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PREFACE

This monograph contains 20 selected papers presented at the Symposium on
Subcellular Basis of Contractile Failure which was held in Ottawa during May
11-13, 1989 and is designed for the benefit of those who were unable to attend
this event. It is now increasingly becoming clear that an excessive amount of
calcium is intimately involved in the pathogenesis of a wide variety of heart
diseases. Accordingly, the investigations concerning the role of calcium chan-
nels and their regulatory mechanisms in heart function as well as of the intra-
cellular calcium overload in cardiac dysfunction are presented here. Since
sodium is also considered to influence the cardiac contractile force by chang-
ing the intracellular concentration of calcium through the Na+-Ca2+ exchange
mechanism in the cell membrane, the role of Na+-Ca2+ exchange in heart func-
tion as well as pathology of contractile failure is discussed. In view of the new-
ly discovered implications of the oxygen free radicals in cellular injury, papers
concerning the role of these radicals in heart disease are included in this book.
For the purpose of clarity, different chapters have been organized under three
main headings: (I) Role of cations in heart function, (II) Cardiac hypertrophy
and cardiomyopathies, and (III) Ischemic heart disease and cardiac failure.
These chapters by expert investigators represent a multidisciplinary approach
for defining the events occurring during the development of contractile failure
and include electrophysiological, functional, biochemical and pharmacologi-
cal aspects. It is hoped that this book will be of some use to both students and
researchers in the area of cardiovascular sciences and will generate new ideas
for further investigations on problems associated with heart disease.

Borivoj Korecky and Naranjan S. Dhalla
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ROLE FOR SODIUM CHANNELS AND INTRACELLULAR SODIUM IN REGULATION
OF THE CARDIAC FORCE-FREQUENCY RELATION AND CONTRACTILITY.
CRAIG T. JANUARY AND HARRY A. FOZZARD

The Cardiac Electrophysiology Laboratories
Departments of Medicine and the Pharmacological & Physiological Sciences
The University of Chicago, 5841 S. Maryland, Chicago, Illinois 60637

INTRODUCTION

The force of contraction in cardiac muscle is markedly dependent upon the
frequency of stimulation (1). In most animal species, an increase in the stimulation
frequency leads to an increase in twitch tension amplitude that requires a few
minutes to reach a steady-state. Lowering of the stimulation frequency results in an
opposite effect with a gradual decrease in twitch tension amplitude. Therefore, over
a wide range of stimulation frequencies the force-frequency relation has a
characteristic positive shape (2-5), In cardiac Purkinje fibers, twitch tension
amplitude increases with increasing stimulation frequency over the range 0.2 to $ Hz,
and up to several minutes is required to reach a new steady-state following a change
in rate (5-7).

In cardiac muscle, the stimulation of repetitive action potentials causes the
intracellular sodium ion activity (ai,) to increase above the unstimulated level (8,8-
10). The magnitude of the increase is a function of the stimulation frequency with
small increases in a!, observed at stimulation frequencies as low as 0.2 Hz, and at
higher frequencies of stimulation a/, is increased by up to 30% (6). The duration of
stimulation also is important, with a few minutes required in Purkinje fibers for a.,
to rise to a new steady-state value during stimulation, or for al, to return to a
resting value following cessation of stimulation (6,10). Using a voltage clamp to
control membrane potential, January and Fozzard (10) investigated the mechanism of
the stimulation induced rise in a},, and concluded that the frequency-dependent rise
in a}, resulted primarily from increased Na* entry through Na' channels during the
Na’ current.

An important role in the regulation of twitch tension development has been
postulated for a), and its influence on Ca* through the Na-Ca exchange mechanism
(7,9-13). When a;, is increased (usually by inhibiting the Na-K pump), a steep relation
between twitch tension amplitude and a}, is found (9,14-19).The purpose of the
present study was to test the hypothesis that frequency- and time-dependent changes
in a}, are important regulatory mechanisms of frequency- and time-dependent
changes in cardiac twitch tension amplitude. Thus, by serving an important role in
the regulation of a,, Na' channels also participate in the regulation of cardiac twitch
tension amplitude. Preliminary results of these studies have appeared (20,21).



METHODS

Single unbranched free-running sheep or occasionally canine Purkinje fibers
having diameters of 100-300 u1m were used. Tyrode’s solution (10) was oxygenated
and warmed before entering (2-5 ml/min) the chamber (1.5 ml volume) and contained
54 mM K' and 1.8 mM Ca*. When indicated tetrodotoxin (TTX, Calbiochem) was
added to the bath in a concentration of 1 x 10* M. Experiments were performed at
87°C.

The experimental methods for the control of membrane potential and the
measurement of ai, were previously described in detail (10). Voltage control was
achieved using the single rubber membrane gap voltage clamp technique. Na*
electrodes were fabricated from thick- or thin-wall borosilicate glass and contained
the liguid ion exchange resin ETH 227. Electrodes were calibrated after and usually
before each experiment. Driven shields and capacitance neutralization were carefully
applied in order to improve the response time of the electrodes. The difference
channel in most records was filtered (-3 db at 35 Hz).

In order to measure twitch tension, a fine wire ligature was first tightly tied
around each Purkinje fiber. The Purkinje fiber was then passed through the
constricting hole in the rubber membrane leaving a short segment less than 2 mm in
length in the test endpool terminated by the fine wire tie. The wire tie was attached
to a force transducer (Cambridge Technology, Inc, Model 403) capable of resolving
tension to <0.01 mg. The other end of the fiber was held by the rubber membrane
gap which had been stiffened by gluing it to a thin lucite wafer containing a small
perforation. Fiber extending into the current injection endpool was trimmed away.
Fibers were stretched 20 to 30% beyond their slack length.

Fibers were allowed to recover in the experimental chamber before initiation
of voltage clamp. The holding potential (V,) used in all experiments was -80 mV
unless otherwise indicated, and during voltage clamp the current injection endpool
was. Trains of voltage clamp steps (step duration 50 to 200 msec) to 0 mV were
applied at frequencies of 0.5 to 4 Hz. Pulse trains were separated by a § to 7 minute
interval of rest or low frequency stimulation (0.1 Hz) in order to allow aj, to return
to the unstimulated level before application of the next pulse train (6,10). In a few
experiments, each depolarizing step to 0 mV in a pulse train was preceded by a
prepulse to a constant voltage (range -67 to -100 mV) in order to shift the voltage-
dependent availability of Na' channels. The prepulse duration used was 50 msec.
Makielski et al (22) studied isolated single Purkinje cells at 23°C and reported that
for subthreshold voltage steps from -140 mV to -80 and -100 mV, the time constants
for the development of inactivation were 27 and 90 msec, respectively. Thus, the
prepulses are of sufficient duration to permit the Na' conductance to shift towards a
new level of inactivation before application of the depolarizing step to 0 mV.
Prepulses of this duration also do not alter the amplitude of the associated twitch



(23). These prepulse veoltages also should be sufficiently negative to avoid altering
steady-state inactivation of conventional Ca™ current (24,25). Nonlinear least-squares
regression analysis for curve fitting was performed using a Masscomp model 5500
computer (Masscomp, Westford, Mass.).

RESULTS

i
||6 aNa
4 (mM)

Figure 1. The frequency-dependent rise in a), in a sheep Purkinje fiber in
response to 3-minute duration voltage clamp pulse trains, and its blockade by
TTX (1 x 10* M). Individual voltage steps were to 6 mV for 100 msec at 4 Hz.
The dashed line indicates the period of TTX exposure.

We have previously shown that Na* channel block with TTX at a concentration of
4 x 10* M diminished the rise in ai, which occurred with repetitive depolarization
(10). Figure 1 shows records from a fiber where the frequency-dependent rise in a},
was studied and the ability of a higher concentration of TTX to block its rise was
tested. From a resting value of 4.3 mM, a) had increased to 5.8 mM at the end of
the initial pulse train. aj}, then gradually returned to the baseline value over a few
minutes. TTX was then introduced into the chamber at a concentration of 1 x 10° M
and this resulted in a small decline in the resting a), of about 0.4 mM. When the
voltage clamp pulse train was repeated in the presence of TTX, the frequency-



dependent rise in a), was abolished. TTX was then washed from the chamber for 4
minutes and when the voltage clamp pulse train was reapplied the frequency-
dependent rise in a!, was again present. Similar results showing TTX block of the
frequency-dependent rise in a), were obtained in three additional experiments. From
the results of Cohen et al (26), it may be calculated that the concentration of TTX
used in these experiments blocked nearly completely the Na*' current.

T
(mg)

2 Hz TTX 3 min

Figure 2. Twitch tension recordings during 3-minute voltage clamp pulse
trains. With the initial train, a large amplitude rest contraction was followed
by a positive tension staircase. Repeating the pulse train during exposure to
TTX (1 x 10°* M, dashed line) resulted in a smaller rest contraction and the
positive staircase was abolished. Partial recovery occurred with a 2 1/2 minute
TTX washout period.

Figure 2 shows results from an experiment similar to that in the previous
figure except that tension was recorded while trains of voltage clamp pulses were
applied. From rest, trains of voltage clamp pulses (to 0 mV for 200 msec) were
applied at 2 Hz. After the initial "rest" contraction, the subsequent twitches were of
smaller amplitude but gradually increased in size as a positive tension staircase
developed. TTX then was added to the perfusate at a concentration of 1 x 10° M.
When the voltage clamp pulse train was repeated, two changes were apparent. First,
the amplitude of the rest contraction was reduced. Secondly, the development of a
positive tension staircase was almost completely abolished. After washout of TTX for



2 and 1/2 minutes, partial recovery of the positive tension staircase and the
amplitude of the rest contraction is shown. Nearly complete recovery of the tension
staircases could be obtained with longer washout periods. Similar results with TTX
abolishing almost entirely the positive tension staircase were obtained in five
additional experiments.

Vm 0 mv

-50 mV

-80 mV
2 Hz

5 min

TMMWWP\M tme

Figure 3. Effect on the positive tension staircase of applying voltage clamp
pulse trains from -80 mV and -50 mV is shown. At V, = -50 mV, where voltage
inactivation of the Na' current should be complete, the positive staircase was
nearly abolished.

Effect of Alfering the Na' Current Voltage-Inactivation Relation on ai and the
Positive Tension Staircase. The magnitude of Na* current in response to a
depolarizing pulse is dependent upon the membrane potential prior to the application
of a depolarizing step, as expressed in the Na' current steady-state inactivation
relation (22,27,28). Steady-state inactivation of Na’' current is complete at membrane
potentials positive to -50 mV, conditions where the frequency-dependent rise in a,,
also are abolished. The effect on the positive tension staircase of voltage inactivation
of the Na' current by changing V, to -50 mV is shown in Figure 3. Initially, from a
V, of -80 mV, a 3 minute long train of voltage clamp pulses was applied at 2 Hz and
resulted in a rest contraction of approximately 0.35 mg which was followed by a
positive tension staircase. V, was then changed to -50 mV in order to inactivate Na*
current. When the voltage clamp pulse train was repeated, the amplitude of the rest
contraction was reduced to 0.25 mg and a positive tension staircase failed to develop.
After returning V, to -80 mV, reapplication of the voltage clamp pulse train resulted
in return of the rest contraction amplitude and the positive tension staircase to the



control level. Similar findings of nearly complete block of the positive temsion
staircase at a V, of -50 mV were confirmed in two additional fibers.

0
Vm
(mV)
-80
-100
- 15 i
- 10 aNa
- 5 (mM)

3 min
2Hz 4Hz 4Hz

Figure 4. The initial two voltage clamp pulse trains were applied at 2 and 4
Hz and caused frequency-dependent increases in al,. The third pulse train was
identical to the second except that a 50 msec long prepulse to -100 mV
preceded each depolarizing step in order to increase voltage-dependent
availability of Na* current. In response to the third pulse train, the frequency-
dependent rise in a}, was increased nearly 2-fold.

