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Abstract—The inotropic activity of amrinone and its effects on cyclic nucleotide levels in rabbit papillary
muscles with normal and depressed contractile function have been compared. The effects of amrinone on
the cyclic (c) AMP hydrolytic activity of cyclic nucleotide phosphodiesterase (PDE) isoenzymes were also
examined. Amrinone (2-4 x 10~%-1-2 x 1073 M) produced a relatively weak (maximal increase 11%) positive
inotropic effect in papillary muscles stimulated at the near optimal stimulation frequency of 1 Hz. In
contrast, large positive inotropic responses (maximal 138-200%) were obtained with amrinone in papillary
muscles in which contractile force had been depressed by: (a) lowering stimulation frequency to 0-4 Hz, (b)
reducing extracellular Ca%* concentration from 2-5 x 10~ M to 6-3 x 10~* M, (c) prior addition of sodium
pentobarbitone (6-5x 10~* M). The EC50 values for amrinone under conditions (a), (b), and (c) were
30% 1073, 2:6 x 1073, and 2-8 x 103 M, respectively. Force-frequency curves in rabbit papillary muscles
were compared at normal (2-5x10-? M) and low (6:3x 10~* M) extracellular Ca?* concentration.
Contractions at low frequencies of stimulation (<0-4 Hz) were less sensitive to removal of extracellular
Ca?* than higher stimulation rates indicating that in the former situation, recycling of intracellular Ca?* is
more important for maintaining contractile force. The positive inotropic effects of amrinone in normal and
papillary muscles with depressed contractile force were associated with similar increases in both cAMP
(1-6-2-5 fold) and cGMP (2-6—4-0 fold) levels, despite marked differences in the degree of inotropy in these
muscles. The cGMP inhibited cAMP-PDE (PDE III) was selectively inhibited by amrinone (IC50
9-9 x 10~-° M), whilst the activities of Ca?*/calmodulin-stimulated PDE, ¢cGMP-stimulated PDE and
c¢GMP-insensitive PDE were only weakly affected (IC50 > 2-5 x 10~4 M). The results show an involvement
of cAMP in the mechanism underlying the positive inotropic action of amrinone in cardiac muscle with
depressed contractile force. Furthermore, it is suggested that there may be an enhanced effectiveness of

c¢AMP on intracellular Ca?* mobilization in depressed cardiac muscle.

Amrinone has been shown to be a clinically useful cardioto-
nic agent in patients with severe cardiac failure (Ward et al
1983; Heuer et al 1988). In addition it may prove to be
beneficial in providing acute inotropic support to counteract
cardiac depression associated with the use of certain cardio-
vascular drugs (Alousi et al 1985) or surgical anaesthetics
(Boncyk et al 1984). Although amrinone has been reported to
reverse the negative inotropic effects of a variety of drugs,
including sodium pentobarbitone and verapamil, in whole
animal preparations (Alousi et al 1985), the cellular mecha-
nisms underlying this action have not been studied. Facili-
tation of Ca?* transport by amrinone has been suggested to
be involved; however, whether this is due to a direct or
indirect effect of amrinone (e.g. mediated by cyclic (c)AMP)
is not clear. cAMP is known to be involved in the positive
inotropic action of amrinone in isolated papillary muscles
(Honerjager et al 1981; Endoh et al 1982; Shahid & Rodger
1989). Those studies have shown that the rise in intracellular
cAMP produced by amrinone is due to inhibition of cyclic
nucleotide phosphodiesterase (PDE) activity, although the
relative effects on different PDE isoenzymes were not
examined. Thus in normal cardiac muscle, amrinone-
induced changes in Ca?* flux appear to be mediated by
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cAMP. However, it is not known whether amrinone-induced
positive inotropy in cardiac preparations with depressed
contractile function is also associated with increases in
cAMP. Conceivably, in these preparations amrinone may be
operating through mechanisms involving direct modifica-
tion of Ca?* transport or a different alteration of cAMP
metabolism when compared with normal tissue. Indeed the
stimulatory effects of amrinone on Ca?* transport in dog
erythrocytes involve the Na-Ca exchange mechanism
(Parker & Harper 1980). The aims of the present study were
to examine the inotropic effects of amrinone in rabbit
papillary muscles with normal or depressed contractile
function and to analyse the involvement of cAMP. The
effects of amrinone on the cAMP activity of PDE isoenzymes
from rabbit ventricular myocardium were also studied.

