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Abstract

Adenylyl cyclase and soluble guanylyl cyclase activities were measured in cardiac and aortic tissue from transgenic hypertensive
TGR(MREN2)27 and normotensive Sprague—Dawley rats. Cardiac basal and stimulated adenylyl cyclase activity was significantly lower
in TGR(MREN2)27 than in Sprague—Dawley rats except after uncoupling of G-proteins by Mn?*-ions. Aortic cAMP formation did not
differ between both strains, indicating that the disturbance of cardiac adenylyl cyclase activity was due to local rather than systemic
factors. Vascular cGMP formation was significantly reduced in TGR(MREN2)27 aortae under basal conditions and after stimulation with
sodium nitroprusside, indicating that there is a subsensitive vasodilating second messenger pathway in the transgenic strain. © 1998

Elsevier Science B.V.
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1. Introduction

Changes in the cardiac B-adrenoceptor-adenylyl cyclase
system are a common finding in rat models of hyperten-
sive cardiomyopathy (review in: Castellano and Bohm,
1997). Typicdly, the response to B-adrenergic stimulation
of adenylyl cyclase is found to be depressed in diseased
myocardium and inhibitory G-proteins are often found to
be elevated. It is, however, unclear whether these changes
result from local factors, are non-specific consequences of
cardiac hypertrophy per se, or reflect systemic overactiva
tion of the sympathetic nervous system. In the present
study we measured cardiac as well as vascular adenylyl
cyclase activity in transgenic hypertensive
TGR(MREN2)27 rats and their normotensive controls.
TGR(MREN2)27 rats are characterized by an overactive
renin angiotensin-system (Tokita et al., 1994), which leads
to fulminant hypertension (Mullins et al., 1990) with typi-
cal secondary complications such as vascular damage,
nephrosclerosis (Bachmann et al., 1992) and myocardial
hypertrophy (Villarreal et al., 1995). In a previously pub-
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lished study, it was shown that cardiac B-adrenergic signa
transduction is desensitized in TGR(MREN2)27 rats (Bohm
et a., 1994). This could result from increased cardiac
angiotensin |l concentrations leading to enhanced neuronal
noradrenaline release. Based on this hypothesis, it was of
interest to study whether comparable alterations occur in
the vascular adenylyl cyclase pathway.

The aortic soluble guanylyl cyclase system was studied
in TGR(MREN2)27 rats, because impaired nitric oxide-de-
pendent vasodilation has been found in humans and in
models of experimental hypertension (review in: Do-
miniczak and Bohr, 1995), which could involve a reduc-
tion in the endothelial release of nitric oxide as well as
subsensitivity of the second messenger pathway.

2. Methods
2.1. Animals

Male 10 week old Sprague—Dawley (n = 35) and trans-
genic TGRIMREN2)27 rats (n = 35) were obtained from
Moellegaard (Skensved). Animals were kept in groups of 5
rats per cage under a 12:12 h light/dark regimen with
lights on at 7:00 h, under constant environmental condi-
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tions, and with free access to food and water. After 2
weeks the rats were killed, and heart ventricles and the
descending part of the thoracic aorta were dissected, freed
from fat and connective tissue, rinsed in ice-cold isotonic
sdline solution, dried on filter paper, frozen in liquid
nitrogen, and stored at —60°C.

2.2. Tissue preparation

Single thoracic aortae with endothelium were homoge-
nized in 1.5 ml of ice-cold GC-buffer (guanylyl cyclase-
buffer: Tris-HClI 50 mM, pH 7.4, MgCl, 5 mM, bDL-
dithiothreitol 1 mM), using an Ultra-Turrax-homogenizer
(IKA, Staufen) at 20000 rpm, followed by a second
homogenization with a Braun—Potter-S glass homogenizer.
The resulting suspension was centrifuged for 10 min at
25000 X g. The supernatant was used for determination of
soluble guanylyl cyclase activity; the pellet was resus-
pended in AC-buffer (Tris=HCI 50 mM, pH 7.4, MgCl, 5
mM for aortic tissue, 10 mM for cardiac tissue) for
measurement of adenylyl cyclase activity. Single ventricles
were weighed and immediately homogenized in ice-cold
AC-buffer using an Ultra-Turrax-homogenizer (IKA,
Staufen) at 20000 rpm. After 10 min centrifugation at
25000 X g, the pellets were resuspended in 0.10 ml AC-
buffer per mg of tissue. All preparation steps were per-
formed at 4°C to prevent thermal ateration of the en-
Zymes.

