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1 Recent evidence suggests that nitric oxide (NO) modulates the contractile force of isolated
cardiomyocytes in a biphasic manner. We sought to examine whether myocardial hypertrophy induced
by long-term hypertension changes the effects of NO on myocardial contractility.

2 We used constant flow perfused non-paced Langendorff preparations of hearts of 3 months old
Wistar rats (WIS, n=23) and of stroke-prone spontaneously hypertensive rats (SHR) at the age of 10
months (SHR10, n=16) and 15 months (SHR15, n=28). Changes of left ventricular peak pressure (LVP),
+dP/dt., —dP/dt,.., coronary perfusion pressure (CPP) and heart rate (HR) were recorded after
infusion of noradrenaline (NA, 0.1 umol 17"), glyceryl trinitrate (GTN, 1-100 gmol 1~"), S-nitroso-N-
acetyl-D,L-penicillamine  (SNAP, 1-10 yumol 17') and N@-nitro-L-arginine (L-NOARG, 0.1—
1 mmol 171).

3 Long-term hypertension induced myocardial hypertrophy and an abnormal response to NA. The
relative heart weight (in mg kg~') increased from 2.95+0.04 (WIS) to 6.67+0.34 (SHR15), while the
increase in + dP/dt,,,, induced by NA was absent in SHR15. Hearts of SHR10 showed an intermediate
response.

4 Both SNAP and GTN significantly increased LVP, +dP/dt,.. and —dP/dt,,, in hearts of WIS and
of SHR. In WIS but not in SHR10, SNAP also increased HR. In SHR10 the lowest concentration of
SNAP (1 umol 1=') showed no effect on contractility but a significantly diminished reduction of CPP
suggesting inactivation of extracellularly released NO in the coronary circulation of SHR.

5 L-NOARG significantly reduced contractility in hearts of WIS and of SHR to a similar extent. At a
concentration of 1 mmol 17! L-NOARG also reduced HR.

6 These results suggests that positive inotropic effects of exogenous and endogenous NO are not

changed in hypertension induced myocardial hypertrophy.
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heart muscle; contractility; heart failure

Introduction

Pharmacological effects of organic nitrates such as glyceryl
trinitrate (GTN) are initiated by enzymatic release of nitric
oxide (NO) from the nitrate ester groups (Ahlner et al., 1991).
In a recent investigation we demonstrated that this bioactiva-
tion also occurs in rat cardiac myocytes (Kojda et al., 1996). In
these cells GTN and low concentrations of NO improved the
contractile response to electrical field stimulation by a adeno-
sine 3': 5 -cyclic monophosphate (cyclicAMP)-dependent me-
chanism. Further investigations on newly developed organic
nitrates showed that this positive inotropic activity also occurs
in isolated hearts of normal Wistar rats (Kojda et al., 1995).
There is also evidence for a positive inotropic action of NO
produced by the endocardium (Brutsaert et al., 1988; Mohan et
al., 1996).

In contrast, high concentrations of NO depress the con-
tractility of rat cardiac myocytes (Brady et al., 1992; Kojda et
al., 1996). The underlying mechanism most likely involves
activation of guanosine 3':5-cyclic monophosphate (cyclic
GMP)-dependent protein kinase resulting in diminished
transmembrane Ca** current and/or a decreased myofilament
response to Ca?" (Hartzell & Fischmeister, 1986; Ono &
Trautwein, 1991; Shah et al., 1994). It has been speculated that
this effect of NO might contribute to the contractile dysfunc-
tion of the ventricular muscle in heart failure. Expression of
inducible NO-synthase, which produces large amounts of NO,
occurs in rat cardiac myocytes (Balligand et al., 1994) and in
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the failing human myocardium (De Belder et al., 1995; Hay-
wood et al., 1996). On the other hand, induction of inducible
NO-synthase is not consistently found in experimental and
clinical heart failure (Decking et al., 1995; Thoenes et al.,
1996). In this study, we investigated the inotropic action of the
spontaneous NO-donor S-nitroso-N-acetyl-D,L-penicillamine
(SNAP), the organic nitrate GTN and of endogenous NO-
production in both, normal and severely hypertrophic and
dysfunctional hearts from rats.