Materials and Methods

Materials

Sodium pentobarbitone was purchased from May and Baker
(UK), amrinone and verapamil were gifts from Sterling
Winthrop (UK) and Abbot Pharmaceuticals (UK), respect-
ively. Amrinone (2:7 x 10! M) was dissolved in 0-5 M lactic
acid and dilutions were made in Krebs-Henseleit solution.
[8-°H]Adenosine 3’:5’-cyclic monophosphate (25-30 Ci
mmol '), [8-*H]guanosine 3’: 5’-cyclic monophosphate (15-
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2 Ci mmol ™), [U-"*Cladenosine 3':5-cyclic monophos-

te, [U-“C]guanosine 3": 5 cyclic monophosphate (Amer-

P Bucks, UK). Chromatographic alumina and cyclic

nucle:)tides (Sigma, Poole, Dorset, UK). All other chemicals

obtained either from Sigma or BDH (both of Poole,
porset, UK) and were of Analar or equivalent grade.

[solated papillary muscles

Male New Zealand white rabbits were stunned with a blow to
the back of the neck and exsanguinated. The thorax was
opened and the hearts rapidly excised and placed in a dish
containing warm oxygenated Krebs-Henseleit solution.
papillary muscles were removed from the right ventricle and
suspended in an organ bath containing Krebs-Henscleit
solution at 32°C. The solution was of the following composi-
tion (mm): NaCl 118, KC1 4-7, MgSO, 1-2, KH,PO, 1-2,
CaCl; 2-5, NaHCOs 25 and glucose 11-7 and gassed with
95% O, — 5% CO,. The papillary muscles were mounted
vertically between two platinum wire electrodes so that the
base of each tissue was in contact with the bottom electrode
whilst the tendon end, attached to a force displacement
transducer (Grass FTO03C) lay just beneath the upper
electrode. The tissues were stretched by adjusting the
diastolic tension to 1 g and allowed to stabilise for 60 min (at
adriving frequency of 1 Hz with pulses of 1 ms duration at a
voltage 50-100% above threshold, from a Grass S88 stimu-
lator). The preparations were rinsed three times with fresh
Krebs-Henseleit solution during this period. At the conclu-
sion of the equilibration period, any fall-off in diastolic
tension was corrected by resetting the tension to 1 g.
Cumulative concentration-effect curves were constructed for
amrinone, CaCl, and sodium pentobarbitone in different
preparations. Each drug concentration was allowed to reach
peak effect before addition of the next dose. In experiments
examining the effects of amrinone in papillary muscles with
depressed contractile activity, sodium pentobarbitone or
lowering of extracellular Ca?* was used to reduce cardiac
force before addition of amrinone. Solvent control experi-
ments showed that lactic acid produced transient negative
inotropic responses which were completely and rapidly
reversed and there was no significant change in basal tension
or in the pH of the Krebs-Henseleit solution. The effects of
stimulation frequency on papillary muscle developed tension
were determined as described in detail by Rodger & Shahid
(1984). Two force-frequency curves were constructed in each
preparation at normal (2:5x 10-3 M) and low (6-:3 x 10~* M)
extraceltular Ca?* concentration. A 15 min equilibration
period was allowed between changes in Ca2* concentration;
time-matched controls had shown that there was no signifi-
cant change in the force-frequency relation over this period.