2.3. Adenylyl cyclase assay

The formation of CAMP was determined in the presence
of the phosphodiesterase-inhibitor 3-isobutyl-1-methyl-
xanthine (IBMX) and an ATP-regenerating system as de-
scribed (Lemmer and Witte, 1989). Aortic adenylyl cy-
clase was stimulated by the non-hydrolyzable GTP ana-
logue guanylylimidodiphosphate (GppNHp) 100 uM and
by forskolin-7-deacetyl-7-butyryl (forskolin) 100 wM.
Cardiac adenylyl cyclase was stimulated by GTP 10 uM,

isoprenaline 100 uM (in the presence of GTP 10 uM),
GppNHp 100 uM and by forskolin 100 wM. In addition,
cardiac cAMP formation was measured in AC-buffer con-
taining Mn?* 10 mM instead of Mg?* 10 mM in order to
assess catalytic activity after uncoupling of the G-proteins
(Limbird et a., 1979). The amount of cAMP formed was
measured by radioassay (TRK 432, Amersham Buchler,
Braunschweig).

2.4. Guanylyl cyclase assay

The formation of cGMP by soluble guanylyl cyclase
was determined in the presence of IBMX 1 mM and a
GTP-regenerating system containing GTP 0.5 mM, phos-
phocreatine 10 mM, and creatine phosphokinase 0.1
mg,/ml as described in detail (Witte et al., 1995). The
enzyme was stimulated by addition of the nitric oxide
donor sodium nitroprusside 10 and 100 wM. The amount
of cGMP formed was measured by radioimmunoassay
(TRK 500, Amersham Buchler, Braunschweig).

2.5. Protein concentration

The protein content of the supernatant and pellet of the
aortic tissue preparation was determined by using the
Coomassie® Plus assay (Pierce, oud-Beijerland). The pro-
tein content of the cardiac tissue preparation was measured
according to Lowry et al. (1951). Bovine serum abumin
(Sigma, Deisenhofen) was dissolved in the respective buffer
for use as standard.

2.6. Satistics

Differences between strains were tested by using the
non-parametric Mann—Whitney U-test. BiAS 5.0 (Acker-
mann, 1997) was used as statistics software. Data are
shown as means + S.D. unless otherwise indicated.

Table 1
Activities of adenylyl and guanylyl cyclase in cardiac and aortic tissue from Sprague—Dawley and transgenic TGR(MREN2)27 rats
n Cardiac adenylyl cyclase (pmol /mg,/min)
basal GTP 10 uM IPN 100 M GppNHp 100 uM FOR 100 uM Mn2* 10 mM
SPRD (33 63.7 £ 155 824+ 19.1 193.0+ 7.0 2376 +70.7 1212.1 + 266.1 517.0 + 1104
TGR (33 442 +16.1 62.9+19.9 153.6 + 46.7 176.4 + 47.7 939.0 + 236.4 5349+ 1734
U-test P < 0.001 P < 0.001 P < 0.001 P < 0.001 P < 0.001 ns.
n Aortic adenylyl cyclase (pmol /mg,/min) Aortic soluble guanylyl cyclase (pmol /mg,/min)
basal GppNHp 100 uM FOR 100 uM basal SNP 10 uM SNP 100 uM
SPRD (35 103.8 + 344 298.0 + 106.2 3170.1 4+ 1325.2 239+ 10.6 583.6 + 284.5 1679.5 + 488.7
TGR (35) 975+ 154 2771+ 617 2846.9 + 769.3 148+51 3059 + 177.3 792.0 £ 352.3
U-test ns. ns. n.s. P < 0.001 P < 0.001 P < 0.001

Enzyme activities (pmol /mg,/min) represent mean value + S.D., SPRD = Sprague-Dawley rats, TGR = TGR(MREN2)27 rats.
IPN = isoprenaline (in the presence of GTP 10 wM), FOR = forskolin-7-deacetyl-7-butyryl, SNP = sodium nitroprusside, U-test = non-parametric

Mann-Whitney U-test, n.s. = not significant.
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3. Results