Methods

This study was performed in isolated hearts of 24 normal male
Wistar rats (WIS, 3 months, body weight 313+4 g) and of
male stroke-prone spontaneously hypertensive rats at an age of
10 months (=16, SHR10, body weight 325+4 g) and 15
months (n=8, SHR15, 318 + 14 g), respectively. The wet heart
weights of WIS, SHR10 and SHRI15 were 0.93+0.02 g,
1.65+0.04 g and 2.214+0.14 g, respectively. Previous investi-
gations showed that SHR15 have altered baseline haemody-
namic and humoral characteristics (Stasch et al., 1987; 1995).
Some of these previous results are shown in Table 1.

The hearts were rapidly excised and perfused by the tech-
nique of Langendorff at a constant pressure of 110 cm H,O
with an oxygenated (95% O,, 5% CO,) modified Krebs-Hen-
seleit-buffer (KH-buffer, pH 7.4, 37°C) of the following com-
position (in mmol 17'): Na® 143.07, K" 5.87, Ca*" 1.60,
Mg?* 1.18, Cl~ 125.96, HCO;~ 25.00, H,PO,~ 1.18, SO,*~
1.18 and glucose 5.05. A manometer connected to a small
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Table 1 Baseline cardiovascular and humoral characteris-
tics of WIS and SHR15

Parameter WIS SHRI5
Systolic blood pressure (mmHg) 14543 214+7
Left ventricular end diastolic 7.0+6.0 24.340.7
pressure (mmHg)

Plasma renin activity (ng ml 'h™")  3.3+0.4 15.3+2.6
Plasma-levels of ANP (pg ml’l) 88423 470+ 38

Data from Stasch et al., 1987; 1995.

balloon filled with 50% ethanol was inserted into the left
ventricle via the mitral valve to measure heart rate (HR), left
ventricular peak pressure (LVP), +dP/dt,.. (refers to the
maximal increase of left ventricular pressure per time unit
during ventricular contraction) and —dP/dt,,., (refers to the
maximal decrease of left ventricular pressure per time unit
during ventricular relaxation). A tip manometer placed near
the aortic valve measured coronary perfusion pressure (CPP).
The manometers were connected to a computer (imc,
MefBsysteme GmbH, Berlin, Germany) to provide on-line re-
cording. The end-diastolic pressure imposed by the balloon in
each group of hearts was set to 8§ mmHg. To accomplish this
we used a special device connected to the balloon (Ballon-Kit,
Hugo Sachs Elektronik, March-Hugstetten, Germany).

The hearts were beating spontaneously throughout the ex-
perimental procedure. All experiments were done in constant
volume Langendorff perfusion. The pulmonary artery was
cannulated to measure coronary flow. The constant flow rate
was adapted to the coronary flow measured under constant
pressure Langendorff conditions after an equilibration period
of 30 min. Variations of the constant flow between the hearts
of the same group and between the different groups of rats are
listed in Table 2. A constant proportion of 10% of the KH-
buffer flow rate was applied with a double perfusor pump by
use of a 50 ml syringe connected to a catheter placed in the
aorta near the aortic valve. The other syringe in the pump was
used to infuse the drugs diluted in KH-buffer and drug ap-
plication was performed by switching from the KH-buffer
containing syringe to the syringe containing the drug. This
system ensured that application of the drugs was not associ-
ated with variations in coronary flow.