The effect on the frequency-dependent rise in a), and tension development of
applying voltage clamp pulse trains from hyperpolarized membrane potentials was
studied. Because maintained hyperpolarization of membrane potential will cause a
large rise in a}, voltage-dependent Na‘' channel inactivation was manipulated using
brief duration prepulses applied from a constant V, of -80 mV. Each prepulse
preceded the depolarizing voltage step to 0 mV. Figure 4 shows records from one
fiber where hyperpolarizing prepulses to -100 mV were applied in order to diminish
Na‘ channel inactivation, and changes in a}, were recorded. Initially, a 3 minute long
train of voltage clamp pulses was applied at 2 Hz and resulted in a rise in a}, from
84 to 9.1 mM at the end of the pulse train. After a period of rest, the pulse train
was reapplied at a higher frequency of 4 Hz which resulted in a greater rise in a}, to
about 9.9 mM. After another period of rest, the pulse train was repeated at 4 Hz
except that each depolarizing voltage clamp step in the pulse train was preceded by



a 50 msec long hyperpolarizing prepulse to -100 mV. From a resting value of 8.5 mM,
the rise in a}, was nearly doubled to 11.5 mM at the end of the pulse train, and had
returned to baseline level within 5 minutes. Similar results, showing an increase in
the frequency-dependent rise in af, with the application of hyperpolarizing prepulses
were obtained in two additional fibers. Application of trains of hyperpolarizing
prepulses but without the subsequent depolarizing voltage steps (to activate the Na*
current) resulted in a rise of al, of no more than 0.3 mM (n=2).

Prepulse
-80 -100 -80

NN

2 Hz pulse trains
5 min

1 mg

Figure 5. Effect on the positive tension staircase of including prepulses in the
voltage clamp pulse trains. Five trains were applied (V, = -80 mV). As indicated
above each pulse train, for 50 msec preceding each depolarizing step to 0 mV,
the prepulse voltage was stepped to -100 mV or -67 mV in order to alter
voltage-dependent inactivation of Na‘ current, or the voltage was maintained
at -80 mV.

Protocols similar to those used to manipulate voltage-dependent inactivation of
the Na* current and a}, also were studied during twitch tension recordings. Figure 5
shows records from one experiment and illustrates the effect of the prepulses. Five 2
and 1/2 minute long voltage clamp pulse trains and the resulting twitch tension
responses are shown. With the first pulse train (control, prepulse voltage -80 mV),
the rest contraction amplitude was 0.60 mg. This was followed by the development of
a positive tension staircase with twitch tension gradually rising from a minimum of
045 mg to 0.72 mg. After a five minute rest period, the second pulse train was
applied. This pulse train differed from the control pulse train only in that the
voltage during each prepulse was -100 mV, a condition previously shown to augment
the frequency-dependent rise in aj. The rest contraction amplitude was 0.60 mg
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which was unchanged from control. This was followed by the development of a
larger positive tension staircase which increased from a minimum value of 0.45 mg to
0.88 mg. The third pulse train was identical to the first, and the twitch tension
response returned to the control level. The rest contraction amplitude was 0.60 mg.
and was followed by a positive tension staircase with the amplitude increasing from
a minimum of 0.45 mg to 0.70 mg. With the fourth pulse train, the prepulses were to
-87 mV in order to increase voltage inactivation of Na' channels and blunt the
frequency-dependent rise in a),. At the end of the rest interval, a brief train of
prepulses to -67 mV was applied without the subsequent voltage steps to 0 mV. This
brief train of subthreshold prepulses failed to elicit a mechanical response and did
not trigger Na' current. When the fourth 2 and 1/2 minute long pulse train was
applied, the rest contraction amplitude was 0.58 mg. A positive tension staircase
followed but was of reduced amplitude, increasing from a minimum of 0.38 mg to 0.50
mg. The final pulse train shows the return to the control conditions (prepulse
voltage -80 mV). The rest contraction amplitude was 0.58 mg and the positive tension
staircase returned nearly to the control level. Similar findings were found in two
additional fibers.

Effect of TTX on the Force-Frequency Relation. The role of frequency-dependent

changes in a), in the force-frequency relation was studied. In Figure 6 are shown
twitch tension records from one experiment. Inmitially, depolarizing voltage clamp
steps were applied at 0.1 Hz and elicited twitches of 2.6 mg amplitude. The
frequency was then increased every 2 to 2 1/2 minutes to 0.5, 1, 2, and 3 Hz. After
increasing the depolarization frequency to 0.5 Hz, twitch tension amplitude fell to 1.9
mg and was constant. Increasing the frequency to 1 Hz resulted in a slight initial
decrease in twitch tension amplitude which was followed by a small positive tension
staircase with twitch tension amplitude rising to 2.0 mg. Increasing the frequency to
2 Hz resulted in a positive tension staircase and a further increase in twitch tension
amplitude to 3.0 mg. At 38 Hz, a slight initial fall in twitch tension amplitude was
followed by a positive tension staircase and a peak twitch tension amplitude of 3.0
mg. The frequency was then returned to 0.1 Hz which resulted in a prominent
negative staircase with the twitch tension amplitude gradually returning to the
control level. The twitch tension amplitude was measured at the end of each period
at a constant depolarization frequency when twitch tension amplitude was nearly at
steady-state conditions, and is plotted as the control force-frequency curve (0) in
Figure 6. This curve shows the typical shape found in 11 sheep Purkinje fibers and
illustrates the progressive increase in steady-state twitch tension amplitude found
with increasing the frequency from 0.5 to 8 Hz. The record also shows an increase in
twitch tension amplitude that is present at low frequencies, below about 0.2 Hz.
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TTX (1 x 10*

M, see Fig 6) was
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2 min the perfusate at

a concentration

of and the
01 losl 11213l 0.1 losl 1+ 12131 o.1Hz voltage clamp
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repeated.
Following the
addition of TTX,

9 there was a

\ gradual decline
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TWITCH \ amplitude from
TENSION ¢ S x x

2.6 mg to 2.0 mg.
1.0 1 When the
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{mgq)
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0.1 0.5 1 2 3 applied was
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-
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¢ .

Figure 6. The force-frequency relationship and the effect of en s. tomn
TTX (1 x 10® M, dashed line). The continuous twitch tension amplitude
record is shown above the plots of the force-frequency declined to 1.4

relationships during control (O) and TTX (X) exposure. .
mg. Increasing

the frequency to
1 Hz caused a slight fall in the twitch tension amplitude to 1.35 mg which was
constant. With further increases in pulse frequency to 2 and 3 Hz, TTX block of the
positive tension staircase resulted in no change in twitch tension amplitude. As with
the control force-frequency curve, the twitch tension amplitude was measured at the
end of each period at a constant depolarization frequency and is plotted as the TTX
force-frequency curve (X) at the bottom of Figure 6.

Effect of TTX on the Negative Tension Staircase. After returning from a high to a
low depolarization frequency, a negative tension staircase is elicited, as shown in
Figure 6. Twitch tension amplitude was measured during the decline of the negative
tension staircase to the steady-state level. Using nonlinear least-squares regression
analysis, the data could be fit with a single exponential decay having time constants
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of decay of about one minute. When the force-frequency protocol was repeated in
the presence of TTX, a negative tension staircase was again present but it was of
reduced amplitude and declined more rapidly to a steady-state. The decline in
contraction after TTX could be fit with single exponentials having time constants half
of those of control. This difference in the rate of decay may suggest that the
negative tension staircase remaining in the presence of TTX represents a component
of twitch tension not dependent on the frequency induced change in aj,.

DISCUSSION

Na‘'_Channels and Stimulation Dependence of al,. In cardiac muscle the repetitive
stimulation of action potentials leads to a frequency- and time-dependent rise in a;,
that, after termination of stimulation, gradually declines to baseline. Several lines of
evidence suggest that Na' channels are involved in regulation of the frequency-
dependence of a),, The magnitude of the rise in a), can be decreased by
intermediate concentrations of the Na‘' channel blocking agent TTX (4 x 10° M, ref
10). With higher concentrations of TTX (1 x 10° M) which nearly completely block
the Na' current (26), the frequency-dependent rise in al, was virtually abolished as
was shown in Figure 1. The magnitude of the frequency-dependent rise in aj, also is
dependent upon the membrane potential from which depolarizing pulses are initiated.
When compared to trains of pulses initiated from a V, of -80 mV, pulse trains
initiated from a more negative membrane potential elicited a larger rise in aj,
whereas virtually no change in a}, is present with pulse trains elicited from a
membrane potential of -50 mV (10). The dependence upon voltage of the magnitude
of the stimulation induced rise in a/, is similar to the voltage-dependence of Na*
current in cardiac tissue (22,27,28) and suggests a role for the Na' current steady-
state inactivation relation in the frequency-dependent regulation of al. Falk and
Cohen (29) studied the electrogenic current attributed to the Na-K pump current
following periods of rapid drive from different V, and during exposure to TTX. They
also concluded that Na‘' current was important in Na‘ loading of the cell interior, but
identified another component of Na' loading which they attributed to Ca* current
and Na-Ca exchange. Similar conclusions were drawn by Brill et al (30).

al.and the Positive Tension Staircase, The mechanisms underlying the positive
tension staircase have remained uncertain. In the present study, the application of
trains of depolarizing voltage clamp pulses that resulted in a gradual rise in a}, also
increased twitch tension amplitudee. When TTX was applied, it abolished the
stimulation dependent rise in a), and the positive tension staircase. TTX also
decreased the amplitude of the rest contraction. This later finding is not unexpected
since TTX has been shown to slightly reduce resting al, (8,10,31) which, because of
the Na-Ca exchange mechanism, also might be expected to reduce a!, and Ca*
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available for contraction. When voltage clamp pulse trains were applied from a V, of
-50 mV which voltage inactivates Na' channels and blocks the frequency-dependent
rise in a}, (see 10), the positive tension staircase was again abolished and the
amplitude of the rest contraction was reduced. Interpretation of these results,
however, is complicated by the change in V,. As previously noted, reducing V, from
-80 to -50 mV should voltage inactivate Na* current and produce a small decline in a;,
to a new steady-state level. Because of the Na-Ca exchange mechanism, a decline in
al, and Ca* available for contraction also may occur. However, voltage dependence
of the Na-Ca exchange mechanism also may influence a!, depending on its
electrogenicity and proximity to its reversal potential. Thus, following a change in
V., the influence of both a), and membrane potential may contribute to the
magnitude and direction of change in twitch tension. In addition, at a V, of -50 mV
partial voltage-dependent inactivation of the conventional L-type Ca* current can not
be completely excluded (24,25) and could contribute to a reduction in twitch tension
amplitude by reducing the trigger for internal Ca™ release (32,33). Inactivation of T-
type Ca* current also could contribute to changes in twitch amplitude (34).

Brief duration prepulses were added before each step to 0 mV in the voltage
clamp pulse trains in order to modify voltage-dependent inactivation of Na' channels
yet avoid the effects of prolonged changes in V,. When the prepulses were to -67 mV,
which should increase voltage inactivation of Na‘' channels and reduce the
stimulation dependent rise in a}, the amplitude of the positive tension staircase was
reduced. In contrast, larger positive tension staircases were elicited when
hyperpolarizing prepulses were applied. Hyperpolarizing prepulses increase the
availability of Na' channels and the frequency-dependent rise in a),. As shown in
Figure 4, the inclusion of hyperpolarizing prepulses to -100 mV caused nearly a
two-fold increase in the magnitude of the stimulation dependent rise in aj,.

Component. Upon returning from a high frequency of stimulation to a low frequency
of stimulation, a), decreases (Figs 1,4) and the amplitude of twitch tension gradually
declines to a baseline level (Fig 6). Whereas TTX blocked almost completely the
positive tension staircase, only part of the negative tension staircase was blocked.
The residual component of negative tension staircase differed from the control
staircase not only in that the amplitude was reduced, but also the time constant of
decay was less than one-half of the control negative tension staircase. The
component of tension remaining in the presence of TTX is not likely to result from
an unblocked fraction of Na' channels producing a lesser rise in a/, because at the
concentration of TTX used, block of Na' current should be nearly complete (26) and
shortening of the decay time constant would not be expected (6). Thus, under these
experimental conditions the negative tension staircase can be separated into two
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components; one that decays rapidly and one that decays more slowly. The slower
decaying component is likely to represent twitch tension dependent upon the gradual
decay of al, to baseline. Its time course of decay is similar to that previously found
for the decay of a), (6,10) or the electrogenic Na-K pump current (29) following
periods of rapid drive. The mechanism of the faster decaying component is less
certain but it may represent enhanced availability of Ca™ for contraction at low
frequencies of stimulation and could result from loading of the cell during the higher
frequency stimulation with Ca* by mechanisms such as voltage-dependent Ca*
channels or the Na-Ca exchange mechanism.