Cyclic nucleotide analyses

These measurements were made in rabbit papillary muscle
according to Rodger & Shahid (1984). Cyclic nucleotide
levels were determined at the peak of the positive inotropic
Tesponse, 15-20 min after drug addition. Control papillary
Mmuscles received appropriate amount of solvent over the
§ame period. Only one concentration of amrinone was tested
In each preparation and 2-3 identically treated papillary
Mmuscles (20-30 mg tissue) were pooled before extraction of
¢yclic nucleotides.

Preparation of PDE isoenzymes and measurement of activity
Rabbit cardiac PDE isoenzymes were separated by ion-
exchange chromatography on DEAE-Sepharose as de-
scribed by Shahid & Nicholson (1991). PDE activity was
measured according to the method described by Shahid &
Rodger (1989). The standard assay mixture contained (mm);
MgCl; 3, 5AMP or 5GMP 1, 3H-labelled/unlabelled cAMP
or cGMP 0.001 (150000-200000 d min—!), dithiothreitol 1,
0-05% (w/v) bovine serum albumin in 50 mm Tris HC1 (pH
7-4) in a final volume of 200 xL. Samples were incubated at
37°C in a shaking water bath for 15 min and the reaction
stopped by placing the test tube in aluminium heating blocks
at 105°C for 3 min. The unreacted cyclic nucleotide was
recovered by batch chromatography on small alumina
columns and counted in a liquid scintillation spectrometer
(Packard RCA 2000). ["*ClcAMP or ['*C] cGMP was used as
an internal recovery marker for the alumina columns.
Typical recoveries of cAMP and cGMP were 70-80% and
60-70%, respectively. The assays were performed in dupli-
cate and the enzyme samples were diluted to ensure 20-30%
substrate hydrolysis. Amrinone was tested on the PDE
isoenzymes in the concentration range 1 x [0-7—2-5x 10—4
M. In these assays the effects on PDE I and PDE II were
examined in the presence of Ca?+ (20 um)/calmodulin (1-5 ug
mL-!) and cGMP (1 um), respectively to boost low level
basal PDE activity.

Statistics

The results are presented as mean values + s.e.m. In isolated
papillary muscle experiments the EC50 values were calcu-
lated from the cumulative concentration-effect curves, and
have been given as mean-log EC50+s.e.m. The significance
of differences between means was determined by using
Student’s t-test; a P value of less than 0-05 was considered
significant.

Results

Inotropic activity

The positive inotropic effect of amrinone in rabbit isolated
papillary muscles was dependent on the frequency of
stimulation (Fig. 1). Amrinone produced concentration-
dependent increases in contractile force when papillary
muscles were stimulated at 0-4 Hz, giving a 3-fold increase in
developed tension at the top concentration and had an EC50
value of 3-0x 1073 M (—log ECS0 2:52+0-08, n=7). The
positive inotropic effect of amrinone was not significantly
modified by the presence of propranolol (1 x 10-7 M) indicat-
ing the lack of involvement of f-adrenoceptor or noradrena-
line release. The ECS0 value for amrinone in the latter
experiments was 3-:0 x 10~ 3m (—log EC502:53 + 0-05, n=3).
Increasing the frequency of stimulation to 1 Hz dramatically
reduced the degree of positive inotropism induced by
amrinone (a maximal increase of 11 + 5% n= 5 over pre-drug
value). The absolute increase in developed tension was also
greater at 0-4 Hz. The data shown in Fig. 1 are from different
papillary muscles; however, the same result was obtained
when amrinone was tested at the two stimulation frequencies
in the same preparation. Thus the differences in inotropic
activity at 0-4 and 1-0 Hz are unlikely to be due to variationin
papillary muscle responsiveness.
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Fig. 1. Cumulative concentration-effect curves for the inotropic
effects of amrinone in rabbit papillary muscles stimulated at 0-4 (@)
and 1-0 Hz (a). The basal tension values at 0-4 and 1-0 Hz were
470 +90 and 1017 +91 mg, respectively. The maximal tension in the
presence of amrinone (at 0-4 Hz) was 1430 + 205 mg. For compara-
tive purposes 0-4 Hz data has been taken from Shahid & Rodger
(1989). Each point represents the mean and vertical lines indicate
sem. (n=5-7).

