature
is scarce. The hypothesis of the present study is that angio-
tensin II receptor expression and function in human coro-
nary arteries varies between patients and is dependent on
the disease state. The aim of the study was to evaluate
which background factors that are of importance for the
variation of the angiotensin II receptor expression and
function. AT; and AT, receptor mRNA expression levels
were quantified by real-time polymerase chain reaction in
endothelium-denuded human coronary arteries from pa-
tients with heart failure as compared to controls. Further-
more, the influence of age on the angiotensin II-mediated
vasoconstriction was evaluated.

Materials and Methods

Limitations of the study. The supply of human material is limited.
Whole coronary arteries can be received only from explanted hearts
during heart transplantation. In vitro pharmacology experiments
are therefore run on arteries from heart failure patients (New York
Heart Association (NYHA) II-1V), and no proper controls for this
group can be obtained. For obvious reasons, collection of human
coronary arteries from explanted hearts takes time, thereby the
limited size of material. For ethical reasons, only biopsies of coro-
nary arteries can be obtained during autopsy and the material is
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Table 1.

Baseline characteristics
Mean age, range 60 years, 21-86 years
Gender (Men/women) 62%/38%
Smokers 50%
Clinical diagnosis
Dilated cardiomyopathy 32%
Restrictive cardiomyopathy 24%
Ischemic cardiomyopathy 32%
Diabetes mellitus 12%
Hypertension 8%
Hyperlipidemia 12%
Tricuspid insufficiency 4%
Heart failure
NYHA 11 24%
NYHA III 52%
NYHA VI 24%
Mean EF, range 22%, 8-55%

Baseline characteristics for the patients with heart failure.
NYHA=New York Heart Association; EF =ejection fraction.

only sufficient for real-time polymerase chain reaction, and not in
vitro pharmacology experiments.

Tissue collection. Biopsies from coronary arteries, used for real-time
polymerase chain reaction experiments, were obtained post mortem
during autopsy. Included in the study were eight patients that died
from heart failure (age 36-80). The patients had suffered from heart
failure for a longer period of time. Nine control patients were in-
cluded. These did not have any known cardiovascular disease at the
time of death (controls, age 40-83). In the control group the cause
of death was pneumonia (three patients), stroke (three patients),
acute respiratory distress syndrome (one patient), sepsis (one pa-
tient) and trauma (one patient). The control patients did not have
heart failure diagnosed by the time of death, and no atherosclerotic
lesions could be identified in the coronary arteries when dissected
under a microscope. The relation between the time of death and the
time of biopsy was 8-56 hr, and did not differ between the heart
failure and the control group. After removal of the endothelium,
the vessels were snap frozen in liquid nitrogen and stored at —80°.

For the in vitro pharmacology experiments, a section of the left
anterior descending artery was obtained from 17 human hearts ex-
planted in the process of heart transplantation (age 21-62). None
of the patients had been treated with AT; receptor blockers before
surgery. The vessels were removed from the patients and immersed
into cold bicarbonate buffer solution (for composition, see below),
transported to the laboratory on ice and immediately used for
further experiments. For baselines characteristics for the patients
with heart failure (table 1).

In vitro pharmacology. The arteries were dissected free from adher-
ing tissue and the luminal side was gently rubbed with a metal wire
to disrupt the endothelium. The arteries were then cut into cylindri-
cal segments (3-4 mm long). The segments were mounted on two
L-shaped metal prongs, one of which was connected to a force dis-
placement transducer for continuous recording of the isometric ten-
sion (Hogestétt et al. 1983). The mounted artery segments were
immersed in temperature controlled (37°) tissue baths containing a
bicarbonate based buffer solution (for composition, see below),
which was continuously gassed with 5% CO, in O, resulting in a
pH of 7.4. Eight to sixteen segments were studied at the same time
in separate tissue baths. The segments were allowed to stabilise at a
resting tension of 4 mN for 1 hr before the experiments were
started. The contractile capacity of each vessel segment was exam-
ined by exposure to a K™ rich (63.5 mM) buffer solution. Cumula-
tive concentration-response curves were constructed for all experi-

ments by the addition of increasing concentrations of angiotensin
II (0.01 nM-5 uM). The experiments were terminated by the ad-
dition of the endothelium-dependent vasodilator adenosine 5'-O-
thiodiphosphate (10 uM) to check that the endothelium was prop-
erly removed (Malmsjo et al. 2000). Abolished dilatation indicated
a properly removed endothelium.