The Force-Frequencv Relation. In most cardiac tissues increasing the frequency of
stimulation over a wide range causes a positive tension staircase leading to
heightened steady-state twitch tension and a positive force-frequency relation.
Several cellular mechanisms could account for this including, 1) increased Ca*
loading caused by elevated a), and Na dependence of the Na-Ca exchange mechanism,
2) increased Ca™ resulting from voltage-dependent loading of the cell by Na-Ca
exchange mechanism, and, 8) increased Ca* loading of the cell resulting from the
repetitive activation of voltage-dependent Ca* channels. These experiments show
that the increase in twitch tension amplitude with increasing voltage clamp pulse
train frequency could be almost completely eliminated by TTX. Since TTX block of
Na* channels also blocks the frequency-dependent rise in a\, this strongly suggests
that frequency-dependent accumulation of Na* in cells, and its effect on Ca™ via the
Na-Ca exchange mechanism, is a major component of the force-frequency relation in
heart muscle. Particularly at higher frequencies, Ca* loading also might occur by
voltage dependence of the Na-Ca exchange mechanism or by entry through the
repetitive activation of Ca* channels.

Our results suggest that Na’' channels are an important component in the
regulation of cardiac force-frequency behavior, and there are several implications for
cardiac function from this work. Because the voltage inactivation relation is steep in
the range of normal resting potentials (27,28), even small changes in membrane
resting potential may have significant effects upon Na* entry into heart cells and the
resulting dependence of a), on frequency. Other properties of Na' channels (e.g.,
activation, development of inactivation, recovery from inactivation, etc.) as well, may
be important. In addition, agents such as antiarrhythmic drugs that bind to Na*
channels may alter the frequency-dependent accumulation of Na* and modify the
shape of the force-frequency relation.

SUMMARY
The role of Na*' channels and frequency-dependent changes in the intracellular
sodium ion activity (af,) in the regulation of the cardiac force-frequency relation was



15

investigated in voltage clamped cardiac Purkinje fibers. Trains of voltage clamp
pulses produced frequency-dependent increases in af, and positive tension staircases.
These were abolished by the addition of TTX (1 x 10° M) to block Na‘' channels.
Reducing the holding potential (V,) to -50 mV in order to voltage-inactivate Na*
channels also abolished the positive tension staircase. When voltage clamp pulse
trains contained prepulses to different voltages to modify voltage-dependent
inactivation of Na* channels, the amplitude of the positive staircase also was altered.
From control (V, = -80 mV, no prepulse), when the voltage clamp pulse trains
contained hyperpolarizing prepulses to -100 mV the frequency-dependent rise in aj,
was increased, as was the amplitude of the positive tension staircase. When pulse
trains contained prepulses to -67 mV, the positive tension staircase was present but
was reduced in size below that of the control staircase. When a range of frequencies
was studied (0.1 - 3 Hz) and TTX was applied, twitch tension amplitude was
decreased at all frequencies but the major effect was to nearly completely eliminate
the rise in twitch tension amplitude that normally occurs at higher stimulation
frequencies. These results suggest that a central mechanism in the cardiac
force-frequency relation is Na' entry through Na' channels leading to frequency-
dependent loading of the cell interior with Na‘, and through Na' dependence of the
Na-Ca exchange mechanism an increase in intracellular Ca* available for contraction,
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REGULATION OF CARDIAC CALCIUM CURRENT DURING SUPPRESSION OF SECOND MESSENGER
INTRACELLULAR ENZYMATIC PATHWAYS
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II Physiologisches Institut, Universitit des Saarlandes, 6650 Homburg/Saar,
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Halifax, Canada B3H 4H7

INTRODUCTION

It is well established that membrane ionic channels in heart cells are up-
regulated by enhanced activation of intracellular enzymatic cascades (1-3).
However, less is known about channel regulation and modulation under conditions
of depressed enzymatic activity such as might occur in the failing heart. In
this study, we have developed protocols to suppress pertinent enzymatic activity
in guinea pig ventricular myocytes, and examined the consequences on whole-cell
calcium current (Igg) and its modulation.

Ica in mammalian cardiomyocytes is affected by three major enzymatic
pathways. (a) Ig, is enhanced by stimulation of adenyl cyclase leading to cAMP
accumulation, activation of protein kinase A, and phosphorylation of Ca channels
(2,4). This intracellular cascade is coupled to the B-adrenergic receptor by
the guanosine nucleotide binding (G) transducer protein, Gg (5,4,6). (b) The
second system involves a different transducer protein, G;, which couples
muscarinic and adenosine receptors to the adenyl cyclase pathway (5).
Activation of Gj inhibits adenyl cyclase, and this is the mechanism whereby
muscarinic agents and adenosine can inhibit the stimulatory action of 8-
adrenergic agents on Igg (7,8). (c) The third system involves a different
membrane G-protein, Gp, that is coupled to a number of membrane receptors
including those that bind muscarinic agonists (9,3). Activation of Gp
stimulates the generation of diacylglycerol (DAG) and inositol trisphosphate
(IP3) (10). DAG increases the activity of Ca-activated phospholipid-sensitive

protein kinase C, and this kinase can phosphorylate ionic channels (11). It
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has been reported that protein kinase C can increase Ca channel current in
neuronal cells (12), and possibly in cardiac ventricular cells as well (13).
The other product of Gp activation, IP3, may also act directly to stimulate Ca
channel activity (14).

We have used single and dual tight-seal pipette methods to voltage-clamp
and dialyse guinea pig ventricular myocytes. The solutions employed to dialyse
the cells were formulated for a number of single or multiple purposes that
included block of various intracellular enzymatic cascades, stimulation and
inhibition of adenyl cyclase, stimulation and inhibition of G-proteins, and
stimulation and inhibition of protein kinases. Extracellular agents used as
probes included forskolin, isoproterenol and acetylcholine. The results
indicate the importance of intact phosphorylation pathways for the maintenance
of cardiac Ca channel activity, and the extent to which neurohumoral regulation
is dependent on functional intracellular enzymatic pathways. They also suggest
that the stimulatory regulatory protein Gg can have an action on Ca channels
that is independent of the stimulation of adenyl cyclase.

METHODS

Guinea pigs weighing 250-500 g were anesthetized with pentobarbital sodium
(30 mg/kg, i.p.). The heart was cannulated in situ, and sequentially perfused
with Ca-free Tyrode solution, 50 uM Ca-Tyrode solution containing collagenase
Type I (Sigma, St. Louis, MO, USA), and a high K, low Na solution ("KB": 15).
The ventricles were cut into chunks and stored in KB solution at room
temperature prior to the experiments.

During the experiments, cells were superfused with either (a) modified
Tyrode solution containing (mM) NaCl 120, KCl 4, CaCl, 3.6, MgCly 2, glucose 10,
and HEPES 5 (pH 7.4), (b) K-free Tyrode (K replaced by Cs) or (c) Na, K-free
solution containing (mM) either Tris (OH) or tetramethylammonium Cl 120, and

CsOH 4, CaCly 3.6, MgCly 2, glucose 10, and HEPES 5 adjusted with HCl to pH 7.4.
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Pipettes were filled with a minimum intracellular solution (MICS) of the
following composition (mM): CsCl 80, CsOH 40, MgCls 2, EGTA 10, and HEPES 10,
adjusted with HCl to pH 7.4. Agents added to dialysates to test for stimulatory
action on Ipgy included 1 mM GTP (guanosine 5°-triphosphate), 100 uM GIP-+4-S
(guanosine-5’-0-(3-thiotriphosphate)), 100 uM GMP-PNP (5’ -guanyl-
imidodiphosphate), 100 uM GDP-8-S (guanosine 5°-0-(2-thiodiphosphate)), 10 uM
IP3 (inositol trisphosphate), and 1 uM TPA (12-0-tetradecanoylphorbol-13-
acetate). Agents added to inhibit intracellular phosphorylation pathways
included 5 mM AMP-PNP (5'-adenyl-imidodiphosphate), 0.1 mM Rp—cAMPs (Rp—
adenosine 3’,5° -monothionophosphate), 50 uM DNP (2,4-dinitrophenol), 10 mM ADP-
B-S (adenosine 5°'-0-(2-thiodiphosphate)), and 100 uM cGMP (guanosine 3‘,5'-
cyclic monophosphate). Agents added to external solutions to test for
stimulatory action on Igy included 1-5 uM forskolin, 0.1 uM isoproterenol, and
10 uM acetylcholine. Forskolin was dissolved in ethanol and added to the
external solution; the final ethanol concentration was ¢0.2% which, by itself,
had no effect on Igg. Isoproterenol and acetylcholine were added from 1 mM
stock solutions (isoproterenol solution also contained 1 mM ascorbic acid). All
agents were purchased from Sigma (St. Louis, MO, U.S.A. or Munich, F.R.G.)
except Rp-cAMPs which was a gift from Dr. B. Jastorff (Universitit Bremen).
Electrophysiological studies were conducted on myocytes transferred to the
experimental chamber in an aliquot of the KB medium. After the myocytes had
settled on the Perspex bottom of the chamber positioned atop an inverted
microscope stage, the chamber was perfused with modified Tyrode solution heated
to 34+1°C. Heat-polished pipettes were prepared from thick-walled borosilicate
glass capillaries (Jencons, Bedfordshire, UK) according to Hamill et al. (16).
They had an inside tip diameter of 2-4 um, and a resistance of 1-3 M} when
filled with MICS. After establishing a giga-ohm seal by suction, the membrane

patch under the pipette tip was disrupted by additional suction. In single-



pipette experiments, a pipette (P#1) was connected to a patch-clamp amplifier
(EPC-7, List Medical Electronic, Darmstadt, FRG). In dual-pipette experiments,
a second pipette (P#2) was connected to a voltage-follower of the type described
by Dreyer and Peper (17). When both pipettes were in the whole-cell
configuration, a positive pressure of 15-30 cm Hy0 was applied to the back side
of P#2, and a similar negative pressure to P#l1, to facilitate cell dialysis
(18).

Currents elicited by depolarizing clamp steps were displayed on a storage
oscilloscope (Tektronix 5113) after analog compensation of leak current (19).
Current and voltages were recorded on an FM tape recorder (Hewlett Packard
3964), and replayed for analysis and pen recorder output using a Nicolet digital
oscilloscope (model 3091) and a Nicolet NIC MED-80 computer. The amplitude of
Igg was measured as the difference between zero current and peak inward (or
outward) Igg.

RESULTS

Fig. 1A shows the “rundown” of Igy in a single-pipette experiment when a
guinea pig ventricular myocyte was dialysed with the ATP-free minimal
intracellular solution (MICS) and pulsed from -60 to +10 mV for 160 ms at 0.5
Hz. In this experiment, and in most of the others detailed here, the time of
initial patch breakthrough was referenced as 0 min, and replacement of external
Tyrode by external Na, K-free solution began at the same time. Prior to
complete exchange (within 1-2 min), overlapping Na current precluded accurate
determination of Ig, amplitude. The Ig,-time plot in Fig. 1A shows that Ig,
declined from 1.6 nA at 2 min to 1 nA at 8 min and 0.8 nA at 16 min in this
myocyte dialysed with MICS. Similar rundown occurred in dual-pipette

experiments with MICS dialysates.
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Figure 1. Igy in guinea pig ventricular myocytes dialysed with ATP-free
MICS. The myocytes were pulsed from -60 to +10 mV for 160 ms at 0.5 Hz
after patch breakthrough at 0 min. The external Tyrode solution was
switched to Na, K-free solution at the same time, and measurements began at
2 min. (A) Rundown of Ig, amplitude during a single-pipette experiment.
(B) The effect of 100 uM cAMP during a dual-pipette experiment. The
myocyte was dialysed for 7 min from the first pipette prior to dialysis
with MICS + cAMP from the second pipette. Vertical arrow indicates onset
of positive pressure on the latter solution. The tracings are (top to
bottom) clamp command potential, membrane potential sensed by the second
pipette, and membrane current. The horizontal bars on the potential traces
indicate 0 mV. Note the increase in Ica (downward transient) during
dialysis of cAMP-MICS (horizontal bar indicates pre-cAMP amplitude).