After equilibration, noradrenaline (NA), different concen-
trations of GTN, SNAP and N“-nitro-L-arginine (L-NOARG)
were infused. Each drug application was followd by a 15 min
wash-out period with buffer. In preliminary experiments with
constant flow perfused WIS-hearts (n=6) NA showed half-
maximal effective concentrations (pD,-values, 95% confidence
intervals in parentheses) of 6.56 (7.21 to 5.91) for the increase
of HR, 6.66 (6.85 to 6.47) for the increase of LVP, 6.54 (6.79
to 6.30) for the increase of +dP/dt,.. and 6.59 (6.76 to 6.42)
for the increase of —dP/dt,,.,. Based on these results we used
a repeated infusion of NA (final concentration 0.1 umol 171
to study the response of the hearts to adrenergic stimulation.
After the second NA-infusion the experiments were performed
according to the following experimental protocols. In 14
hearts of WIS GTN (100 umol 1~") and then L-NOARG (0.1
and 1.0 mmol 1~") were infused; in 9 hearts of WIS SNAP (1
and 10 umol 1-") and GTN (1 and 10 umol 1-") were in-
fused; in 8 hearts of SHR10 SNAP (1 and 10 umol 17'") and
then GTN (1 and 10 gmol 1~") were infused; in another 8
hearts of SHR10 L-NOARG 0.1 and 1 mmol 1" were infused
and in 8 hearts of SHR15 GTN (100 umol 17') and then L-
NOARG (0.1 and 1 mmol 17') were infused. In 7 hearts
0.005% (v/v) dimethylsulphoxide (640 uM, as vehicle for
SNAP), 1.1 mg ml~! glucose monohydrate (5.6 mmol 17, as
vehicle for GTN) and hydrocloric acid (0.1 mmol 17!, as
vehicle for L-NOARG) were infused. The infusions of these
vechicles did not change any measured parameter of cardiac
function (data not shown).

Substances and solutions

SNAP was synthesized according to Field ez al. (1978) as de-
scribed previously (Kojda et al., 1994). NO-release from SNAP
was measured in KH-buffer by use of a polarographic method
(ISO-NO-electrode, WPI, Berlin, Germany). The maximal
concentration of NO measured at a concentration of
10 umol 1-! SNAP in the KH-buffer at 37°C in the presence of
150 mmHg of oxygen was 492.3+4.3 nmol 17! (n=3).

All chemicals, except GTN, were obtained from Sigma,
Deisenhofen, Germany, or Merck, Darmstadt, Germany in
analytical grade. One millilitre of the stock solution of GTN
contained 1 mg of GTN (4.404 mmol 1~") and 49 mg of glu-
cose monohydrate. The solution was purchased from Pohl-
Boskamp GmbH & Co. Hohenlockstedt, Germany. Stock
solutions of NA (hydrochloride salt, 10 mmol 17!) and L-
NOARG (100 mmol 17") were prepared in distilled water or
hydrochloric acid (10 mmol 1=}, pH 2), respectively. The stock
solution of SNAP (200 mmol 1~') was prepared in dimethyl-
sulphoxide. All stock solutions were freshly prepared each day,
protected from daylight, kept on ice until use and diluted with
KH-buffer as required. All concentrations indicated in the text,
figures and tables are expressed as final concentrations in the
perfusion buffer.

Statistics

All data were analysed by means of a computer programme
(SAS PC Software 6.04, PROC ANOVA) and are expressed as
mean values and s.e.mean of experiments from n different
animals. Significant differences were evaluated by use of either
paired or unpaired two-tailed Student’s ¢ test (Graph Pad
Prism, also used to create the graphs) and a P value below 0.05
was considered significant.

Results

Long-term hypertension in SHR10 and SHR15 was associated
with myocardial hypertrophy. The severity of hypertrophy was
related to the age of hypertensive rats (Figure 1). The heart wet
weight was significantly stronger increased in SHRI15 as
compared to SHR10, although the body weight was similar in
all groups.
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Figure 1 Mpyocardial hypertrophy in stroke-prone spontaneously
hypertensive rats at the age of 10 months (SHR10, n=16) and of 15
months (SHR15, n=8) as compared to 3 months old Wistar rats
(WIS). Plotted are the mean values (+s.e.mean) of the heart wet
weight/body weight ratio. *P <0.05 vs WIS, unpaired ¢ test; #P <0.05
vs SHR10, unpaired ¢ test.
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Myocardial hypertrophy in SHR was associated with chan-
ges in baseline parameters. The hearts of both groups of SHR
showed a decrease in coronary flow and HR. Only in SHR10
CPP, +dP/dty.., —dP/dt... and LVP were significantly in-
creased (Table 2). These results indicate that myocardial hy-
pertrophy in SHR is associated with an increased coronary
resistance. They also show that only in SHR10 ventricular en-
largement is associated with an increased contractility.