To further understand the frequency-dependence of the
positive inotropic action of amrinone, the effects of extracel-
lular Ca?* concentration on the force-frequency relationship
of rabbit papillary muscles was examined. It is clear from
Fig. 2 that as stimulation frequency is raised from 0-01 10 1-6
Hz there is a corresponding increase in developed tension
(“positive staircase’). Least tension was developed at 0-01 Hz
(pessimal driving frequency) and maximal tension was
achieved at 1-6 Hz (optimal driving frequency). The sub-
optimal frequency of 0-4 Hz lies one-third of the way up the
force-frequency curve at normal (2:5 x 10~2 M) extracellular
Ca?*. Reduction in extracellular Ca’* concentration to
6'3 x 10~* M depressed the force-frequency curve such that
contractile force was reduced at each stimulation frequency.
However, there was a disproportionately larger decrease in
developed tension at higher stimulation frequencies (> 0-4
Hz) than at lower values. Only at stimulation frequencies
above 0-4 Hz were the differences in tension values statisti-
cally significant.

To examine whether the greater inotropic efficacy of
amrinone at 0-4 Hz was related to a reduction in contractile
state rather than change in stimulation frequency itself, two
methods for reducing contractility were employed. In these
experiments the stimulation frequency was maintained at 1
Hz. Either sodium pentobarbitone or lowering of extracellu-
lar Ca?* concentration was used to depress cardiac contrac-
tile force. Sodium pentobarbitone (2x10-°-3x 1073 M)
given cummulatively produced concentration-dependent
negative inotropic responses that took 1-2 min for onset and
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F1G. 2. The effects of lowering extracellular Ca?* concentration on
the force-frequency relation of rabbit papillary muscles. Force-
frequency curves were constructed at 2-5 x 1073 (@) and 63 x 10~ %
(a) Ca’* concentrations. Each point represents the mean and
vertical lines indicate s.e.m. (n=4). * P<0-05, ** P<0-01 Student’s
t-test compared to corresponding values on the 2-5x 103 M Ca?*
force-frequency curve.

10-15 min to establish a sustained peak response. The
compound had an IC50 value of 43 x 10~* M (~log IC50:
3-374+0-05, n=5); the mean cumulative concentration-effect
curve is shown in Fig. 3. Although the negative inotropic
effects of sodium pentobarbitone were stable and well
sustained throughout the experimental period they were
easily reversed (within 40 min) after washout. The size of
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F1G. 3. Cumulative concentration-effect curves for sodium pentobar-
bitone (®) and CaCl, (a) in rabbit electrically stimulated papillary
muscles (1 Hz). In the CaCl, experiments the extracellular Ca2*
concentration was lowered to 2:5x107¢ from 2:5x 1073 M and
allowed to equilibrate for 15 min before the start of the dose-
response curve. The pre-drug tension value in the sodium pentobar-
bitone experiments was 1075+ 130 mg. Each point represents the
mean and vertical lines indicate s.e.m. (n = 5-6).
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Fic. 4. Cumulative concentration-effect curves for the positive
inotropic effects of amrinone in electrically stimulated papillary
muscles (1 Hz) in which basal contraction was depressed by sodium
pentobarbitone (®; 65 x 10~* m) or lowering extracellular Ca’* to
63 x 10-*M (a). The basal tension values before addition of sodium
pentobarbitone or lowering extracellular Ca?* were 720+ 77 and
915424 mg, respectively. Each point represents the mean and
vertical lines indicate s.e.m. (n=4).

papillary muscle contractions was directly proportional to
the extracellular Ca2+* concentration (Fig. 3). Increasing the
extracellular Ca?+* (2:5 x 10-4-5 x 10~3 M) produced concen-
tration-dependent positive inotropic responses that were
rapid (15-30 s) in onset and took 5-10 min to reach peak
effect. Ca?* concentrations above 5x 103 M produced
precipitation.