Real-time polymerase chain reaction. Real-time polymerase chain re-
action was run on the endothelium-denuded human coronary arter-
ies. Reverse transcription of total RNA to cDNA was carried out
using the GeneAmp RNA polymerase chain reaction kit in a Per-
kin-Elmer DNA Thermal cycler (Perkin-Elmer Applied Biosystems,
Foster City, CA, USA). First strand cDNA was synthesized from
0.5-1 pg total RNA in a 100 pl reaction using random hexamers as
primers. Real-time polymerase chain reaction was performed in a
GeneAmp 5700 Sequence Detection System using the GeneAmp
SYBR® Green kit (Perkin-Elmer, Applied Biosystems Foster City,
CA, USA) with the cDNA synthesized above as template in a 50 pl
reaction. A no-template control was included in all experiments.
The GeneAmp 5700 Sequence Detection System monitors the am-
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Fig. 1. AT, (A) and AT, (B) receptor mRNA expression levels as-
sessed by real-time polymerase chain reaction in human coronary
arteries from patients with heart failure and controls. Values are
presented as mean values=S.E.M relative to the GAPDH levels.
Statistical significance was accepted when P<<0.05, using Student’s
t-test.
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plification of DNA in real-time using an optic imaging system, via
the binding of a fluorescent dye to double-stranded DNA. Specific
primers for the human AT, and AT, receptors were designed as
follows:

AT receptor
forward; 5'-ACC TGG CTA TTG TTC ACC CAA-3’
reverse; 5'-ACA AGC ATT GTG CGT CGA AG-3’
AT, receptor
forward; 5'-CCT CGC TGT GGC TGA TTT ACT C-3'
reverse; 5'-CTT TGC ACA TCA CAG GTC CAA-3'

B-Actin and glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
were used as references, since they are continuously expressed in
constant amounts in cells.

The real-time polymerase chain reaction was performed with the
following profile: 50° for 2 min., 95° for 10 min., 40 cycles of 95°
for 15 sec. and 60° for 1 min. To prove that the cDNA of B-actin,
GAPDH, AT, and AT, receptors were amplified with the same ef-
ficiency during the real-time polymerase chain reaction experi-
ments, standard curves for each primer pair were made (fig. 1) in
which the Cy values were plotted against cDNA concentration on
the basis of the following equation: Cy = [log (1+E)]! log (concen-
tration), where Cr is the number of polymerase chain reaction
cycles performed in 1 sample at a specific point of time, and E is
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the amplification efficiency with an optimal value of 1. To prove
that each primer pair generates only one polymerase chain reaction
product, an agarose gel electrophoresis with the polymerase chain
reaction products was run. The lengths of the products were 101
base pairs for both AT, and AT,. This corresponds to the expected
size of the AT, and the AT, cDNA from the gene bank was exam-
ined with the program Primer Express 2.0.

Drugs and solutions. The bicarbonate buffer solution for the in vitro
pharmacology experiments was of the following composition in
mM: 119 NaCl, 15 NaHCO;, 4.6 KCL, 1.2 MgCl,, 1.2 NaH,PO,,
1.5 CaCl, and 5.5 glucose. Adenosine 5'-O-thiodiphosphate (Sigma
Co., USA) was dissolved in 0.9% saline. Angiotensin II (Sigma Co.,
USA) was dissolved in 0.1% bovine serum albumin. Oligonucle-
otides and reagents for the real-time polymerase chain reaction as-
say were purchased from Perkin-Elmer, Applied Biosystems, Foster
City, CA, USA.