Original recordings of changes of LVP induced by the drugs
are shown in Figure 2. Infusion of 0.1 ymol 17! NA signifi-
cantly increased HR, LVP, +dP/dt,,,, and —dP/dt,,,, in WIS-
hearts (Figure 3). The effects on contractility were greatly re-
duced in SHR10 and almost absent in SHR15 (Figure 3). In
contrast, hearts of SHR15 showed a significantly stronger in-
crease in HR as compared to WIS and SHR10. These results
demonstrate an abnormal response of SHR-hearts to adre-
nergic stimulation.

Infusion of 1 umol 17! SNAP significantly increased all
parameters of contractile force in WIS-hearts (Figure 4). A

similar response was observed after infusion of 10 umol 17!
SNAP, but the increase of LVP was significantly lower. At this
concentration of SNAP HR was significantly increased as
compared to the baseline value. In contrast, 1 umol 17! SNAP
did not elicit any significant effect on contractile force in hearts
of SHR10 except a small increase of + dP/dt,., (Figure 4). A
higher concentration of SNAP (10 umol 1~") induced a sig-
nificant increase of + dP/dt,., and LVP that was not different
from the effect of 10 umol 17" 17" SNAP in WIS. In SHR10-
hearts SNAP did not influence HR. These results indicate that
NO is capable of increasing contractility in isolated hearts of
WIS. This effect is diminished in SHR10-hearts and absent in
SHR15-hearts.

All concentrations of GTN (1-100 umol 1~') increased
myocardial contractility in WIS and in SHR but had no effect
on HR (Figure 5, Table 3). In hearts of WIS these effects of
GTN were similar at all concentrations. In contrast, the hearts
of SHR10 responded significantly less to 1 umol 17! GTN
(Table 3), while the hearts of SHR15 showed a significantly

Table 2 Baseline parameters of myocardial function after the equilibration period

Coronary flow CPP +dP/dt,qx —dP/dt,ux LVP HR
Species n (ml min' g™") (mmHg) (mmHg s ) (mmHg s ) (mmHg) (beats min")
WIS 23 10.2+0.3 77438 2235+ 171 1408 +131 63+4 277+ 13
SHR10 16 5.54+0.2* 98 +10* 3124 +208* 2008 +171* 120 +9* 160 +8*
SHRI15 8 3.94+0.3%% 92+11 2181 +435# 14544 258# 82+ 15# 154+ 12%

Values were measured before infusion of the drugs and are expressed as mean +s.e.mean. * P <0.05 vs WIS, unpaired ¢ test; #P <0.05 vs

SHR10, unpaired ¢ test.

NA 0.1 pmol I

L-NOARG 1 mmol I1

SNAP 1 pmol I

+

Figure 2 Original recordings showing the effect of NA, GTN, SNAP and L-NOARG on left ventricular pressure of isolated hearts
from Wistar rats. The timepoints the hearts were subjected to the drugs are indicated by an arrow.
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Figure 3 Effect of an infusion of 0.1 ymol 1~! noradrenaline on (a)
+dP/dtyayx, (b) —dP/dt .., (c) left ventricular peak pressure (LVP)
and (d) heart rate of isolated hearts from stroke-prone spontaneously
hypertensive rats at an age of 10 months (SHR10, n=16) and of 15
months (SHRI15, n=8) as compared to normal Wistar rats (3
months, WIS, n=23). Given are the mean values and s.c.mean of
percentage changes related to the basal values before drug
application *P<0.05 vs baseline, paired ¢ test; #P<0.05 WIS vs
SHR10, unpaired ¢ test.
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Figure 4 Effect of an infusion of 1 gmol I~ and 10 ymol I~' SNAP
on (a) +dP/dtpax, (b) —dP/dty.x, (c) left ventricular peak pressure
(LVP) and (d) heart rate of isolated hearts from stroke-prone
spontaneously hypertensive rats at an age of 10 months (SHR10,
n=2_8) as compared to 3 months old normal Wistar rats (WIS, n=9).
Given are the mean values and s.e.mean (vertical lines) of percentage
changes related to the basal values before drug application. All
changes were significantly different from baseline except those
indicated by NS; *P<0.05 WIS vs SHR10, unpaired ¢ test.
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Figure 5 Effect of an infusion of 100 umol 1! GTN on (a) +dP/
dtpax, (b) —dP/dty.y, () left ventricular peak pressure (LVP) and
(d) heart rate of isolated hearts from stroke-prone spontaneously
hypertensive rats at an age of 10 months (SHR10, n=8) and of 15
months (SHR15, n=8) as compared to normal Wistar rats (3
months, WIS, n=14). Given are the mean values and s.e.mean of
percentage changes related to the basal values before drug
application *P<0.05 vs baseline, paired ¢ test; #P<0.05 WIS vs
SHR10, unpaired 7 test. The effects of lower concentrations of GTN
are shown in Table 4.