Equieffective concentrations of sodium pentobarbitone
(6:5x10-* M) and extracellular Ca?* (6:3x 10-*% M) were
selected to depress papillary muscle contractile activity.
Amrinone elicited concentration-dependent large positive
inotropic responses in these preparation (Fig. 4). The mean

*x

decreases in developed tension produced by sodium pento-
barbitone or low extracellular Ca’* concentration were
50+ 7-7 and 64+ 7-3% (n=4) of control value, respectively.
Amrinone completely reversed the negative inotropy pro-
duced by low Ca?* or sodium pentobarbitone. However, the
maximal response in the presence of amrinone was not
significantly different from the value before addition of
sodium pentobarbitone or lowering of extracellular Ca?+.
The tension values before addition of sodium pentobarbi-
tone and the maximal response to amrinone in the presence
of sodium pentobarbitone were 770 + 77 and 744+ 78 mg
(n=4), respectively. For the low Ca?* experiments, the
tension values at 2-5x1073 M Ca?* and the maximal
response to amrinone at 6:3 x 10~ M Ca?* were 915+ 24 and
925+ 115 mg (n=4), respectively. The EC50 values for the
positive inotropic effects of amrinone in the presence of
sodium pentobarbitone or at 6:3x10-% M Ca’* were
2:8x107*M(—log EC50:2-56 +0-07,n=4)and 2-6 x 103M
(—log EC50: 2:58 +0-04, n=4), respectively.

Effects on cyclic nucleotide levels

Fig. 5 shows the effects of a near maximal concentration of
amrinone (6x 1073 M) on developed tension and cyclic
nucleotide levels in rabbit papillary muscles being stimulated
at 0-4 and 1-0 Hz. At both stimulation frequencies the
positive inotropic effect of amrinone was associated with
increases in tissue cyclic nucleotide content. However, the
increases in cAMP (1-6-2-0 fold) and cGMP (2-6-3-7 fold)
were similar at both stimulation frequencies despite a much
greater inotropic change at 0-4 Hz (6-2 fold) than at 1-0 Hz
(1-4 fold).

To parallel the experiments examining the inotropic
activity of amrinone in papillary muscles with depressed
contractile function the effects of amrinone on developed
tension and cyclic nucleotide levels in the presence of sodium
pentobarbitone (6:5 x 10~* M) or Ca?* (6:3 x 10~* M) were
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FiG. 5. Comparison of the effects of amrinone on tension and cyclic nucleotide levels in rabbit papillary muscles paced at
0-4 or 1 Hz. Papillary muscles were frozen in liquid nitrogen at the peak of the positive inotropic response (15-20 min after
addition of amrinone) and processed for cAMP and cGMP measurements. The bars indicate control (C) values and
responses in the presence of a submaximal concentration of amrinone (Am; 6 x 10~* M). For comparative purposes the
0-4 Hz data have been taken from Shahid & Rodger (1989). Each bar represents the mean and vertical lines indicate s.e.m.
(n=4). * P<005, ** P<0-01, *** P<0-001 Student’s 7-test compared with corresponding control value.
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Table 1. Effects of amrinone on tension responses and cyclic nucleotide levels in rabbit isolated
papillary muscles with depressed contractile function.

Treatment

Ca?t (6:3x107%m) Solvent control
O.
3
6

Sodium pentobarbitone Solvent control

(65 x 10=% m)

(=]
=)

15

[« QL ¥%Y

Amrinone (x 1073 M) Tension (mg)

(pmol mg =} wet wt tissue)
cAMP cGMP

364 +47 0-60+0-08 0-013+0-005
368 +40 0-81+-0-08 0-023+0-003
637 1 109* 1:27 £0-12** 0-027 +0-006
TI81 £97%**  {-464+0-13** 0-051 +0-008*
211427 0-80+0-08 0-014 +0-003
337458 0-96 +0-08 0-019+0-005
387 +87 1-12+0-05* 0-0274£0-005
728 +132%*  1-204+0-07** 0-022 +0-007
710+ 128**  1-4940-05** 0-037 +0-005*