Calculations and statistics. In vitro pharmacology: All calculations
and statistics were performed using GraphPad 4.0 software. E, .,
refers to the maximum contraction calculated as percent of the con-
tractile capacity of 63.5 mM K™. The negative logarithm of the
drug concentration that elicited 50% contraction (pECs) was deter-
mined by linear regression analysis using the values immediately
above and below half-maximum response. Statistical significance
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Fig. 2. AT, (A and B) and AT, (C and D) receptor mRNA expression levels assessed by real-time polymerase chain reaction in human
coronary arteries from patients with heart failure (A and C) and controls (B and D). The results were correlated to the patients’ ages and
illustrated with a linear regression line and a 95% confidence interval. Values are presented as mean values*=S.E.M relative to the GAPDH
levels. Statistical significance was accepted when P<<0.05, using Student’s t-test.
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Fig. 3. Standard curves for the AT, receptor, the AT, receptor and
the two housekeeping genes B-actin and GAPDH.

was accepted when P<0.05, using Student’s t-test. Values are pre-
sented as means*S.E.M.

Real-time polymerase chain reaction: 22 experiments were
performed on eight arteries from patients with heart failure, 22
experiments were performed on nine arteries from patients with-
out known cardiovascular disease. The amount of AT, and AT,
receptor mRNA was calculated as relative to the amount of
GAPDH or B-actin mRNA in the same sample by the formula:
Xo/Ry=2CR-CX "where X,=original amount of angiotensin II re-
ceptor mRNA, Rjp=original amount of GAPDH or f-actin
mRNA, CtR=Crvalue for GAPDH or B-actin and CtX=Cy
value for the angiotensin II receptor. Statistical significance was
accepted when P<0.05, using Student’s t-test. Values are presented
as means*=S.E.M relative to GAPDH mRNA levels.

Regression analyses and Pearson correlation analyses were per-
formed to determine how well two variables vary together. r? is the
coefficient of determination and is the fraction of variance in the
two variables that is shared.

Ethics. The project was approved by the Ethics Committee of Lund
University in Sweden and Szeged University in Hungary, conforms
to the principles outlined in the Declaration of Helsinki.

Angiotensin Il contraction

T T T T T 1

20 30 40 50 60 70
Age

Fig. 4. The maximum vasocontractile response induced by angio-
tensin II in human coronary arteries. Correlation with patient age,
illustrated with a linear regression line and a 95% confidence inter-
val. Statistical significance was accepted when P<0.05, using Stu-
dent’s t-test.

Results

Real-time polymerase chain reaction.

The AT, and AT, receptor mRNA expression levels were
lower in coronary arteries from patients with heart failure
as compared to controls (P<<0.001, fig. 1A and B). There
was no difference in age between the heart failure patients
and the controls (heart failure; 63*8 years, controls; 59+3
years, P=n.s.). The AT, receptor mRNA expression levels
decreased with increasing age in patients with heart failure
(r>=0.74, P<0.05), while no correlation could be shown in
the control group (r’=0.04, P=n.s., fig. 2A and B). The
AT, receptor mRNA expression levels did not correlate
with increasing age in patients with heart failure (r>=0.01,
P=n.s.) or controls (r>’=0.07, P=n.s., fig. 2C and D).

mRNA expression levels were higher for the AT, than for
the AT, receptor, both in arteries from patients with heart
failure and controls (fig. 1A and B). The standard curves
for the AT, AT,, B-actin and GAPDH cDNA primer pairs
are shown in fig. 3. Similar patterns of AT; and AT, recep-
tor mRNA expression could be shown when using B-actin
for reference gene as compared to GAPDH (data not
shown), indicating that these genes were trustworthy as ref-
erences. Electrophoresis of the polymerase chain reaction
products demonstrated that each primer pair generated
only the expected product with a length of 101 base pairs
for AT, and 101 base pairs for AT,. The no-template con-
trol showed no signs of contaminating nucleic acids (data
not shown).