Since channel phosphorylation is a major determinant of the availability
of Igg (1,2), it is likely that the rundown of Iy in Fig. 1A was at least in
part related to compromised channel phosphorylation due to low intracellular ATP
concentration caused by cell dialysis with ATP-free MICS. If so, one would
expect that stimulation of the channel phosphorylation pathway at reaction steps
preceding ATP-dependent kinase action on the channels, might not be as effective
during MICS dialysis as during dialysis with ATP-containing solutions. We
examined this supposition by measuring Ig, in myocytes that were dialysed with
100 uM cAMP to stimulate the phosphorylation pathway. Under control conditions
(ATP-containing dialysate), the inclusion of cAMP increased Ig, by about 3-fold
(not shown, cf. ref. 4). In the test (dual-pipette) experiments, myocytes were
dialysed with MICS solution from the first pipette for 5-8 min. The records in
Fig. 1B indicate that the stimulatory action of cAMP is much reduced under
these conditions. In fact, the increase in Igy produced by cAMP was less than
2-fold in each of 4 experiments.

In a large number of other experiments, myocytes were dialysed with MICS or
with one of three "PI-MICS” dialysates (MICS containing agents known to inhibit
intracellular phosphorylation pathways). The first of these, PI(1)-MICS,
contained 5 mM AMP-PNP and 0.1 mM Rp-cAMPs. AMP-PNP is a non-hydrolysable ATP
analogue (20) that binds to the active site of protein kinase A and produces
dead-end inhibition by formation of an unproductive enzyme-AMP-PNP complex (21);
Rp-cAMPs binds to protein kinase A and prevents activation by cAMP (22). PI(2)-
MICS contained 5 mM AMP-PNP, and 50 uM DNP to block endogenous ATP production
(23). PI(3)-MICS contained 5 mM AMP-PNP, 50 pzM DNP, 10 mM ADP-4-S to inhibit
adenylate cyclase activity (cf. ref. 24), and 100 uM cGMP to stimulate
phosphodiesterase-mediated breakdown of cAMP (25). Fig. 2 summarizes how
relative Iy amplitude (2 min value = 100%) changed with time in ventricular

myocytes pulsed at 0.5 Hz and dialysed with MICS or one of the three PI-MICS



formulations. There was a considerable rundown of Ig, in each group, but it was
much more pronounced with the PI-MICS dialysates than with MICS dialysate.

After 10 min dialysis, Ig, ranged from 35 to 50% with PI-MICS dialysates
compared to 62% with MICS.

The data in Fig. 2 indicate that the inclusion of phosphorylation pathway
inhibitors aggravates the rundown of Ig,. However, the experiments provided no
indication of the extent to which the PI-MICS dialysates blocked the enzymatic
pathways. One way of assessing the block of the adenyl cyclase/cAMP pathway was
to test the response to external application of forskolin. This diterpene is a
direct activator of adenyl cyclase (26), and markedly stimulates Icg in guinea

pig ventricular cardiomyocytes by promoting Ca channel phosphorylation via cAMP-

dependent protein kinase A (4).
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Figure 2. The rundown of Ip, in myocytes dialysed with ATP-free MICS or
with one of three MICS solutions containing phosphorylation pathway
inhibitory agents (PI(1), PI(2), PI(3): see text for composition). In
these single-pipette experiments, myocytes were pulsed from -60 to +10 mV
for 160 ms at 0.5 Hz. Patch breakthrough was at 0 min, and the external
solution was changed to Na, K-free solution at the same time. Ica

amplitude is expressed as a percentage of the amplitude at 2 min post patch
breakthrough. Mean + SD, n = 3-8.



Fig. 3 shows the effect of 1 uM forskolin, a concentration that was
maximally effective in augmenting Ig, under control conditions (ATP-containing
dialysates). When the drug was applied to myocytes dialysed with MICS
containing 3 mM ATP (control) for 10-25 min, it caused an increase in Igy to

about 210% of the pre-drug value (Fig. 3, left-most box).
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Figure 3. The availability of the adenyl cyclase system in myocytes
dialysed with PI-MICS, as assessed with forskolin tests. In these single-
pipette experiments, myocytes were superfused with Na, K-free solution and
pulsed from -60 to +10 mV at 0.5 Hz. When myocytes were dialysed with ATP-
containing MICS (control, left) for 10-25 min, forskolin (1-2 uM) produced
a large stimulation of Ig,. There was a much more subdued stimulation
after short-term dialysis with PI-MICS, but no stimulation at all after
dialysis lasting for 7 min or longer. Icy was measured after 4 min
exposure to drug, and is expressed as percent of pre-drug amplitude.
Vertical bars indicate SD, n = 3-4.

The response was first dampened and then completely abolished when myocytes were
dialysed with PI(3)-MICS. When forskolin was applied after 3 min dialysis, Igya
only increased to 140% of pre-drug value during the 4 min application. When the

drug was applied after longer dialysis periods (7, 10, 13 and 21 min), there was

no stimulation at all. Igy simply continued its rundown during the drug trials,
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and this resulted in “responses” that were less than pre-drug 100% (Fig. 3,
right hand boxes).

Agonist occupation of f-adrenergic receptors enhances the activation of
the transducer protein Gg and, consequently, of adenyl cyclase and the cAMP-
dependent phosphorylation pathway. Under normal conditions this leads to a
robust increase in Ig,, and we investigated whether this response was altered by
dialysis with MICS and PI-MICS. Fig. 4 shows that 0.1 uM isoproterenol
increased Ig, to 280% of pre-drug amplitude when myocytes were dialysed with
control ATP-containing solution. The stimulation was considerably weaker in
myocytes dialysed with a PI-MICS. After 4 min PI-MICS, the stimulation was
about 210%, and after 13 or 21 min it was about 140%. The blunting of the
stimulation was somewhat less in myocytes dialysed with straight MICS; after 10-
15 min dialysis, the stimulation with 0.1 uM isoproterenol was about the same as
that observed after 4-6 min dialysis with PI-MICS (n = 3)(not shown).

Acetylcholine is a strong inhibitor of B-adrenergic mediated responses in
cardiac cells (27), including the stimulation of Ig, by isoproterenol
(28,7,29). In cells dialysed with control solution, the external application of
10 uM acetylcholine had no effect on the amplitude of Ig; (not shown). A
similar outcome was obtained in myocytes dialysed with MICS (Fig. 5); 10 uM
acetylcholine did not affect the course of Ic, whether applied at 5 min (filled
circles) or at 12 min (open circles). The MICS dialysate in the experiments
detailed in Fig. 5 also contained 1 mM GTP to facilitate the activation of the
two G-proteins coupled to muscarinic receptors, Gj and Gp. Thus, agonist-
facilitated activation of Gj and G did not modify Ic,-

It is well-established that it is the f-adrenergic agonist-facilitation of
Gg activation that triggers the sequence of events leading to large stimulation

of Igy (5,30,2). In theory, there are two ways in which activated Gg might act
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Figure 4. Effect of 0.1 uM isoproterenol on Ig; in single-pipette
experiments on guinea pig ventricular myocytes dialysed with either control
ATP-containing solution or PI-MICS. The myocytes were bathed in Na, K-free
solution, and pulsed from -60 to +10 mV for 160 ms at 0.5 Hz. The duration
of the dialysis prior to the addition of isoproterenol is given below the
boxes; the amplitude of Ig, is expressed as a percentage of the pre-drug
amplitude (mean * SD, n = 3-4). The duration of the drug tests was 3-4 min
for both control and PI-MICS experiments.
on Ca channels. The first is by an effector action on adenyl cyclase and the
second by a direct action on the channels. As shown earlier, dialysis of
guinea pig ventricular myocytes with PI-MICS results in complete suppression of
the adenyl cyclase phosphorylation pathway as judged by forskolin’s inability to
stimulate Ip,. However, under similar conditions, isoproterenol was still able
to enhance Ig,, albeit to a much smaller degree than was evident under control
conditions. Provided that the adenyl cyclase system was as fully blocked in the
isoproterenol-treated cells as in the forskolin-treated ones, the lingering

stimulation by isoproterenol suggests that activated Gg may act directly on Ca

channels.
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Figure §. Stimulation of muscarinic receptors by 10 uM acetylcholine has
no effect on Igg in myocytes dialysed with MICS. The two myocytes (open
circles, filled circles) were superfused with Na, K-free solution and
pulsed from -60 to +10 mV for 160 ms at 0.5 Hz., The MICS dialysate also
contained 1 mM GTP.

As the first step in examining this hypothesis, myocytes dialysed with PI-
MICS were first tested for their response to a maximally-effective
concentration of forskolin, and subsequently for their response to 0.1 uM
isoproterenol. Acetylcholine (10 uM) was added to the bathing solution for the
duration of each test sequence (3-4 min forskolin, 1 min washout, 5-10 min
isoproterenol). The purpose of the acetylcholine was to provide an additional
brake on any possible stimulation of the adenyl cyclase system.

An example experiment is documented in Fig. 6. After 10 min dialysis with
PI(2)-MICS that contained 1 mM GIP to facilitate receptor-mediated activation of
G-proteins, 5 uM forskolin failed to stimulate Ig,. However, the subsequent
application of 0.1 uM isoproterenol clearly enhanced Ig, amplitude. Similar

results were obtained in two other myocytes subjected to this experimental

protocol. Since the activation of G;i and GP by the combined application of



external acetylcholine and internal GIP had no effect on Ig, (Fig. 8), we could
estimate the effect of Gg activation on whole-cell Ig, by activating all three
G-proteins with GTP-4-S, a non-hydrolysable analogue of GTP. By carrying out
this procedure at a time when the adenyl cyclase system was unavailable (see
earlier forskolin tests), we could estimate the magnitude of any direct effect

of activated Gg on Ig,.
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Figure 6. Small enhancement of Ig, by 0.1 uM isoproterenol in a myocyte
unresponsive to 5 uM forskolin after prolonged dialysis with PI(2)-MICS.
Acetylcholine (10 pM) was present in the bathing solution (to suppress
activation of adenyl cyclase), and the PI(2)-MICS contained 1 mM GTP. The
myocyte was superfused with Na, K-free solution, and pulsed from -60 to +10
mV for 160 ms at 0.5 Hz.

The experiments were performed using the double-pipette method. A pre-
dialysis with PI(1)-MICS from the first pipette was used to establish a block of

the phosphorylation pathway, and the test was conducted by then switching to

dialysis of PI(1)-MICS containing 100 gM GTP-4-S from the second pipette.
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The Iga-time plots in Fig. 7 begins after the 8-10 min pre-dialysis
periods. In a control experiment (first pipette filled with PI(1)-MICS, and
second pipette also filled with PI(1)-MICS), the downward trend in Ig, was not
greatly affected by dialysis from the second pipette (filled circles). However,
when 100 uM GTP-4-S was included in the dialysate of the second pipette, there
was a short delay after the application of the pressure-assist, and then a quick

45% stimulation of I, (open circles).

PRESSURE
1501 ‘
o
0?0
~ 125} o o o
X © o
100} & °o,
= T R2sagpa %o
2 2 .3 2 2 2 2 . (o) 000
8 75k LY é
2 8352040
o ®eoe,
g sof P#2 DIALYSATE
< ® MICS (Control)
S sl A 100 PM GDP-B-5
© 100 UM GTP-y-S
0_ [ L 1 1 1 L ]
0 1 2 3 4 5 6

TIME ( min )

Figure 7. Stimulation of Igz; by non-hydrolysable GTP analogue in myocytes
voltage clamped and dialysed with the dual-pipette method. After 8-10 min
pre-dialysis with PI(1)-MICS from the first pipette, dialysis with
pressure-assist (arrow) was initiated from the second pipette. The second
pipette contained PI(1)-MICS (control, filled circles), PI(1)-MICS plus 100
uM GDP-B-8 (open triangles), or PI(1)-MICS plus 100 uM GTP-4-S (open
circles). The myocytes were superfused with Na, K-free solution and pulsed
from -60 to +10 mV for 160 ms at 0.5 Hz. Zero time refers to time of patch
breakthrough under the second pipette.

This effect was specific to GTP-4-S, the non-hydrolysable analogue of GIP,

since GDP-B8-S, the non-hydrolysable analogue of GDP, was completely ineffective
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when it was included at 100 uM concentration in the second pipette (open
triangles). Although the dual-pipette experimental method has a very low
success rate, we have nevertheless been able to verify each of these results in
at least two other myocytes. The ineffectiveness of GDP-§8-S makes it highly
unlikely that the responses observed with GTP-4-S were due to spurious formation
of ATP-4-8 (i.e. formation of the latter could lead to Ca channel
thiophosphorylation and stimulation of Ig,). The reason is that a similar
formation of ATP-v-S might be expected from S contained in the GDP-8-8
dialysate, and no stimulation was recorded with these dialysates. In addition,
of course, the high concentrations of AMP-PNP and Rp-cAMPs that were present in
the myocytes makes it highly unlikely that any ATP-v-S formed could have been
utilized by protein kinase.