greater positive inotropic response to 100 ymol 17! GTN
(Figure 5). These results indicate that GTN—even at a con-
centration as low as 1 umol 1~'—increases contractility in
hearts of WIS and SHR.

Inhibition of endogenous NO-production by infusion of the
NO-synthase inhibitor L-NOARG (100 umol 1~') caused a
significant decrease in contractility in all groups (Figure 6). HR
was not altered. A higher concentration of L-NOARG
(1 mmol 17") induced stronger effects on contractility and a
significant reduction of HR (Table 4). These results indicate a
role for endogenous NO-production in regulating heart func-
tion.

Some of the drugs induced significant changes of CPP
(Table 5) indicating an effect on coronary resistance vessel
tone. A strong reduction of CPP, i.e. decrease in coronary
resistance, was observed in hearts of WIS after infusion of
SNAP. This effect was significantly diminished in SHR10.
GTN (10—-100 pumol 17") induced a lower reduction of CPP.
At concentrations of 1 umol 17! and of 10 ymol 17! this
effect was smaller in SHR10. None of the drugs altered CPP
in SHR15. These results demonstrated that SNAP induces a
stronger dilatation in coronary resistance vessels than GTN
and that the vasodilator activity of both drugs is attenuated
in hearts of SHR10.

Discussion

The aim of the present study was to compare the effects of NO-
donors and NO-synthase inhibitors on myocardial function in
normal and hypertrophic isolated rat hearts. The main finding
is that the organic nitrate GTN, the spontanecous NO-donor
SNAP and endogenously produced NO induce a positive in-
otropic effect in both normal hearts of WIS and hypertrophic
hearts of SHR, which exhibit a markedly impaired inotropic
and an increased chronotropic response to NA.
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Table 3 Changes in parameters of contractile force and heart rate induced by different concentrations of glyceryl trinitrate

+ dp/dtl‘nﬂ.\’

Drug Species n (%)
GTN 1 pmol 17! WIS 9 6.33+2.6*
SHR10 8 2.19+0.7%#
GTN 10 gmol 17! WIS 9 3.18+0.9%
SHR10 8 2.93+0.9%

—dP/dtyay LVP HR

(%) (%) (%)
9.23+3.4% 534427 0.17+1.6
2.2740.9%4 1.194+1.24 4.8841.7%#
6.2241.9% 4.90+2.3 —0.64+1.4
3.91+1.1% 2.554+1.0% —0.15+0.9

Values are expressed as mean percentage (+s.e.mean) change of the parameter related to the baseline value before drug infusion.
*P<0.05 vs baseline, paired ¢ test; #P <0.05 WIS vs SHR10, unpaired ¢ test.
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Figure 6 Effect of an infusion of 0.1 umol 1! L-NOARG on (a)
+dP/dtax, (b) —dP/dtyax, () left ventricular peak pressure (LVP)
and (d) heart rate of isolated hearts from stroke-prone spontaneously
hypertensive rats at an age of 10 months (SHR10, n=8) and of 15
months (SHR1S, n=8) as compared to normal Wistar rats (3
months, WIS, n=14). Given are the mean values and s.e.mean of
percentage changes related to the basal values before drug
application *P<0.05 vs baseline, paired ¢ test. The effects of a
higher concentration of L-NOARG are shown in Table 5.