In vitro pharmacology. Coronary arteries for the in vitro
pharmacology experiments were obtained during heart
surgery from patients with heart failure (NYHA II-1V). In
these arteries, the efficacy of the contractile response to
angiotensin II declined with increasing age (r>=0.31,
P<0.05, fig. 4 and 5), while the potency was unchanged
(pECs0=8.1+0.2, r’=0, P=n.s.), indicating receptor down-
regulation. The patients’ ages ranged from 21 to 62 years.
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Fig. 5. Representative examples of contractions induced by a single
dose of K* (63.5 mM) and then increasing concentrations of angio-
tensin II (—log M), in coronary arteries from patients of different
age. A: 21 years of age. E,,, for angiotensin II=95% of K*. B: 56
years of age. E .. for angiotensin I1=18% of K*.
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The K*-induced contraction was not affected by age (P=
n.s.), indicating intact smooth muscle cell function.

Discussion

The levels of ATy and AT, receptor mRNA were reduced in
coronary artery smooth muscle cells from patients with
heart failure as compared to controls. This may result in a
less efficacious angiotensin II response. Unfortunately,
functional studies can not be performed on arteries ob-
tained during post mortem autopsy due to limited tissue
supply. Many studies have been performed in animals to
evaluate the effect of angiotensin II in the vasculature dur-
ing heart failure. Increased as well as unaltered or impaired
responses to angiotensin II have been described, and the
results do not provide a consistent picture (Didion et al.
1997; Stassen et al. 1997, lkenaga et al. 1999; Miller et al.
2000; Touyz & Schiffrin 2000; Gschwend et al. 2003). In
this respect, the vascular adaptation mechanisms may differ
depending on duration and severity of heart failure and the
arterial bed investigated.

The down-regulation of angiotensin II receptor mRNA
expression levels in heart failure is supported by previous
data showing that when coronary arteries are obtained
mainly from humans dead in accidents, the pECs, value for
angiotensin II is 9.3 (Holmgren et al. 1998). When coronary
arteries from explanted failing hearts are studied the pECs,
value is 7.7 (Pantev et al. 2002) and 8.1 (in the present
study). In the present study, 32% of the patients with heart
failure had the diagnosis ischaemic heart disease. It has
been shown before by autoradiography that AT, receptors
are down-regulated in coronary arteries from humans with
ischaemic heart disease (Katugampola & Davenport 2000).
Down-regulation of angiotensin II receptors might make
the coronary arteries less prone to develop spasm and
atherosclerotic plaques and thus restore vital blood circula-
tion to the failing heart despite the elevated circulating
levels of angiotensin II (Zimmerman & Davisson 2004).

The cause of angiotensin II receptor changes in heart
failure is not known although alterations in the neurohoro-
monal pathways involving both the renin-angiotensin sys-
tem and sympathetic nervous system may be of importance.
Constricting factors (e.g. thromboxane A2, angiotensin II
and endothelin-1), vasodilating factors (e.g. nitric oxide)
and inflammatory hormones (cytokines) are released locally
by the endothelium, nerve terminals, platelets and leuko-
cytes during heart failure. These have been suggested to
participate in vascular remodelling and feedback to the
forebrain and hypothalamic centres to stimulate further
sympathetic activation (Fang & Marwick 2002; Felder et al.
2003). Increased systemic or local production of angio-
tensin II may have stimulated receptor down-regulation via
a negative feed-back system. It has been shown before that
exposure to angiotensin II induces down-regulation of AT,
receptor mRNA in rat aortic vascular smooth muscle cells
and cultured rat glomerular cells (Makita ez al. 1992; Las-
segue et al. 1995).

In vitro pharmacological studies were performed on coro-
nary arteries from hearts explanted during the procedure of
heart transplantation (NYHA II-IV). The present results
show that the angiotensin II-induced vasoconstriction de-
clines with increasing age in human coronary arteries from
patients with heart failure (table 1). The efficacy of the con-
traction was decreased while the potency was unaltered,
which may reflect a change in receptor expression or intra-
cellular pathways according to receptor theories (Black &
Leff 1983). Previous studies on isolated arteries have dem-
onstrated a reduced angiotensin II contraction in old ani-
mals (Marin 1995). The K*-induced vasoconstriction was
not altered by age in the present study, indicating that the
contractile machinery is unaffected, which has been shown
by others (Marin 1995).