DISCUSSION

Ca channel activity in dialysed mammalian ventricular cells is labile, and
runs down unless there is adequate control of imtracellular Ca concentration
(e.g. 31). In the present study, 10 wM EGTA was included in the dialysate to
buffer intracellular Ca but this proved to be an insufficient intervention, in
the absence of ATP, to prevent marked rundown. When the latter condition (ATP-
free MICS dialysate) was further modified to include phosphorylation pathway
inhibitors, uncouplers of oxidative phosphorylation, and other inhibitors, the
rate of Ig, rundown was enhanced. Thus, there can be little doubt that active
intracellular phosphorylation processes are a requirement for the maintenance of
Ica in heart cells.

An additional consequence of an inhibition of intracellular phosphorylation
pathways is a marked diminution of the response to agents that normally act by
stimulating these enzyme systems. The enhancement of Ipg by forskolin was
reduced by nearly 50% in myocytes dialysed with MICS, and completely abolished

in myocytes dialysed with PI-MICS for 7 min or more. Ig, stimulation by



isoproterenol was also affected by dialysis with MICS and PI-MICS. However,
unlike forskolin, the isoproterenol stimulation was reduced but not abolished
after dialysis with PI-MICS.

The results with forskolin indicated that the phosphorylation pathway
leading from adenyl cyclase was fully blocked after prolonged dialysis of
myocytes with PI-MICS. However, the small stimulation of Ig, by isoproterenol
in forskolin-unresponsive cells suggests that the f-adrenergic agonist can act
even when the adenyl cyclase cascade is blocked. The likely mediator of this
action is the regulatory protein Gg. The Birnbaumer/Brown group has already
postulated that activated Gg can cause a direct stimulation of Ca channels
(24). In single Ca channel studies they found that activated Gg prolonged the
survival time of channel activity in excised cardiac membrane patches (24), and
enhanced the open-state probability of channels incorporated into lipid bilayers
from cardiac membrane vesicles (32). In addition, the same group has shown that
activated Gg increases the open-state probability of Ca channels incorporated
into lipid bilayers from skeletal muscle T-tubular membrane (33).

In guinea pig ventricular myocytes dialysed with either MICS or PI-MICS,
protocols designed to activate G; and Gp (external acetylcholine, internal GTP)
had no effect on Icy. This provided the opportunity to activate Gg, G; and Gp
with non-hydrolysable GTP analogues, and identify the outcome with the
activation of Gg alone. In myocytes dialysed with PI-MICS, both GTP-+-S and
GMP-PNP stimulated Icy. The effect was specific since GDP-$-S was inactive.
These results with non-hydrolysable GTP analogues complement those with
isoproterenol in myocytes with blocked adenyl cyclase pathways in indicating a
direct effect of activated Gg on cardiac Ca channels.

The physiological significance of a direct action of Gg on cardiac Ca
channels is open to conjecture. As argued in a recent paper by Yatani and Brown

(34), a direct action by Gg on Ca channels will have a much shorter latency to



effect than an indirect action via the multi-step adenyl cyclase/channel
phosphorylation. In fact, the response time of the direct mechanism may be
short enough to permit beat to beat changes in response to sympathetic nerve
stimulation. There is an obvious counterpoint in the acetylcholine-sensitive K
channel system in atrial cells (and probably in S-A and A-V nodal cells as
well): these K channels are opened by a direct action of a Gj-like protein
activated by agonist occupation of muscarinic receptors (cf. ref. 33). An
additional role for the directly-acting G5 mechanism may be in the priming of Ca
channels for further modification by other modulating agents.

The results in this study suggest that up-regulation by a direct action of
Gg would become an increasingly important modulator of Ca channel activity when
heart cells have a diminished capacity for up-regulation via the adenyl cyclase-
cAMP-channel phosphorylation system. This situation may arise during cardiac
dysfunction, and during periods of enhanced parasympathetic nervous activity.
SUMMARY

We have investigated the status of Ca channel activity in guinea pig
ventricular myocytes dialysed with solutions designed to compromise enzymatic
activity in pathways leading to channel phosphorylation. When myocytes were
dialysed with an ATP-free, simple internal salt solution (MICS), there was
significant rundown of Ig, during relatively short (15-30 min) experiments with
a single-pipette method. Rundown was more rapid when phosphorylation pathway
inhibitors were added to MICS dialysate. Myocytes dialysed with the latter PI-
MICS solutions quickly (<8 min) lost all responsiveness to forskolin, a drug
that directly activates adenyl cyclase and normally enhances Icy by 2-3 fold in
these myocytes. However, a significant (though reduced) increment in Ig, was
always elicited by isoproterenol in forskolin-unresponsive myocytes, indicating
that this agonist has a mechanism of action that is independent of the adenyl

cyclase/cAMP cascade. In dual-pipette experiments, the activation of the



stimulatory G-protein Gg by GTP-v-S stimulated Ig, in myocytes with blocked
adenyl cyclase pathways. We conclude that the stimulation of Ig, by
isoproterenol in depressed myocytes is due to receptor-linked activation of Gg
and a direct effect of the latter on Ca channels. This direct mechanism may be
of importance in dysfunctional cells.
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INTRODUCTION

The influx of Ca2* ions through transmembrane Ca2+
channels is fundamental in many aspects of cardiac function.
Regulation of the heart beat by noradrenaline and
acetylcholine (ACh) is in part mediated by the effects of
these neurotransmitters on calcium current, Ica (1).
B-adrenergic stimulation of I., is mediated by a guanine-
nucleotide binding protein, G, (2), which triggers the
activation of adenylate cyclase (AC) and in turn stimulates
cAMP-dependent phosphorylation of Ca2+ channels (1,3). G, has
also been shown to directly activate Ca?* channels (4). This
latter mechanism, however, may play only a minor role in the
physiological response to noradrenaline since the effects of
B-adrenergic agonists on I., were mimicked by external
application of CcAMP, its analogues or phosphodiesterase
inhibitors (5), forskolin (6) [a direct activator of AC (7)],
and by intracellular application of cAMP (8,9) or the
catalytic subunit of cAMP-dependent protein kinase (PKA; ref.
8).

Inhibition of I., by ACh takes place through a symmetrical
but opposite mechanism to P-adrenergic stimulation (1).
Binding of ACh to the muscarinic receptor activates a
different guanine-nucleotide binding protein, G, (2), which

causes the inhibition of AC activity. Besides its effect on
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AC, ACh also stimulates cGMP production in heart (10-11) which
may in turn reduce I., through the activation of a
phosphodiesterase (12-13) or a stimulation of a cGMP-dependent
protein kinase (14).

It results that AC in cardiac cells is an essential target
for the action of pB-adrenergic and muscarinic agonists, as
well as various hormones such as glucagon (15,16), VIP (16),
secretin (16), etc.. Because AC is the first step in the
cascade of events leading to phosphorylation of Ca2?* channels,
its activity primarily regulates the degree of phosphorylation
of Ca?* channels. For this reason, it is difficult to
determine whether other systems "down-stream" (such as cAMP
phosphodiesterases, phosphatases, PKA, etc.) also play a role
in the regulation of I., by various neurotransmitters and
hormones known to affect AC. In the present study, we have
measured I., and AC activity on the same cardiac preparations,
to determine whether the effects of neurotransmitters
(B-adrenergic and muscarinic agonists), hormones (glucagon)
and drugs (forskolin) on I., could be simply explained by
their effects on AC activity. Part of these results have been
reported in previous papers (17,18).

METHODS

Isolation of single cells

Ventricular cells were enzymatically dispersed from frog
(Rana esculenta) or rat (male Wistar, 200-250g) according to
methods previously described (13,19).

Composition of solutions

Control '"frog" external solution contained (mM): 88.4
NaCl; 20 CsCl; 23.8 NaHCO,; 0.6 NaH,PO,; 1.8 MgCl,; 1.8 CaCl,;
5 D-glucose; 5 Sodium pyruvate; 3x10-4 TTX; pH 7.4 maintained
with 95% O,, 5% CO,. Control '"rat" external solution was
obtained by adding 20 mM NaCl and 50 pM TTX to the above
solution. External solution could be changed by positioning
the cell at the end of one out of eight capillary tubes
(internal diameter = 250 pm) from which solution was flowing
by gravity (=15 pl/min) (9). Patch-electrodes (0.8-1.6 MQ)
were filled with standard internal solution. The solution in
the patch-electrode could be changed continuously by a
perfusion system previously described (12,13). The "frog"
standard internal solution (MIG142) contained (mM): 119.8
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CsCl; 5 K,EGTA; 4 MgCl,; 5 Na,CP; 3.1 Na,ATP; 0.42 Na,GTP;
0.062 CaCl, (pCa 8.5); 10 HEPES; pH 7.1 adjusted with KOH. The
"rat" standard internal solution was obtained by adding 20 mM
CsCl to the above solution.

Voltage-clamp protocols

In all experiments, holding potential was -80 mV. The cell was
depolarized every 8 s from -80 mV to 0 mV for 200 ms to elicit
I.., except during current-voltage relationships when the cell
was depolarized to various potentials ranging from -50 to +50
mvV. I., was measured as the difference between peak inward
current and the current at the end of the 200-ms pulse
(9,12,13). All electrthysiological experiments were done at
room temperature (21-24°C).

Preparation of membrane fractions

Membrane fractions were prepared according to ref. (20), with
minor modifications. All preparative procedures were carried
out at 4°C. Hearts were removed from frog or rat and placed in
10 ml of a Tris-HCl buffer containing 50 mM Tris, 10 mM MgCl,,
1 mM EDTA, pH 7.5. Ventricles, free of blood vessels and
connective tissue, were then placed in 2 ml of fresh buffer
and lacerated with scissors. The cardiac tissue was then
homogenized with a glass-Teflon homogenizer. Membranes were
collected by centrifugation at 14000xg for 3 min, resuspended
in buffer at 2-3 mg protein/ml, and stored in liguid nitrogen
1-4 days prior to adenylate cyclase assays. Protein was
determined using Bio-Rad assay (Bio-Rad Laboratories Gmbh,
Mlinchen, F.R.G.).

Adenylate cyclase assay

Adenylate cyclase activity was measured according to ref. 21.
The assay medium contained, in a final volume of 60 upl: 3 mM
[a-32P]ATP (3x10% cpm); 5 mM MgCl,; 50 pM Na,GTP; 1 mM EDTA;
1 mM cyclic [8-3H]AMP (15000 cpm) ; 0.2 mM
methylisobutylxanthine (IBMX); 25 mM HEPES; pH 7.6; an ATP
regenerating system consisting of 25 mM Na,CP and 1 mg/ml
creatine phosphokinase, and 40 to 60 pg of membrane protein.
Incubation, which was initiated by addition of the proteins,
was performed during 20 min at 37°C and was terminated
thereafter by a modification of the procedure of White (22).
Results, obtained from triplicate determinations, are
expressed in % of basal activity (0.22 * 0.07 and 0.16 * 0.05
nmole cAMP/mg prot/20 min at 37°C in frog and rat,
respectively).