3.1. Cardiac tissue

Basa and stimulated rates of CAMP formation were
significantly lower in ventricles from TGR(MREN2)27
than in ventricles from Sprague—Dawley rats, except after
uncoupling of G-proteins by Mn?*-ions (Table 1). Net
increases in adenylyl cyclase activity produced by isopre-
naline 100 wM (minus cAMP formation in the presence of
GTP) were 110.6 + 33.6 and 90.7 + 33.7 pmol /mg,/min
in Sprague—Dawley and TGR(MREN2)27 rats, represent-
ing a relative stimulation (x-fold the basal activity in the
presence of GTP) of 2.4 + 0.5 and 2.5 + 0.5, respectively.
While the absolute stimulation of adenylyl cyclase by
isoprenaline was significantly (P < 0.01) reduced in hy-
pertensive rats, the relative increase in enzyme activity did
not differ between the strains. Activation of G-proteins by
GppNHp 100 uM induced net increases over basal CAMP
formation of 173.9 + 59.6 pmol /mg/min (3.8 + 0.6-fold
basal) in Sprague-Dawley and 132.2 + 39.0
pmol /mg,/min (4.2 + 1.1-fold basal) in TGR(MREN2)27
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Fig. 1. Sensitivity of soluble guanylyl cyclase to stimulation by the nitric
oxide-donor sodium nitroprusside in aortic tissue from normotensive
Sprague-Dawley (n= 35, open bars) and transgenic hypertensive
TGR(MREN2)27 rats (n= 35, closed bars). Data (means+ SEM) are
expressed as net increase in cGMP formation (left ordinate) and as x-fold
stimulation (right ordinate). Absolute and relative increases in guanylyl
cyclase activity were lower in tissue from the hypertensive strain. * “P <
0.001, Mann—-Whitney U-test.

rats. As observed with isoprenaline, the absolute effect of
GppNHp was reduced (P < 0.001) in TGR(MREN2)27
ventricles, whereas the relative increase did not differ from
that of normotensive controls.

In contrast, the net increase in CAMP formation in the
presence of Mn?*-ions was not different between the
strains, but the stimulation factor was significantly (P <
0.001) greater in TGR(MREN2)27 (13.2 + 5.7-fold basal)
than in Sprague—Dawley controls (8.3 + 1.4-fold basal).

3.2. Aortic tissue

Basal rates of aortic CAMP formation were 103.8 + 34.4
pmol /mg/min in Sprague-Dawley (n=35) and 97.5 +
15.4 pmol /mg,/min in TGR(MREN2)27 rats (n = 35) and
did not differ between the strains. Addition of GppNHp
and forskolin resulted in a comparable stimulation of
adenylyl cyclase activity in aortae from both strains (Table
1). Relative increases in cAMP formation were 2.9 and
2.8-fold by GppNHp 100 uM, and 30.5 and 29.2-fold by
forskolin 100 wM in Sprague—Dawley and
TGR(MREN2)27 rats, respectively.

Basa rates of cGMP formation by soluble guanylyl
cyclase were 23.9 +10.6 pmol /mg/min in Sprague—
Dawley aortae (n= 35) and 14.8 + 5.1 pmol /mg,/min in
tissue from TGR(MREN2)27 rats (n = 35), being signifi-
cantly lower in the hypertensive strain (P < 0.001). In the
presence of sodium nitroprusside 10 and 100 uM tissue
from transgenic rats showed significantly lower rates of
cGMP formation (Table 1). The effects of stimulation with
sodium nitroprusside, calculated as net increase (stimulated
minus basal activity) and as relative increase (x-fold the
basal activity), were also significantly smaller in aortic
tissue from TGR(MREN2)27 rats (Fig. 1).

4, Discussion

In the present study we observed a reduced basal as
well as stimulated adenylyl cyclase activity in cardiac
tissue from TGR(MREN2)27 rats, while in aortic tissue
from the same rats basal and stimulated cCAMP formation
did not differ between transgenic rats and their normoten-
sive controls. In addition, vascular cGMP formation by
soluble guanylyl cyclase and its stimulation by the nitric
oxide donor sodium nitroprusside were found to be re-
duced in the hypertensive strain, indicating a possible
involvement of the nitric oxide-cGMP pathway in the
fulminant hypertension of TGR(MREN2)27 rats.

Our observation of a reduced cardiac CAMP formation
in TGR(MREN2)27 rats is in agreement with an earlier
study (Bohm et al., 1994) showing a desensitized myocar-
dia adenylyl cyclase system, down-regulation of f;-
adrenoceptors and increased G; ,-protein in this strain of
rats. While Bohm et al. (1994) additionally found a de-
pressed catalytic activity of adenylyl cyclase, the present
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study does not support a disturbed function of the enzyme
itself, because in the presence of Mn?*-ions no strain-de-
pendent differences were observed. Moreover, the relative
increase in CAMP formation in the presence of Mn?*-ions
was significantly greater in TGR(MREN2)27 than in
Sprague—Dawley rats, being consistent with a tonic inhibi-
tion of adenylyl cyclase by G;-proteins in the presence of
Mg?*-ions, which is abolished after uncoupling of G-pro-
teins by Mn?*-ions.