* P<0-05, ** P<(-01, *** P<0-001 vs contro! values (Student’s r-test). Each value is the

mean +s.e. mean (n=4).

analysed. Papillary muscles, stimulated at 1 Hz, were allowed
to stabilize for 60 min before the introduction of Krebs-
Henseleit solution containing 6-3 x 10-% M Ca?*. This pro-
duced an immediate negative inotropic response which
reached a stable level within 15 min. At this point, either
amrinone or an appropriate volume of solvent was added.
Once the inotropic response to amrinone had reached
maximum, muscles were frozen in liquid nitrogen and cyclic
nucleotide content analysed. Lowering extracellular Ca?+
produced, in addition to the fall in developed tension, a
significant (P < 0-05) reduction in the basal levels of cAMP
(33%) and ¢cGMP (62%). Amrinone produced large in-
creases in developed tension which were associated with
concentration-dependent elevations in the levels of cCAMP
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FiG. 6. Elution profile of cyclic nucleotide phosphodiesterase (PDE)
activities in rabbit ventricular myocardium after ion-exchange
chromatography. A low speed (12000 g) supernatant fraction of the
cardiac homogenate was applied to a column of DEAE-sepharose
(fast flow) which had been equilibrated in buffer (pH 6-5) containing
(mM): Bris Tris 20, dithiothreitol 1, benzamidine 2, ethylenediamine
tetraacetic acid 2, sodium acetate 50 and phenylenethanesulphonyl
fluoride, 0-1. The bound material was eluted with a linear sodium
acetate gradient (0-05 —1-0 M; O) and collected in 10 mL fractions.
These were assayed for PDE activity, using radio labelled cAMP (®)
or cGMP (a) at a concentration of 1 x 10~¢ M. Four main peaks of
I(’jDE activity (labelled PDE I, PDE II, PDE III and PDE 1V) were
identified.

(2-5 fold at 6 x 10~? M) and cGMP (4 fold at 6 x 10~3 M) as
shown in Table 1.

Amrinone also increased cAMP (2 fold at 6 x 103 M) and
cGMP (3-5 fold at 6 x 103 M) content in sodium pentobarbi-
tone-depressed papillary muscle (Table 1). The degree of
contractile depression was kept constant (~ 50% of pre-drug
contraction) in every preparation and sodium pentobarbi-
tone alone lowered basal cAMP (11%) and cGMP (59%).

Effects on cyclic nucleotide PDE isoenzymes

Four distinct PDE activities were resolved from rabbit
cardiac ventricle after ion-exchange chromatography on
DEAE-Sepharose (Fig. 6). These have been labelled PDE I,
I1, I1I and IV according to the nomenclature used by Reeves
et al (1987) for human cardiac ventricle. The PDE subtypes
show different substrate specificity and regulatory properties
as well as different sensitivities to a variety of inhibitors
(Shahid & Nicholson 1991). Briefly, the distinguishing
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F16. 7. Effects of amrinone on cAMP (1 x 10~% M) hydrolysis by
rabbit ventricular PDE isoenzymes. The effects on PDE I and PDE
II were examined in the presence of the stimulators Ca (20 um)/
calmodulin (15 ug mL™") and cGMP (I x 10~° M), respectively.
Amrinone produced selective inhibition of PDE I11 (a) whilst PDE 1
(m), PDE II (®) and PDE IV (¥) were only weakly affected.
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characteristics of the various PDE isoenzymes are: PDE I is
stimulated by Ca?*/calmodulin; the cAMP hydrolysis of
pDE Il is stimulated whilst that of PDE III is inhibited by
oW concentrations of cGMP; PDE IV is unaffected by Ca?*/
calmodulin or cGMP but is selectively inhibited by rolipram.

Amrinone produced concentration-dependent inhibition
of cAMP activity of all PDE isoenzymes (Fig. 7). However,
the effects of amrinone were most potent on PDE III (IC50
98:7+9-6 uM) showing at least a 2-5 fold selectivity when
compared with its effects on PDE I (IC50 > 250 um), PDE 11
(IC50 >250 um) and PDE IV (IC50 > 250 um).