Drugs

Drugs used in these experiments were: crystalized porcine
glucagon (Novo Research Institute, Denmark), (-)isoprenaline
(Sigma Chemical, Missouri, U.S.A.), acetylcholine (Sigma),
forskolin (Sigma), IBMX (Sigma), and cAMP (Sigma). [a-32P]ATP
(10-50 Ci/mmoles) and cyclic [8-3H]AMP (20-30 Ci/mmoles) were
obtained from Amersham International (Amersham, U.XK.).
Forskolin was prepared as a stock solution of 10 mM in
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and an appropriate amount of ethanol was
added to each solution so that the same concentration of
ethanol was present 1in all solutions tested. Crystalized
porcine glucagon was made as a 1 mM stock solution in 0.01 N
acetic acid for electrophysiological experiments or in 0.01 N
HC1 for adenylate cyclase assay, and dilutions were made
respectively in external solutions or in 40 mM Tris-HCl, pH
7.6, containing 0.1% BSA. It should be noted that frog
glucagon 1is identical to porcine glucagon except for
substitution of Thr2°® by homologous amino acid Ser (23).

anhydrous ethanol,

RESULTS

Acetylcholine inhibition of isoprenaline-elevated I., and adenylate cyclase
As shown in Fig. 1 (see also ref. 9), exposure of a frog

cell to the p-adrenergic agonist isoprenaline
of acetylcholine

The

ventricular
(Iso) strongly enhances I., and addition
(ACh) strongly depresses the stimulatory action of Iso.

distinguishing feature of the otherwise classical experiment
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Inhibitory effect of acetylcholine (ACh) on isoprenaline (Iso)-

Ica was recorded from an isolated frog ventricular cell as

Each square represents net Iga recorded every 8 sec in
The cell was

During the

Figure 1.
stimulated Ig,.
described in Methods.
response to 200 ms depolarizing pulses from -80 mV to 0 mV.

initially superfused with control “frog" external solution.
periods indicated, the cell was exposed to 100 puM Iso and then to Iso (100

KM) plus 1 uM ACh.



of Fig. 1 lies in the concentrations of Iso and ACh used. Only
1 pM ACh was capable of reducing, almost back to control
level, I., that had been elevated by 100 uM Iso, i.e. this is
more than 10 times the Iso concentration required to produce
maximal stimulation of I.,. This would tend to suggest that in
frog, unlike in guinea pig ventricular cells (24), AcCh

antagonizes the effects of Iso in a non-competitive manner.
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Figure 2. Dose-response curves for the effect of Iso on Iga (A) and AC
activity (B) in the absence (squares) and presence (circles) of 10 uM ACh
(modified from ref. 17). The continuous lines were derived from a non-linear
least-mean-squares regression of the means to the Michaelis equation. The
points in A) show the mean * s.e.m. of the number of cells indicated near

the symbols. The points in B) show the mean of triplicate determinations
(for further details see Methods).

The capacity of ACh to reduce I., even at maximal
stimulation by Iso was further tested in a series of
experiments where successively increasing concentrations of
Iso were applied to frog ventricular cells in the presence or
absence of 10 pM ACh. Fig. 2A summarizes the results of
several such experiments. In the absence of ACh, Iso maximally
stimulated I., by 660% (E,,.) on average, with half maximal
effect occurring at =1 pM Iso (ECg,). 10 uM ACh, which did
not, by itself, affect the basal level of I., (see also refs.



9 & 24), strongly limited the stimulatory action of Iso. The
inhibitory effects of ACh were characterized by a strong
reduction of E_,, from 660% to 185% stimulation (i.e. =70%
reduction) and a slight increase in ECs, (from 1 to =4 uM).
The effects of Iso and ACh on I., were then compared with the
effects of these compounds on adenylate cyclase (AC) activity
measured in a membrane fraction of frog ventricle. Fig. 2B
shows that Iso dose-dependently increased AC activity in frog
heart (ECs,= 0.13 pM; E,,.= 166%) and that the effects were

strongly antagonized by ACh (10 uM). Here again, the main
effect of ACh was a strong reduction of the maximal
stimulation of AC by Iso (E,.,=88%) accompanied by a small

increase in ECs, (0.22 pM).

Acetylcholine inhibition of forskolin-elevated I., and adenylate cyclase
Forskolin (Fo) has been shown recently to increase I.,, in

frog ventricular cells, only when applied outside the cell
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Figure 3. Dose-response curves for the effect of Fo on Icz (A) and AC
activity (B) in the absence (squares) and presence (circles) of 10 uM ACh
(modified from ref. 17). The continuous lines were derived from a non-linear
least-mean-squares regression of the means to the Michaelis eguation. The
points in A) show the mean ¥ s.e.m. of the number of cells indicated near
the symbols. The points in B) show the mean of triplicate determinations
(for further details see Methods).



(6). Fo acts through a cAMP-dependent mechanism, in a manner
qualitatively similar to Iso (6). Since activation of AC by Fo
does not require the presence of a functional G, (7,17), it
was interesting to examine the stimulatory effects of Fo on AC
and I., with respect to the antagonistic effects of ACh. Fig.
3A shows that Fo dose-dependently increased I., both in the
absence and presence of 10 pM ACh. ACh antagonized the
stimulatory effects of Fo in a different manner from those of
Iso. Indeed, ACh only slightly reduced maximal stimulation
achieved by Fo (from 890% to 780%) but significantly increased
ECso (from 2 to 10 pM). Therefore, the inhibitory effects of
ACh on Fo-stimulated I., appear to occur in an essentially
competitive manner. We, then, investigated the modulation of
AC activity by Fo and ACh. Fig. 3B shows that Fo strongly
increased AC activity in a dose-dependent manner. The maximal
stimulation of AC activity obtained with Fo was 10-15 times
larger than that induced by a maximal concentration of Iso.
ACh (10 upM) did not significantly modify the position of the
dose-response curve (ECs;, = 12 puM in ACh vs. 14 pM in control)
but reduced E,., by =20% (from 2166% to 1790%). Therefore, the
inhibitory effect of ACh on Fo-stimulated AC appeared
essentially non-competitive as compared with the effects of
ACh on Fo-stimulated I.,.

Regulation of I., and adenylate cyclase by glucagon

Glucagon is known to produce positive chronotropic and
inotropic effects in the heart (15,25). The cardiac effects of
glucagon have often been correlated with a stimulation of AC
activity (15,16,26). However, glucagon exerts physiological
stimulatory effects also in cardiac preparations where it is
ineffective in stimulating AC activity (16,27,28). Since the
physiological effects of glucagon have been shown to depend on
the presence of extracellular Ca?* ions (29), we have
investigated the effects of the peptide on I., in frog and rat
ventricular cells. Fig. 4 shows the effects of 1 and 10 uM
glucagon on calcium current, I.,, recorded from a frog (Fig.
4A) or rat (Fig. 4B) ventricular cell. Glucagon increased I,
in both preparations in a reversible fashion. The effects of
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Figure 4. Effects of glucagon on Iga. A) & B) show individual current traces
obtained in a frog (A) and a rat ventricular cell (B) in control external
solutions, and after 5-6 min application of 1 and 10 uM glucagon (GLU).
Current traces were digitized at 10 KHz (modified from ref. 18). C) shows
current-voltage relationships for net Igcy obtained in a frog ventricular
cell wunder control conditions (squares), and 1in the presence of 1 uM
(triangles) and 10 uM glucagon (circles).

glucagon on I., were not voltage-dependent since the current-
voltage relationships were not modified by the peptide either
in frog (Fig. 4C) or in rat ventricular cells (data not
shown).

Fig. 5 shows two experiments where successively increasing
concentrations of glucagon were applied to a rat (Fig. 5A) or
a frog ventricular cell (Fig. 5B). When the concentration of
peptide was >0.1 pM, I., increased in a dose-dependent manner
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Figure 5. Effects of increasing concentrations of glucagon on Ica in a rat
(A) and frog (B) ventricular cell. The cell was initially superfused with
control “"rat“ (A) or "frog" (B) external solutions (see Methods). During the
periods indicated, the cells were exposed to successively increasing

concentrations of glucagon (30 nM, 100 nM, 300 nM, 1 uM, 3 uM, 10 uM and/or
30 uM).

in both preparations. These experiments also illustrate that

high concentrations of glucagon could produce a rapid



desensitization of the response of I.,, which was more
pronounced in rat than in frog ventricular cells. Although a
desensitization of the response of I., to glucagon was not
systematically observed in every cell, it should be noted,
however, that the positive inotropic response to glucagon has
also been shown to rapidly desensitize to the peptide (30). In
frog, maximal stimulation of I.,, which was measured at 10 uM
glucagon, averaged 42.1 * 13.8% (mean * s.e.m., n=7) and was
much less than the stimulatory effects of Iso in the same
cardiac preparation (see Fig. 2A). The stimulatory effect of
glucagon on I., was stronger in rat than in frog ventricular
cells, where maximal stimulation of I., induced by 30 uM
glucagon (146.7 * 38.7%, mean * s.e.m., n=4) resembled the
amplitude of the stimulation exerted by maximal concentrations
(>50 nM) of Iso (i.e. 164.9 * 29.8%, n=4). These results
suggested a similarity of action between both agonists in rat,

but not in frog ventricular cells.
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Figure 6. Dose-response curves of the effects of glucagon on adenylate
cyclase activity measured in membrane fractions of rat (squares) and frog

(circles) ventricles (modified from ref. 18). The points show the means of
triplicate determinations. Values obtained in rat ventricle were fitted to
the Michaelis equation (continuous line). ECgg and Epgx were respectively 57

nM and 176% increase over basal activity (for further details, see Methods).
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We have, therefore, investigated the effects of glucagon
on AC by measuring AC activity in membrane fractions of rat
and frog ventricles (Fig. 6). As already reported (15,16,26),
we found that glucagon dose-dependently increased AC activity
in rat ventricle. By contrast, we found that glucagon was
unable to modify AC activity in frog ventricle (Fig. 6), while
Iso dose-dependently enhanced AC activity in this preparation
(Fig. 2B). Therefore, the stimulatory effect of glucagon on
Ica in frog cardiac cells was unlikely to be due to activation
of adenylate cyclase.

DISCUSSION

Comparing the regulation of Ca2* current and adenylate
cyclase activity in the same cardiac preparations brings some
new insights into the mechanisms underlying the regulation of
cardiac function by neurotransmitters, hormones and drugs. The
present study allows us to draw three main conclusions.

1) The inhibitory effects of ACh on Iso-stimulated I,
resembled those observed on Iso-stimulated AC activity. This
would suggest that ACh antagonizes B-adrenergic stimulation of
Ic. primarily by acting on cAMP synthesis, through an
interaction between G, and G; subunits on AC (2,17). A
difference exists, however, between the muscarinic inhibition
of the two systems. While ACh was shown to be without effect
on basal I, (9,24), basal AC activity was reduced by ACh
(Fig. 2B). One possible explanation for this discrepancy is
that basal activity of AC is too low to induce a significant
degree of phosphorylation of Ca2* channels by cAMP-dependent
protein kinase. Such assumption would imply that basal I., is
mainly due to non-phosphorylated Ca2* channels, as already
suggested (31).

2) The inhibitory effects of ACh on Fo-stimulated I., were
different from those observed on Fo-stimulated AC activity.
Because the potency of Fo to increase AC activity was several
times greater than that of Iso [as also observed for other
stimulatory hormones in non-cardiac preparations (7)], AC
activity stimulated by large concentrations of Fo in the



presence of 10 pM ACh remained much higher that AC activity
stimulated by maximal concentrations of Iso in the absence of
ACh (compare Fig. 2B and Fig. 3B). This makes it difficult to
imagine that ACh antagonizes Fo-stimulated I., by reducing the
overall c¢AMP production. However, ACh could reduce CcAMP
production only in a small compartment (32) and, therefore,
antagonize the physiological effects of Fo if only a small
fraction of the cAMP produced in response to Fo was available
for physiological processes (33). Such an hypothesis would be
supported by the observation that, despite a considerably
higher increase in cAMP production induced by Fo as compared
to Iso (34; this study), the physiological responses induced
by these agents in heart are equivalent [e.g. positive
inotropic effect (35), cAMP-dependent protein phosphorylation
(33), stimulation of I., (6,24)].

ACh may also exert an additional action at a subsequent
level in the cascade leading to phosphorylation of Ca2+
channels, which would provide an alternative mechanism to
account for the differences in ACh inhibition of I., and AC
stimulated by Fo. The existence of such mechanism is supported
by the fact that i) Fo activation of AC does not require
activation of G, (7,17), and ii) G; subunits only weakly
interact with AC in the absence of G, activation (1,2,17).
Therefore, this new mechanism would account for most of ACh
inhibition of Fo-stimulated I.,, while ACh inhibition of Iso-
stimulated I., would take place mainly on AC (17). cGMP may
participate in this mechanism, since ACh is known to stimulate
CcGMP production both in mammalian (10) and amphibian heart
(11), and cGMP has been shown to strongly antagonize Iso-,
cAMP- and Fo-stimulation of I., (6,12,13) in frog ventricular
cells by activation of a phosphodiesterase. If the turnover of
cAMP hydrolysis was enhanced by cGMP upon ACh application,
then a larger production of cAMP would be required to overcome
this inhibition. Such a mechanism could explain the apparent
competitivity observed in the inhibitory effect of ACh on Fo-
elevated I., (Fig. 3A).