The positive inotropic effect of SNAP (Figure 4) and GTN
(Figure 5, Table 3) in the rat isolated normal heart is consistent
with previous findings showing similar effects of NO-donors in
ventricular tissue or intact hearts of dogs (Raff et al., 1970;
Preckel et al., 1997), cats (Diamond et al., 1977, Mohan et al.,
1996), guinea-pigs (Korth, 1975), rats (Kojda et al., 1995; 1996;
Kamelgard ez al., 1995) and man (Strauer, 1971). Presumably,
this effect of SNAP and GTN is caused by NO, as is the well-
known vasodilator activity of these drugs. The release of NO
from SNAP occurs spontaneously, while NO-release from
GTN requires enzymatic degradation as demonstrated in
vascular tissue in vitro and in vivo (Kowaluk & Fung, 1990;
Noack & Feelisch, 1991; Feelisch & Kelm, 1991; Salvemini et
al., 1992; Miilsch et al., 1995). The release of NO from GTN
also occurs in the coronary circulation of Langendorff-hearts
(Schror et al., 1991).

In a previous investigation we have shown that bioactiva-
tion of GTN occurs in isolated cardiac myocytes from normal
rats (Kojda et al., 1996). GTN and other organic nitrates such
as isosorbide mononitrate and pentaerythritol tetranitrate in-
crease cyclic GMP levels and contractile force in these cells. A
similar effect was observed with low concentrations of different
spontaneous NO-donors including SNAP. It is suggested,

Table 4 Changes in cardiac contractile parameters and
heart rate induced by 1 mmol I'' L-NOARG

+dP/dt .y —dP/dtnax LVP HR
Species n (%) (%) (%) (%)
WIS 14 —294+478 —28.1+7.2 —25.64+6.3 —16.1+5.1
SHR10 8 —254+42 —20.5+4.6 —182+4.5 —18.1+4.2
SHRIS 8 —20.6+32 —16.5+4.5 —16.1+4.7 —15.4+29
Values are expressed as mean percentage (=s.e.mean)

change of the parameter related to the baseline value before
drug infusion. All changes were significantly different from
baseline (paired ¢ test, P <0.05) but there were no significant
differences between the species.

therefore, that the positive inotropic activity of GTN and
SNAP observed in the present study was caused by a direct
action of NO on ventricular myocytes and not caused by in-
direct mechanisms, such as coronary vasodilatation as dis-
cussed below. The mechanism of the direct effect of NO on
cardiac muscle most likely includes a cyclic AMP-dependent
pathway, as demonstrated in rat isolated cardiomyocytes
(Kojda et al., 1996). The positive inotropic effect of NO might
be counterregulated by a concurrently occurring attenuation of
myocardial oxygen consumption (Xie et al., 1996).

The positive inotropic effect was present at concentrations
of SNAP that were shown to release nanomolar concentrations
of NO (see Methods), which are also produced endogenously
(Malinski & Taha, 1992). Endogenous NO-production by en-
dothelial nitric oxide synthase in the heart can take place not
only in endothelial cells but also in cardiomyocytes (Balligand
et al., 1995). A contribution of inducible NO-synthase is un-
likely in WIS but conceivable in SHR. Inducible NO-synthase
was shown to be expressed in SHR, while in WIS the enzyme
was not detectable by Western-blot analysis (Wu ez al., 1996).
In the present study we observed a negative inotropic effect
after infusion of the NO-synthase inhibitor L-NOARG at a
concentration of 100 umol 1! (Figure 6). A 10 fold higher
concentration of L-NOARG induced not only a much stronger
negative inotropic activity but also a negative chronotropic
effect (Table 4). It has been shown previously that inhibition of
endogenous NO-synthase in rat isolated hearts promotes NA-
release from this tissue, as measured by detection of NA in the
coronary effluent (Schwarz et al., 1995). This action of NO-
synthase inhibitors might have counteracted the results pre-
sented here. However, our results are consistent with previous
findings demonstrating a negative inotropic effect of the NO-
synthase inhibitor N®-methyl-L-arginine (L-NMMA) in the rat
isolated heart stimulated with isoprenaline (Klabunde et al.,
1992) and in the dog heart in vivo (Klabunde et al., 1991;
Lechevalier et al., 1994). In addition, it was shown that dis-
ruption of the endothelial NO-synthase gene causes brady-
cardia in the mouse, which is aggravated by oral treatment
with the NO-synthase inhibitor NS-nitro-L-arginine-methy-
lester (Shesely et al., 1996; Kojda et al., 1997). Interestingly,
the spontaneous NO-donor SNAP significantly increased the
heart rate of WIS-hearts (Figure 4). Taken together, these re-
sults suggest that endogenous NO-production in the normal
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Table 5 Changes in coronary perfusion pressure induced by infusions of the drugs