The mechanisms responsible for the decreased angio-
tensin II-induced vasoconstriction in old humans are not
known. Other contractile receptors, e.g. adrenoceptors,
have been shown to be down-regulated in arteries from old
humans (Marin 1995). It is believed that the adrenoceptors
are desensitised due to elevated levels of catecholamines in
plasma (Marin 1995). Aging induces over-expression of
tissue angiotensin-converting enzyme (Belmin er al. 1994).
Most of the angiotensin II that induces vasoconstriction
is synthesised locally in the vascular wall by tissue renin-
angiotensin system (Touyz & Schiffrin 2000). Presumably
this results in increased angiotensin II concentrations in the
vascular wall and subsequent angiotensin II receptor down-
regulation.

In previous in vitro pharmacology studies, it has been
shown that the angiotensin II-induced vasoconstriction in
human coronary arteries is mediated by AT, receptors,
since the response was inhibited by candesartan, and AT,
receptors, since the response was inhibited by and
PD123319 (Pantev et al. 2002). When analysing the present
real-time polymerase chain reaction experiments, both AT,
and AT, receptor mRNA were detected. The AT, receptor
mRNA expression levels decreased with increasing age in
patients with heart failure, while no such correlation could
be shown for the AT, receptor. Thus, the diminished angio-
tensin II vasoconstriction with increasing age in heart fail-
ure patients is most likely due to a lower density of AT,
receptors. The AT, receptor mRNA expression levels were
decreases in old patients in the heart failure group, but not
in the control group. These results suggest that the decrease
AT receptor mRNA expression and angiotensin II-induced
vasoconstriction with increasing age may be a result of a
longer period of exposure to heart failure in older patients,
although other factors that change with increasing age can
not be excluded.

In conclusion, the present study demonstrates for the first
time that AT; and AT, receptor mRNA expression levels
are decreased in arteries from patients with heart failure as
compared to controls. AT receptor mRNA was expressed
in higher amounts than AT, receptor mRNA, which is in
accordance with the assumption that AT; receptors are of
major importance in mediating the vasocontractile effects
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of angiotensin II (Pantev et al. 2002). AT, and AT, receptor
mRNA expression levels were significantly down-regulated
in arteries from patients with heart failure as compared to
controls. The angiotensin II-induced vasoconstriction
diminished with increasing age in patients with heart fail-
ure. Also, the AT; receptor mRNA expression levels de-
creased with increasing age in patients with heart failure,
while no such correlation could be shown in the control
group. Thereby, the diminished angiotensin II vasoconstric-
tion with increasing age in heart failure patients is most
likely due to a lower density of AT, receptors and may re-
sult from a longer period of exposure to heart failure in
older patients. Since the angiotensin II-induced vasoconstr-
iction decreases with increasing age, a treatment with angio-
tensin-converting enzyme or an AT, receptor inhibitor may
be less effective in elderly patients. Tailoring the treatment,
e.g. treating younger patients with heart failure or hyperten-
sion with angiotensin-converting enzyme or AT, receptor
inhibitor while using different pharmaceutical agents for
elderly patients, may be more beneficial.

Acknowledgements

This study has been supported by the Swedish Hyperten-
sion Society, the Swedish Medical Association, the Royal
Physiographic Society (Lund), the Swedish Medical Re-
search Council Grant 5958, the Medical Society in Lund,
the Crafoord Foundation, the Swedish Heart Lung Founda-
tion and the Swedish Government Grant for Clinical Re-
search.

References

Akishita, M., M. Horiuchi, H. Yamada, L. Zhang, G. Shirakami,
K. Tamura, Y. Ouchi & V. J. Dzau: Inflammation influences vas-
cular remodeling through AT2 receptor expression and signaling.
Physiol Genomics 2000, 2, 13-20.