3) Glucagon enhances I., both in rat and frog ventricular
cells, but stimulates AC activity in rat cells only. Whether
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AC plays an essential role in the positive inotropic and
chronotropic effects of glucagon has been a matter of debate
(15,16,26-28,30). Here we found two cardiac preparations (frog
and rat ventricles) where glucagon stimulates Ca2* current. In
rat, the effects of the peptide on I., were qualitatively and
quantitatively similar to the effects of isoprenaline. This
suggested a similar mechanism of action for both agonists.
This hypothesis was confirmed by measuring AC activity which
was found to be enhanced by glucagon. In frog ventricular
cells, however, the effects of glucagon on I., were unlikely
to be due to stimulation of AC activity since this system was
found to be unaffected by the peptide. The exact mechanism of
action of glucagon in frog heart remains to be elucidated. It
seems clear, however, that glucagon has the ability to
increase Ca?+* influx in some cardiac cells by a mechanism

independent of adenylate cyclase activation.

SUMMARY

Ca2* currents were measured in single cells isolated from
frog and rat ventricles using the whole-cell patch-clamp
technique. The dose-dependent stimulatory effects of
isoprenaline (Iso), forskolin (Fo) and glucagon on I., were
determined in the presence or absence of acetylcholine (ACh),
and were compared with the effects of these compounds on
adenylate cyclase (AC) activity measured in membrane fractions
from the same cardiac preparations. The inhibitory effects of
ACh on Iso-elevated I., were non-competitive and qualitatively
resembled the effects of ACh on Iso-stimulated AC activity.
The inhibitory effects of ACh on Fo-elevated I.,, however,
occurred in an essentially competitive manner, and were
different in nature from the effects of ACh on Fo-elevated AC
activity. These results are discussed in terms of an ACh
inhibition of AC and some additional action of ACh at a
subsequent level in the cascade leading to phosphorylation of
Ca?+ channels. Glucagon was found to increase I., both in frog

and rat ventricular cells, but enhanced AC activity in rat
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ventricle only. Therefore, glucagon may also regulate I., by a

mechanism independent of adenylate cyclase.
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INTRODUCTION

Chronic overloading of the heart induces hypertrophy of
the myocardium 1leading to  structural, biochemical and
functional alterations of the myocardial cells (1). Prolonged
action potential duration is a general property of the
hypertrophied hearts 1in different species (2,3,4). Action
potentials (AP) recorded 1in cat papillary muscles, after
pulmonary banding, shows marked alterations: a slow rate of
rise associated with a slow conduction and an increase in
duration (5). It was further described that AP prolongation and
depressed plateau were more visible with larger hypertrophy and
at moderate hypertrophy with higher stimulation frequency (6).
Similar changes were reported in the hypertrophied right
ventricle of the rabbit (7). In the left ventricle of the rat,
prolonged AP (9) were also observed whatever hypertrophy was
induced following renal hypertension (8) or abdominal aortic
stenosis (9). Experimental hypertrophy is more marked in the
epicardium than in the endocardium in the Goldblatt rats (10).
This is associated with more durable AP in the ventricular
trabeculum than in the papillary muscle (11). Among the many
experimental conditions, only volumetric overloading which can
induce up to 80% hypertrophy was not associated with prolonged

AP (9). Natural hypertrophy, as during genetic cardiomyopathy,
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also shows an increase in AP duration both in the Syrian
hamster (12) and the human (13).

Prolongation of action potential duration has also been
described in cardiomyocytes isolated from hypertrophied hearts
(14-16). This provides good evidence that AP alterations are
consequent to changes in the membrane properties of individual
cells. Changes in syncytial interactions or in the external
ionic environment following alterations in the extracellular
spaces by accumulation of collagen during cardiac hypertrophy
are thus not essential determinant of these AP alterations.
These studies also show that the dissociation procedures did
not destroy or alter the properties of the hypertrophied cells.

Action potential time course is under the control of more
than 10 conductances. Alterations in the Ca conductance, both
in its amplitude and kinetics (2,11,15,17) and in the late K
outward conductance were reported (6,15). The present study,
using the whole cell patch-clamp techniques, compared the
characteristics of the pure Ca current, I.,, in single rat left
ventricular cells isolated from normal and hypertrophied heart
after aortic stenosis. Furthermore, the effects of B-adrenergic

stimulation have been investigated in the two cell types.

METHODS

Preparation and solution

Surgery was performed on male Wistar rats (180-200 g).
Abdominal aortic stenosis was induced using Weck forceps. The
rats were sacrified for experiments 4 to 5 weeks after surgery.
Myocytes were isolated according to the method of Wittenberg et

al. (18). They were suspended in tissue culture Petri dish at
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37°C and were used within 10 hours after isolation. The cells
in a tissue culture dish were superfused by gravity with
solution containing (mM): 20 (CsCl, 117 NaCl, 1.8 cCaCl,, 1.7
MgCl,, 1.5 NaH,PO,, 4.4 NaHCO,, 10 glucose, 10 HEPES, pH 7.4 at
20°C bubbled with 100% 0,; 50 uM tetrodotoxin was added to
block the Na current. The internal solution in the patch
electrode (0.6-1.5 MQ) contained (mM): 120 CsCl, 4 MgCl,, 3
Na,ATP, 5 Na,~creatine phosphate, 0.4 Na,GTP, 5 K,EGTA, 0.062
CaCl, ([Ca;]free = 10-8M), 10 HEPES adjusted to pH 7.2 with
KOH. During action potential recordings, external and internal

CsCl was replaced respectively by 5.4 and 120 KC1.

Experimental arrangements and data analysis

The methods used for experiments with whole cell patch-
clamp and for the analysis of data were derived from those
developped on single frog cells (19). For monitoring I.,, the
ventricular cell was depolarized from -70 mV holding potential
to O mvV for 200 ms every 4 s with a patch-clamp amplifier. To
determine the membrane capacitance, pulses from -81 mV to -79
mV were applied to the cell. The exponential components of the
decaying current were determined and analysed by a program
which uses the Padé-Laplace method (20,21). Two time constants
were obtained which correspond to the electrode (<£0.02 ms) and
the cell membrane (<lms). The capacity of the membrane was
calculated according to the equation:

cm = T'..I, /AE, (1- (Ieo/ I,)) (22)
where T, is the time constant of the membrane capacitance, I,
is the maximum capacitance current value, A E, is the amplitude

of voltage step, and I is the amplitude of steady state



current. The kinetics of I., were analysed using the computer
program EXCALC (21). Statistical analysis was performed with
the computer program STATGRAPH (STSC, Inc., Rockville, U.S.A.).

Values are expressed as mean * S.D.

RESULTS

Heart weight of stenosed animals selected for this study
was significantly higher (1.50 * 0.19 g, n = 19) than that of
sham-operated animal (1.01 * 0.16 g, n = 17), although the body
weight of both animal types were similar. The average size of
cells isolated from the left ventricle was 11298 * 4043 pm2 (n
= 32) in control and 16705 * 4082 pm2 (n = 27) in hypertrophied

cells, assuming a cylindrical cell shape.

Action potentials

Resting potential and AP amplitude were not modified.
However, repolarisation was clearly prolenged during
hypertrophy and more particularly during the plateau phase
(Fig. 1).

Fig.l: Superimposed action potentials
recorded in single left ventricular cells
isolated from normal (N) and
hypertrophied (H) adult rat hearts. APD,s
was 5.9 t 1.2 and 12.3 * 3.1 ms; APD,; was
22.2 * 5.2 and 33.1 ¥ 6.9 ms for normal and
hypertrophied cells respectively (n = 7, p
< 0.05).

20mv
l___QOml



Ca current characteristics

The Ca current,

ICal

in the left ventricular cells was

estimated either as the difference between peak inward current

and the current at the end of the 200 ms pulse or the current

after addition of 2 mM cadmium (Fig.2A). The current-voltage

relationships established on control and hypertrophied cells

are shown in Fig.2B. Both display the same voltage dependence.

From an holding potential of -70 mV, increasing depolarizations

above -40 mV induced currents which increased smoothly to reach

maximal activation around 0 mV typical of a L-type Ca current.

There was no indication of a T-type Ca current.

1

0 v

60ms

eessUUVVUTNSsescansanss

° 40

T A

Potential (mV)

80

Fig.2: A) Currents elicited by
depolarization from -70 mV to 0 mV in
control solution (O) and in the presence
of Cd2+ (m).

B) Current-voltage relationships
established for the pure Ca current
elicited by 200 ms depolarizations in
normal (‘) and in hypertrophied cells
(m).

The mean values of membrane capacity, calcium current

amplitude and density obtained under similar conditions in



cells isolated from normal and hypertrophied rat heart are
given in Table 1. The increase in membrane capacity (+78%) is
in agreement with the hypertrophy of myocytes estimated from
cell dimensions. I., amplitude of hypertrophied cells was also
significantly larger (+88%). Membrane capacity (Cm) and current
amplitude increased in the same range; thus, the current

density expressed by the ratio I.,/Cm was similar in both cell

types.

Table 1: Density of peak I., in isolated rat cells from normal and
hypertrophied hearts.

Cm Ic. I../Cm
(pF) (p3) (pA/pF)
N 148.1 * 40.3 1197 + 514 8.27 + 2.15
H 264.1 * 76.3 2254 *+ 651 8.51 * 2.47
* Kk k * X %
% 78.3 88.3 2.9
Increase

Data are mean values * SD, 33 cells taken from 15 normal and 31 cells from
15 hypertrophied hearts; ***: p < 0.001. Cm: membrane capacity, I.,
amplitude of calcium current.

A particular attention was paid to the inactivation of I,
since two recent studies reported that the slowest of the two
components of inactivation was prolonged (15, 17). In our
experimental conditions, Ca current decay was best fitted with
two time constants whose values were tau, = 46.0 * 7.0 ms and
tau, = 5.7 * 0.9 ms (n = 30) in control and tau,; = 46.5 * 4.5
ms and tau, = 6.6 * 1.6 ms (n = 27) in hypertrophied cells;

they were not significantly different.
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B-adrenergic stimulation of the Ca current

The response to inotropic agents is altered in
hypgrtrophied cells; this could be due to modification of the
sarcolemmal receptors or of some subsequent steps.
Contradictory results have been reported following B-adrenergic
stimulation with differences related to the model of
hypertrophy and the level of circulating catecholamines. In the
hypertrophied rat heart following abdominal aortic
constriction, as used in this study, a depressed responsiveness
to isoproterenol has been reported (23). The difference in the
responses elicited by pB-adrenergic stimulation in the normal
and hypertrophied cells could be due to a decrease in the
number of f-adrenoceptors, in the intrinsic activity of the
adenylate cyclase or its coupling to the receptor through the
G-protein or/and in the phosphorylation of the Ca channel by
the protein kinase Aa.

The maximal responsiveness of I., to isoproterenol (1 uM),
cAMP (50 pM) and forskolin (10 pM) is given in Table 2.

Table 2: § increase in I., density by 1 pM isoproterenol, 50 uM cAMP and
10 pM forskolin in normal (N) and hypertrophied (H) rat cardiac cells.

| Iso | CAMP | forsk

N 120 + 13 140 = 33 135 * 12
n = 12 n =717 n==s

H 78 * 14.5 132 + 15 135 + 24
n=28=% n =28 n=29

Each experimental condition was performed on myocytes from at least on 3
different hearts. The % increase is given relative to current density
before stimulation. * p < 0.05.

In normal myocytes, isoproterenol, cAMP anf forskolin led

to about 130% increase in I.,. In hypertrophied cells, cAMP and

forskolin had the same relative effect as in control cells;
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they were significantly more efficient than isoproterenol
stimulation. However, the p-stimulatory effect was obtained
with the same apparent affinity (K, = 4 nM) in the two cell

types.

DISCUSSION

This study reports a prolongation of the action potential
of isolated hypertrophied cells following aortic banding in
rat. Previous studies on other models also showed prolongation
of action potential of hypertrophied isolated myocytes (14-16).
In our experimental conditions, recording of action potentials
was made with a patch electrode containing EGTA which allowed
control of the internal medium. Thus, it can be suggested that
direct changes of ionic conductances may trigger the above
effects.