Changes in coronary perfusion pressure
(% of baseline)

Drug Concentration WIS n
NA 0.1 umol 17! 2.89+1.1% 23
SNAP 1 ymol 171 —17.42+4.0% 9
10 ygmol 17! —14.33+4.7% 9
GTN 1 pmol 17! —2.39+1.4 9
10 gmol 17! —2.73+1.0% 9
100 pmol 17! —2.43+0.7* 14
L-NOARG 0.1 mmol 1! —295+1.6 14
1.0 mmol 17! —0.32+0.9 14

SHRI0 n SHRI5 n

2.58+1.9 16 1.07+0.8 8
=331+ 1.4%# 8 -
—6.63+2.5%# 8 -

0.34+1.5 8 -

0.46+0.9 8 -
—1.714+0.5* 8 0.40+2.2 8

0.87+0.9 8 0.40+1.1 8
—245+1.6 8 —1.404+0.9 8

Values are expressed as mean percentage (+s.e.mean) change of coronary perfusion pressure related to the baseline values before drug
infusion. *P <0.05 vs baseline, paired ¢ test; #P <0.05 WIS vs SHR10, unpaired 7 test.

heart is involved in the contractile function of the ventricular
myocardium. The underlying mechanism is most likely iden-
tical to the mechanism of action shown to mediate the positive
inotropic effect of exogenous NO (Kojda ez al., 1996). Eluci-
dation of the effect of endogenous NO-production on HR and
the underlying mechanism require further investigation.

The positive inotropic effect of the NO-donors GTN and
SNAP and of endogenous NO-production also occurs in iso-
lated hearts of SHR. These hearts show an age-dependent de-
velopment of myocardial hypertrophy (Figure 1) that is
associated with an impaired inotropic and an increased chron-
otropic response to -adrenoceptor stimulation by NA (Figure
3). We used NA to indicate functional differences in left ven-
tricular responsiveness between WIS and SHR. Our results in-
dicate that neither structural nor functional myocardial changes
induced by long-term hypertension alter the positive inotropic
response of isolated hearts from SHR to exogenous NO. In
addition, endogenous NO-production is probably not involved
in the decreased inotropic response of SHR-hearts to NA.

As shown in Figure 4, low concentrations of SNAP did not
induce a positive inotropic effect in SHR10-hearts. This lack of
effect might be the result of a partial inactivation of NO, which
is extracellularly liberated by this NO-donor (Kowaluk &
Fung, 1990; Noack & Feelisch, 1991). The significantly re-
duced vasodilator efficacy of SNAP in the coronary circulation
of SHR10 supports this suggestion (Table 5). Inactivation of
NO released by SNAP might involve a reaction with super-
oxide radicals that have been shown to be increased in SHR
(Grunfeld et al., 1995).