Belmin, J., B. I. Levy & J. B. Michel: Changes in the renin-angio-
tensin-aldosterone axis in later life. Drugs Aging 1994, 5, 391—
400.

Black, J. W. & P. Leff: Operational models of pharmacological
agonism. Proc. Royal Soc. Lond. B Biol. Sci. 1983, 220, 141-162.

Carey, R. M., Z. Q. Wang & H. M. Siragy: Update: role of the
angiotensin type-2 (AT(2)) receptor in blood pressure regulation.
Curr. Hypertens. Rep. 2000, 2, 198-201.

Daemen, M. J., D. M. Lombardi, FE. T. Bosman & S. M. Schwartz:
Angiotensin II induces smooth muscle cell proliferation in the
normal and injured rat arterial wall. Circ. Res. 1991, 68, 450—
456.

Didion, S. P, P. K. Carmines, H. Ikenaga & W. G. Mayhan: En-
hanced constrictor responses of skeletal muscle arterioles during
chronic myocardial infarction. Amer. J. Physiol. 1997, 273,
H1502-H1508.

Fang, Z. Y. & T. H. Marwick: Vascular dysfunction and heart fail-
ure: epiphenomenon or etiologic agent? Amer. Heart J. 2002,
143, 383-390.

Felder, R. B., J. Francis, Z. H. Zhang, S. G. Wei, R. M. Weiss &
A. K. Johnson: Heart failure and the brain: new perspectives.
Amer. J. Physiol. Regul. Integr. Comp. Physiol. 2003, 284, R259—
R276.

Furuta, H., D. E Guo & T. Inagami: Molecular cloning and se-
quencing of the gene encoding human angiotensin II type 1 re-
ceptor. Biochem. Biophys. Res. Commun. 1992, 183, 8-13.

Garcha, R. S., P. S. Sever & A. D. Hughes: Action of AT1 receptor
antagonists on angiotensin II-induced tone in human isolated
subcutaneous resistance arteries. Brit. J. Pharmacol. 1999, 127,
1876-1882.

Gschwend, S., R. H. Henning, Y. M. Pinto, D. de Zecuw, W. H.
van Gilst & H. Buikema: Myogenic constriction is increased in
mesenteric resistance arteries from rats with chronic heart failure:
instantaneous counteraction by acute AT1 receptor blockade.
Brit. J. Pharmacol. 2003, 139, 1317-1325.

Holmgren, A., E. Pantev, D. Erlinge & L. Edvinsson: Inhibition of
angiotensin II-induced contraction by losartan in human coro-
nary arteries. J. Cardiovasc. Pharmacol. 1998, 32, 662-664.

Hogestitt, E. D., K. E. Andersson & L. Edvinsson: Mechanical
properties of rat cerebral arteries as studied by a sensitive device
for recording of mechanical activity in isolated small blood ves-
sels. Acta physiol. scand. 1983, 117, 49-61.

Ikenaga, H., N. Ishii, S. P. Didion, K. Zhang, K. G. Cornish, K. P.
Patel, W. G. Mayhan & P. K. Carmines: Suppressed impact of
nitric oxide on renal arteriolar function in rats with chronic heart
failure. Amer. J. Physiol. 1999, 276, F79-F&87.

Katugampola, S. D. & A. P. Davenport: Changes in ET(A)-, AT1-
and AT2-receptors in the phenotypically transformed intimal
smooth muscle layer of human atherosclerotic coronary arteries.
J. Cardiovasc. Pharmacol. 2000, 36, S395-S396.

Kifor, I. & V. J. Dzau: Endothelial renin-angiotensin pathway: evi-
dence for intracellular synthesis and secretion of angiotensins.
Circ. Res. 1987, 60, 422-428.

Kim, S. & H. Iwao: Molecular and cellular mechanisms of angio-
tensin II-mediated cardiovascular and renal diseases. Pharmacol.
Rev. 2000, 52, 11-34.