Since the aortic adenylyl cyclase did not show strain-
dependent differences, the disturbed cardiac cCAMP forma-
tion is probably due to local rather than systemic factors. A
simple ‘dilution’ of the cardiac enzyme by increased my-
ocardial mass in transgenic hypertensive rats is unlikely to
play arole, because in the presence of Mn?*-ions the rates
of cAMP formation did not differ between the strains.
Facilitation of noradrenaline release from cardiac neurons
by the higher concentrations of angiotensin Il in
TGR(MREN2)27 rats could be one pathogenetic factor
leading to desensitization of the myocardial adenylyl cy-
clase pathway. This hypothesis is supported by the previ-
ous observation of a reduced myocardial content of nor-
adrenaline as well as neuropeptide Y in TGR(MREN2)27
ventricles (Bohm et al., 1994), indicating an increased
turnover of the catecholamine and the co-released neu-
ropeptide. Furthermore, it has been shown that the amount
of renin mRNA is significantly higher in left ventricles
from 13-14 week old transgenic rats than in age-matched
normotensive Sprague—Dawley and spontaneously hyper-
tensive rats (Pinto et al., 1997). Thus, an activated cardiac
renin-angiotensin system in TGR(MREN2)27 rats could
lead to high local concentrations of angiotensin 11, which
increase cardiac noradrenaline turnover and finally result
in a desensitized adenylyl cyclase system.

Our observation of a reduced vascular guanylyl cyclase
activity in aortic tissue from TGR(MREN2)27 rats points
to a possible involvement of this vasodilating second
messenger system in the marked hypertension in this strain.
In human hypertension severa studies demonstrated im-
paired nitric oxide-dependent vasodilation (review in: Do-
miniczak and Bohr, 1995), which was most probably due
to impaired basal (Forte et al., 1997) and stimulated (Panza
et al., 1995) synthesis of nitric oxide by the endothelium.
Since vasodilator responses to sodium nitroprusside do not
differ between normotensive and hypertensive subjects
(Panza et al., 1995), a disturbed activity of soluble guany-
Iyl cyclase, as observed in TGR(MREN2)27 aortae in the
present study, is unlikely to contribute to human hyperten-
sive disease. In rat models of hypertension, divergent
findings have been reported concerning the role of nitric
oxide in blood pressure regulation. Thus, the vascular
release of nitric oxide does not seem to differ between
spontaneously hypertensive rats (SHR) and their normoten-
sive Wistar—Kyoto controls, whereas in stroke-prone SHR,
mineralocorticoid and rena hypertensive rats a reduced
nitric oxide synthesis has been reported (review in: Do-

miniczak and Bohr, 1995). Interestingly, it has been shown
that endothelium-dependent relaxation of aortic rings
(Konishi and Su, 1983; Lischer and Vanhoutte, 1986) and
carotid artery preparations (Lischer et al., 1988) is reduced
in SHR rats despite an unchanged release of nitric oxide in
response to acetylcholine (Sawada et a., 1994). These
findings point to a disturbance downstream of nitric oxide
synthesis, which could involve subsensitivity of soluble
guanylyl cyclase. Unfortunately, studies on vascular nitric
oxide synthesis have not been done in transgenic hyperten-
sive rats. However, Arribas et al. (1994) reported that
removal of the endothelium from TGR(MREN2)27 aorta
segments resulted in greater contractile responses com-
pared to those of normotensive controls, indicating an
increased tonic release of nitric oxide in the hypertensive
strain. Based on this observation, one may speculate that
the reduced activity of aortic soluble guanylyl cyclase in
TGR(MREN2)27 rats results from agonist-dependent de-
sensitization. However, the vasorelaxation elicited by
acetylcholine is unimpaired in aorta (Arribas et al., 1994)
and coronary artery (Tschudi et al., 1994) from transgenic
hypertensive rats. In the light of these discrepant findings
and without data for antihypertensive-treated
TGR(MREN2)27 rats, it remains an open question whether
subsensitivity of aortic guanylyl cyclase is causally linked
to hypertension in this strain of rats or represents a non-
specific secondary phenomenon. Future studies will have
to characterize the definite role of the nitric oxide-guanylyl
cyclase system in hypertension of TGR(MREN2)27 rats.

In conclusion, the results of the present study demon-
strate an impaired sensitivity of vascular soluble guanylyl
cyclase to nitric oxide in TGR(MREN2)27 rats, which may
contribute to the fulminant hypertension in this rat strain.
The disturbed cardiac adenylyl cyclase system is unlikely
to represent a general disturbance of the cCAMP pathway in
TGR(MREN2)27 rats, because aortic CAMP formation did
not differ between transgenic and control animals.
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