Our findings may help elucidate the effects of endogenous
NO-production in heart failure. It is well established that long-
term hypertension in man is associated with myocardial hy-
pertrophy, which strongly increases the risk of hypertension-
induced heart failure (Schwartzkopf et al., 1993; Vogt et al.,
1993). SHR15 have been shown to develop not only severe
hypertension associated with myocardial hypertrophy, but also
a high left ventricular end diastolic pressure, a marked acti-
vation of the renin angiotensin aldosterone system and an
enhanced release of atrial natriuretic peptide (Stasch ez al.,
1987; 1995). A comparison between SHR15 and age matched
Wistar rats is given in Table 1. These pathological changes also
occur in hypertension-induced heart failure in man (Strauer,
1989). Furthermore, SHR15 show a decrease of the elevated
blood pressure from 250 mmHg to 214 mmHg starting at the
age of one year (‘decapitated hypertension’) (Stasch et al.,
1987). This observation indicates the occurrence of a severely
reduced cardiac output, which might be related to the inade-
quate response to ff-adrenoceptor stimulation shown here. A
reduction of ejection fraction to approximately 50% is already
apparent in 6 months old SHR but at this age a ‘decapitated
hypertension’ is absent (Motz et al., 1983). Taken together,
these results suggest the presence of hypertension-induced
heart failure in SHR15.

The changes in myocardial contractility described here were
probably not caused by changes in CPP. GTN and SNAP are
potent vasodilators and increase coronary flow in a constant
pressure perfused isolated heart by decreasing vascular resis-
tance in the coronary circulation. According to Gregg’s phe-
nomenon (Gregg, 1963), an increase in coronary perfusion
associated with enhanced coronary artery transmural pressure
results in augmented cardiac oxygen consumption and con-
tractility. The underlying mechanism may be related to a dis-
tension of coronary vessels (garden-hose hypothesis) and a
subsequent increase in cardiac sarcomere lengths (Arnold et
al., 1968; Poche et al., 1971). In the present study we used a
constant volume perfused preparation and observed a signifi-
cant reduction of CPP by GTN and by SNAP (Table 5). It is
unlikely that this vasodilator activity contributed to the posi-
tive inotropic action of GTN and SNAP. A reduction in CPP
would rather produce a negative garden-hose effect associated
with a decrease in myocardial contractility. In addition, there
is evidence that a pharmacological alteration of coronary
perfusion pressure at constant flow conditions in the range of
50 mmHg does not change myocardial oxygen consumption in
the isolated heart (Zborowska-Sluis et al., 1977). A similar
conclusion can be drawn from the results of the present study.
The reduction of CPP induced by SNAP was significantly
different in hearts of SHR10 and of WIS (Table 5), while the
increase in contractility was similar (Figure 3). In accordance
with these data, GTN induced comparable inotropic effects in
hearts of WIS and of SHR being independent of changes in
CPP.

Conceivably, GTN induced redistribution of coronary flow
to endocardial regions; the so-called positive coronary steal
phenomenon (Winbury et al., 1971), might have caused an
increase in contractility. This phenomenon, i.e. a selective in-
crease in endocardial oxygen tension, occurs in the ischaemic
heart and is the result of the selective action of GTN on cor-
onary conductance vessels, combined with the maximal dila-
tation of coronary resistance vessels in ischaemic regions
mediated by autoregulation (Sellke et al., 1990; Ahlner et al.,
1991; Harrison & Bates, 1993). Vasodilators such as dipyri-
damole (Winbury et al., 1971) and SNAP (Table 5) potently
dilate coronary resistance vessels and would therefore redis-
tribute coronary flow to non-ischaemic regions and produce a
negative coronary steal phenomenon associated with a nega-
tive inotropic effect. In the present study both SNAP and GTN
showed a positive inotropic effect. Thus, it is unlikely that
redistribution of coronary flow induced by GTN contributed
to its positive inotropic effect.

Limitations of the study

In this study we used 3—4 months old WIS as controls. This
decision was based on a previous investigation showing that
the relative heart weight of 15 months old WIS
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(2.840.2 g kg~' body weight) was not different from that of
3—4 months old WIS used here (Stasch et al., 1987; 1995).
These results indicate the absence of age-dependent myocar-
dial hypertrophy in WIS. In addition, the 15 months old WIS
had normal plasma renin activity, normal plasma ANP levels,
normal left ventricular end diastolic pressure and a normal
blood pressure apparently identical to 3—4 months old WIS.
These results probably exclude the possibility of spontaneous
heart failure in 15 months old WIS. However, we cannot fully
exclude the possibility of some differences in functional re-
sponses to NA, GTN, SNAP or L-NOARG of hearts isolated
from 15 months old WIS as compared to 3—4 months old
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