Lassegue, B., R. W. Alexander, G. Nickenig, M. Clark, T. J.
Murphy & K. K. Griendling: Angiotensin II down-regulates the
vascular smooth muscle AT receptor by transcriptional and
post-transcriptional mechanisms: evidence for homologous and
heterologous regulation. Mol. Pharmacol. 1995, 48, 601-609.

Makita, N., N. Iwai, T. Inagami & K. F. Badr: Two distinct path-
ways in the down-regulation of type-1 angiotension II receptor
gene in rat glomerular mesangial cells. Biochem. Biophys. Res.
Commun. 1992, 185, 142-146.

Malmsjo, M., M. Adner, T. K. Harden, W. Pendergast, L. Edvins-
son & D. Erlinge: The stable pyrimidines UDPbetaS and
UTPgammas discriminate between the P2 receptors that mediate
vascular contraction and relaxation of the rat mesenteric artery.
Brit. J. Pharmacol. 2000, 131, 51-56.

Marin, J.: Age-related changes in vascular responses: a review.
Mech. Ageing Dev. 1995, 79, 71-114.

Masaki, H., T. Kurihara, A. Yamaki, N. Inomata, Y. Nozawa, Y.
Mori, S. Murasawa, K. Kizima, K. Maruyama, M. Horiuchi, V.
J. Dzau, H. Takahashi, T. Iwasaka, M. Inada & H. Matsubara:
Cardiac-specific overexpression of angiotensin II AT2 receptor
causes attenuated response to AT1 receptor-mediated pressor and
chronotropic effects. J. Clin. Invest. 1998, 101, 527-535.

Matsubara, H.: Pathophysiological role of angiotensin II type 2
receptor in cardiovascular and renal diseases. Circ. Res. 1998, 83,
1182-1191.

Miller, A. A., I. L. Megson & G. A. Gray: Inducible nitric oxide
synthase-derived superoxide contributes to hypereactivity in
small mesenteric arteries from a rat model of chronic heart fail-
ure. Brit. J. Pharmacol. 2000, 131, 29-36.

Pantev, E., E. Stenman, A. Wackenfors, L. Edvinsson & M.
Malmsjo: Comparison of the antagonistic effects of different
angiotensin 11 receptor blockers in human coronary arteries. Eur.
J. Heart Fail. 2002, 4, 699-705.

Simon, G. & S. Altman: Subpressor angiotensin 11 is a bifunctional
growth factor of vascular muscle in rats. J. Hypertens. 1992, 10,
1165-1171.

Stassen, F. R., G. E. Fazzi, P. J. Leenders, J. F. Smits & J. G. De
Mey: Coronary arterial hyperreactivity and mesenteric arterial
hyporeactivity after myocardial infarction in the rat. J. Cardio-
vasc. Pharmacol. 1997, 29, 780-788.



272 ANGELICA WACKENFORS ET AL.

Touyz, R. M. & E. L. Schiffrin: Signal transduction mechanisms
mediating the physiological and pathophysiological actions of
angiotensin II in vascular smooth muscle cells. Pharmacol. Rev.
2000, 52, 639-672.

Tsuzuki, S., T. Ichiki, H. Nakakubo, Y. Kitami, D. F. Guo, H. Shi-
rai & T. Inagami: Molecular cloning and expression of the gene
encoding human angiotensin II type 2 receptor. Biochem. Bio-
phys. Res. Commun. 1994, 200, 1449-1454.

Weber, K. T.: Fibrosis and hypertensive heart disease. Curr. Opin.
Cardiol. 2000, 15, 264-272.

Ytterberg, H. & L. Edvinsson: Characterisation of angiotensin II
receptors in isolated human subcutaneous resistance arteries. J.
renin-angiotensin-aldosterone system 2001, 2, 37-41.

Zimmerman, M. C. & R. L. Davisson: Redox signaling in central
neural regulation of cardiovascular function. Prog. Biophys. Mol.
Biol. 2004, 84, 125-149.