Discussion

Amrinone exerted a relatively weak positive inotropic effect
in papillary muscles stimulated at 1 Hz. In contrast, large
positive inotropic responses were obtained with amrinone in
papillary muscles in which contractile force was depressed by
lowering stimulation frequency to 0-4 Hz or extracellular
Ca?* to 6:3x10~* M or by sodium pentobarbitone
(6:5x10~* m). The frequency-dependence of the positive
inotropic action of amrinone is in agreement with the
findings of Komai & Rusy (1984) and Honerjager et al
(1981). However, other workers (Onuaguluchi & Tanz 1981;
Siegl et al 1984) using rabbit papillary muscles, have reported
that amrinone does elicit large increases in contractile force
at 1 Hz. The precise reasons for this discrepancy are unclear
but it is likely to be related to differences in experimental
protocol. Siegl et al (1984) established concentration-effect
curves to isoprenaline in each preparation before testing
amrinone. It is known that the basal contractile force after an
isoprenaline challenge is reduced (Clark & Poyser 1977;
Shahid & Rodger 1989). In the study by Onuaguluchi & Tanz
(1981) there was a steady decline in contractile force (up to
50%) in control papillary muscles during the experimental
period. Thus, there was significant reduction of the basal
tension before addition of amrinone, which may explain the
greater inotropic response reported in these studies. The
inotropic effect of amrinone at 1 Hz is unlikely to be limited
by tissue maximum since a maximal concentration of
isoprenaline (2 x 10-¢ M) can produce a 138% increase in
contractile force at this stimulation frequency. However, like
amrinone the relative inotropic change elicited by isoprena-
line at 0-4 Hz (300%) (Shahid & Rodger 1989) was much
greater than at 1 Hz. This is in accord with the suggestion by
Mensing & Hilgemann (1981) that agents which act through
a cAMP-dependent mechanism cause greater increases in
contractile force at low rather than at high stimulation rates.
Thus there may be similarities in the mechanisms underlying
positive inotropy induced by amrinone or by an increase in
stimulation frequency.

The present study also shows that lowering of extracellular
Ca?* has less effect on papillary muscle contractions at low
frequencies of stimulation than at high stimulation rates.
This is consistent with the idea that at low stimulation
frequencies intracellular recycling of Ca?* is more important
for maintaining contractile force (Allen et al 1976). Thus it
Seems likely that at 0-4 Hz the positive inotropic effects of
amrinone are mediated mainly by stimulating intracellular
Ca?+ flux. Sarcolemmal Ca2* transport may also be impor-
tant in the positive inotropic action of amrinone as suggested

by the sodium pentobarbitone and low Ca?* experiments in
which papillary muscles were stimulated at 1 Hz. Sodium
pentobarbitone is routinely used in models of acute cardiac
failure (Alousi et al 1985) and its negative inotropic effect is
believed to be due to a reduction in the amount of La’+ -
displaceable, superficially-bound Ca?* in cardiac cells
(Nayler & Szeto 1972). Amrinone completely reversed the
cardiodepressant effects of sodium pentobarbitone. Reduc-
ing extracellular Ca?* enhanced the positive inotropic effects
of amrinone, which is in agreement with the findings of
Rendig & Amsterdam (1984) in cat papillary muscles. These
results suggest that the positive inotropic effect of amrinone
may also involve augmentation of plasmalemmal Ca?*
influx via Ca?* channels. This view is supported by the
observation that amrinone was able to reverse the negative
inotropic effect caused by Ca?* channel blockade using
verapamil (Shahid, unpublished results). Thus the mecha-
nisms underlying the positive inotropic effect of amrinone
involve facilitation of both Ca?* entry and Ca?* release from
intracellular sites.

cAMP is known to regulate myocardial contractility by
stimulating Ca?* entry and intracellular Ca’* release (see
Opie 1982; Sperelakis 1988 for reviews). The present study
shows that the positive inotropic effects of amrinone in
normal and depressed papillary muscles were associated with
increases in cAMP levels. Whilst this is in agreement with
published data (Honerjager et al 1981; Endoh et al 1982;
Shahid & Rodger 1989), those studies did not examine the
effects of amrinone in cardio-depressed tissues. Thus the
mechanism underlying the positive inotropic effect of amri-
none in cardiac muscle with depressed contractile function
also involves cAMP. However, the greater inotropic activity
of amrinone in depressed muscles was not due to a larger
increase in cAMP than that obtained in normal prep-
arations. Indeed the effects of amrinone on cAMP levels in
both normal and in depressed papillary muscles were similar.
This implies that the same rise in cAMP is better able to
stimulate Ca?* transport in depressed muscles than in
normal preparations; it would be interesting to test this
possibility by measuring the effects on intracellular Ca?*
and/or levels of cAMP-dependent protein phosphorylation.

Amrinone was selective for inhibiting PDE III and had a
relatively small effect on the activities of PDE I, PDE II and
PDE IV. Although previous studies (Carpendo et al 1984;
Masuoka et al 1990) have shown that amrinone inhibits a
high-affinity cAMP-PDE the complete PDE isoenzyme
inhibitory profile of the compound was not determined. In
particular it was not clear whether PDE III or PDE IV, both
of which are high affinity cAMP-PDE, had been used by
those workers. It has been suggested that PDE III is
important in regulating cardiac force since a number of new
positive inotropic agents have also been shown to be highly
selective and potent inhibitors of this PDE isoenzyme
(Manganiello 1987). However, the large difference in the
EC50 value for positive inotropy and the IC50 concentration
for PDE III inhibition with amrinone indicates that there is
no direct correlation between these two parameters. Similar
disparities between EC50 and IC50 values have been
reported for other PDE III selective inhibitors (Brunkhorst
et al 1989; Silver et al 1989; Shahid & Nicholson 1991). The
exact reasons for this discrepancy are not clear but it is
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possible that increases in cAMP produced by PDE III
inhibition alone may be limited by the relative activities and
distribution of PDE I, PDE II and PDE IV. In view of the
differences in IC50 and ECS50 values it is likely that, at
concentrations producing positive inotropy, amrinone ele-
vates cAMP by inhibiting all PDE isoenzymes. The cardiac
affects of amrinone were also associated with large increases
in cGMP. The rise in cGMP was similar in normal and
depressed papillary muscles and therefore cannot explain the
difference in the effects of amrinone in these preparations.
Nevertheless, since ¢cGMP can counteract the effects of
cAMP in ventricular myocardium (Endoh 1980) a moderat-
ing effect on amrinone-induced positive inotropy, due to the
rise in cGMP, cannot be excluded. The elevation of intracel-
lular cGMP is probably due to inhibition of cGMP-PDE
activity as shown previously (Shahid & Rodger 1989). The
effects of PDE inhibitors on cardiac cGMP metabolism and
the relevance of this second messenger to the myocardial
actions of these agents have not been well studied and are
poorly understood.

In conclusion the results demonstrate that amrinone
shows greater inotropic activity in rabbit isolated papillary
muscles in which contractile function was depressed by
lowering stimulation frequency or extracellular Ca?* or by
the addition of sodium pentobarbitone. However, the posi-
tive inotropic effects of amrinone in both normal and
papillary muscles with depressed contractile force were
associated with similar increases in both cAMP and cGMP.
It is suggested that this inconsistency between degree of
positive inotropy and change in cyclic nucleotide level
reflects an enhanced effectiveness of cAMP on intracellular
Ca?* mobilization in tissues with depressed contractile force.
Amrinone reduced the cAMP activity of rabbit cardiac
ventricle PDE isoenzymes producing selective inhibition of
PDE 111, indicating this to be the main mechanism underly-
ing its effects on cyclic nucleotide levels and cardiac force.
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