We have also compared Ca currents recorded under whole
cell patch-clamp in normal and hypertrophied cardiac rat cells
and found no differences in Ca current densities and kinetics.
In fact, I., amplitude was larger in hypertrophied than in
normal myocytes; this increase correlates with the larger
membrane capacity. Thus, when peak I., was normalized to the
cellular membrane capacity estimated under voltage-clamp
conditions, current density was not modified. To date, only two
reports in isolated myocytes deal with the comparative analysis
of I., also normalized to membrane capacity. No change in peak
I.. density was found in feline myocytes (15) while a 2.5 fold
increase was reported in Goldblatt hypertrophied rat myocytes

(17). Ca channel density was also estimated from nitrendipine



binding studies. Hypertension decreased the number of Ca
channel receptor binding sites in the Goldblatt rat model (24),
increased it in old SHR rats (25) and did not modified it in
young SHR rats (25,26). On the other hand, similar densities
are reported in the normal and hypertrophied rat after aortic
stenosis (27). The lengthening of the action potential could
also be due to alterations in the kinetics of I.,. Our study
shows that the two time constants of I., inactivation are
identical in normal and hypertrophied cells in accordance with
the results of Ten Eick et al (6) on hypertrophied right
ventricle of cat but not with the results of Kleiman & Houser
(15) and Keung (17) concerning the slow time constant.

Isoproterenol increases I., two fold in control rat
myocytes without altering its kinetics in agreement with
previous results (28). In hypertrophied cells, isoproterenol
was less effective. Our results showing no change in the
sensitivity of I., to isoproterenol agree with the lack of
modification of receptor affinity in hypertrophied cells (29).
Moreover, experiments with forskolin and cAMP suggest that
adenylate cyclase activity and phosphorylation by protein
kinase A are unaltered during hypertrophy. These results
showing a reduced responsiveness to f-adrenergic agents
correlate well with the lower number of f-adrenoceptors
generally reported in such conditions (23).

In conclusion, the lengthening of the action potential and
the depressed inotropic state in hypertrophied rat heart after
aortic stenosis cannot be accounted by genuine modification of
the Ca channel. Changes in AP duration should be more closely

related to alterations in the K currents (30,31). Finally, our



results suggest that there was a coordinated synthesis of Ca
channels following cell hypertrophy while the number of -

adrenergic receptors per cell did not change accordingly.

SUMMARY

Cardiac hypertrophy is one component of the physiological
response to chronic pressure overload. It is associated with
prolonged duration of the action potential among several other
mechanical and electrophysiological alterations. This
lengthening of the AP can be related to variations in the
calcium current, I.,. The magnitude and kinetics of I., were
compared in single rat ventricular cells isolated from normal
or hypertrophied heart. Left ventricular hypertrophy was
induced by stenosis of the abdominal aorta. The Ca** current
was larger in hypertrophied cells 2.2 * 0.6 nA (n = 31), than
in normal cells, 1.2 *+ 0.5 nA (n = 33). However, if one relates
I.. amplitude to the cell membrane area, as estimated by
membrane capacity measurement, no significant difference was
observed in current density : 8.5 * 2.5 pA/pF, (n = 31) and 8.3
+ 2.1 pA/pF, (n = 33), in hypertrophied and in normal cells
respectively. In both types of cells, I., displayed the same
voltage and time dependence. Regulation of I., by a B-
adrenergic agonist was also analysed since pB-induced positive
inotropy is less marked in hypertrophied heart. When expressed
as percentage, the maximal increase in I., amplitude that was
obtained with 1 pM isoproterenol was less in hypertrophied
cells (Emax = 78%) than in normal cells (Emax = 120%). The

sensitivity of I., to B-adrenostimulation was not modified nor



were the effects of forskolin or of intracellularly applied
CAMP. Consequently during hypertrophy, regulation of I., by B-
adrenergic agonist is decreased in agreement with the reduced

number of binding sites of B-agonists.
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REGULATION OF CONTRACTILE ACTIVITY IN SINGLE ADULT
CARDIOMYOCYTES ISOLATED FROM FOUR DIFFERENT SPECIES: THE
EFFECT OF REDUCED SODIUM GRADIENT.

M. HORACKOVA

Department of Physiology and Biophysics, Faculty of Medicine, Dalhousie
University, Halifax, N.S., Canada B3H 4H7

INTRODUCTION

To study the basic regulatory mechanisms of cardiac contractile activity,
we have analysed the shortenings and relengthenings that occur during the
contraction-relaxation cycles of externally unloaded cardiac myocytes. Using an
optical technique (1), we recorded the contractions of electrically stimulated
single cells enzymatically isolated from rat, rabbit, dog and guinea pig
ventricles. The aims of this study were (a) to establish the extent to which
these unloaded shortenings resemble the behavior and responses of the
respective intact tissues, (b) to investigate the relative importance of various
steps of the e-c coupling process (Ca2t entry, intracellular Ca2t release, and
(or) CaZ+ sequestration) and (c) to compare the contractile responses of
ventricular myocytes from the four species in terms of their preferential source
of Ca2™ for the activation of contraction.

To investigate the relative contributions of the various sources of
activator calcium to the activation of contraction - specifically the role the
Nat-Ca?t exchange - we have studied the effects of various drugs or
experimental treatments affecting preferentially the e coupling process at the
level of (a) the Cat release by the sarcoplasmic reticulum (SR) stores (in
presence or absence of ryanodine) and (b) the sarcolemmal Ca2t entry through
(i) the calcium channels (in presence or absence of nifedipine). or (ii) the
Nat-Ca2+ exchange (in presence or absence of veratridine or reduced [Nalg).

Although the dependence of the contractile activation in cardiac muscle on

the Ca2t release by the SR became widely accepted, it remains to be further
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experimentally supported, especially in the ventricular cells, where it seems to
be species dependent (2, 3). Furthermore, although the role of the Nat-Ca2+
exchange in the activation of contractile force has been rather firmly
established in the frog cardiac muscle (4, 5, 6), the quantitative participation of
Cat entry via Nat-Ca2+ exchange in the cardiac excitation-contraction coupling
in various mammalian species remains to be determined. In this respect, our
experimental model should prove very useful, since isolated myocytes from four
species could be compared under identical experimental conditions, thus
eliminating various possible problems related to the lack of control of the
extracellular environment in the complex and heterogenous intact tissue
preparations.

METHODS

Solutions

Ca2*-free standard HEPES-buffered Tyrode’s solution (used in all
experiments unless stated otherwise) contained the following (in mM): NaCl,
120.5; KCl1, 3.82; KHoPOy4, 1.18; MgSO4, 118; glucose, 11.1; and HEPES, 10; pH
was adjusted to 7.4 with NaOH (increasing [Nat], to 126mM) and the solution
was gassed with 100% O9.CaClo was later added as specified.

The collagenase was obtained from BMC; trypsin, veratridine and
nifedipine were from Sigma (St. Louis, MO, USA.); and ryanodine was from
Peninck Corp. (Lynhurst, NJ, US.A.). The solutions of nifedipine were
prepared in darkness and were protected from light exposure during the entire
experimental procedure. In the solutions where the [Na), was reduced, the
NaCl was replaced isotonically by LiCl.

Isolation of cardiac myocytes
The perfusion methods used for the enzymatic isolation of rat, guinea pig
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and rabbit myocytes are similar to these described elsewhere (1, 7). Briefly,
male Sprague-Dawley rats (275-325 g) and male guinea pigs (275-325 g) or New
Zeland rabbits (1-1.5 kg) were injected ip. with heparin (1000 IU/mL; 1 mL/300
g) 30 min before being injected ip. with sodium pentobarbital (65 mg/mL:80
mg/kg body weight). The aorta of the anesthetized animal was cannulated and
subjected to retrograde perfusion with Ca2t-free standard HEPES-buffered
solution while the heart was removed from the body. This was followed by a
5-min retrograde perfusion of the isolated hearts (Langendorf perfusion) with
Ca2t-free solution. The following was then added to this solution: 0.06% to
0.25% collagenase, 0.004% trypsin (Sigma type III), 04% type F albumin
(essentially fatty acid free), and 25 uM CaCly. This perfusate was recirculated
for 5-35 min, after which the ventricles were cut into small pieces and
incubated at 35°C for 2 min in the perfusate. The cell suspension was filtered
(through a 250-um nylon mesh), gently centrifuged (at 50 x g for 2 min), and
resuspended in HEPES - Tyrode containing 01 mM Ca?t. After 2 min in the
perfusate, the tissue was further incubated at 35°C for 10-min intervals in
Tyrode containing 50 uM CaZt. After four to five collections, the cells were
pooled and resuspended in Tyrode containing 1 mM CaZt, Dog ventricular
myocytes were isolated as described in (1). The cell concentration and the
percentage of rod-shaped cells in the cell population were determined by
counting them in a special cytometer (Graticules Ltd., Kent, England).
Nonmyocytes comprised <1% of all cells. The viability of myocytes (>85%) was
determined by Trypan blue exclusion, which is a good indicator of their
functional integrity.  The electrical and contractile behavior of the freshly

isolated cells was determined as described below.
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Recording of electrical activity and contractility

The isolated myocytes were placed into a small experimental chamber (0.5
mL), superfused (2 mL/min) with Tyrode’s solution (pH 74; 36 * 05°C, as
recorded continuously by a thermoprobe in the chamber), and gassed with 100%
Og9. The concentration of CaCly was 25 mM. The membrane resting and action
potentials were recorded with conventional microelectrodes (Rej=40-60 MQ)by a
WPI KS-707 microprobe system, as described earlier (1). The quiescent cells
were intracellularly stimulated through the recording microelectrode by current
pulses 1 ms in duration and 1-5 nA in amplitude at a frequency of 0.7 Hz.

The contractility of an isolated myocyte induced by the electrical
stimulation was recorded by a TV camera attached to an inverted microscope
(Zeiss IM 35), and the cell image was continuously displayed on a TV monitor
(final magnification x 2300) and recorded on videotape. The contractions of
the isolated myocytes were recorded in a manner similar to that described
previously (1). The shortening and relengthening of the externally unloaded
myocytes were determined by an array of 25 photodiodes placed on the TV
monitor over the end of the stimulated cell. The usual diastolic length (DSL)
of the myocytes was 190-195 pm, and myocytes that exhibited shorter DSL (at
the beginning or during the experiment) were not included in this study. Each
figure shows a representative example of at least three to five experiments.

RESULTS
The effects of ryanodine

Figure 1A shows a representative example of the electrical activities
(action potentials) and the corresponding isotonic contractions (shortenings and
relengthenings) elicited by electrical stimulation of the externally unloaded
single myocyte from the rat, dog, rabbit and guinea pig. In spite of some
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variability in the contractile behavior of the individual myocytes within each
group, they generally exhibited very similar responses to exposure to ryanodine;
the representative responses of rat, dog, rabbit and guinea pig myocytes (10-15
myocytes investigated in each group) are shown in Fig. 1B. Consistent with the
results reported from intact tissue preparations (3), the effect depended on the
species. The fastest response was observed in rat myocytes; 1 uM ryanodine
completely inhibited the unloaded contractions in these myocytes within 4-5 min
after it was applied (Fig.ls), while in dog myocytes, full inhibition of
contractions occurred after 10-15 min (Fig. 14). The contractions of the guinea
pig and especially the rabbit myocytes were affected by this drug much less; 1
#M ryanodine decreased the extent of the shortenings within 1525 min to a

steady level, reaching >60% of the controls in both species (Fig. 17, h).
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Fig.1 The effect of ryanodine on the action potentials (AP) and the
isotonic contractions (IC) of isolated cardiac myocytes from rat, dog,
rabbit and guinea pig. The upward deflections represent the isotonic
shortenings of the externally unloaded isolated myocytes elicited by
electrical stimulation. (A) The controls were recorded in standard
Tyrode’s containing 3 mM CaCly. (B) The effect of 1 uM ryanodine was
recorded in the rat myocyte after 4 min (b), in the dog myocyte after 10
min (d), and in the rabbit and guinea pig myocytes after 20 min (f, &) of
the drug’s application. The stimulation fequency was 0.7 Hz.  Vertical
scales: AP amplitude: 60 mV; sarcomere shortening: 015 pm (rat), 0.3 pm
(dog), 015 pm (rabbit and guinea pig). The average diastolic length of
the sarcomere was in all four preparations 19-195 pm. Horizontal scale:
150 ms. The resting membrane potentials (mV) were -82 (a), -85
(b: ) d), -90 (e)) -92 (f)) -94 (g: h)-

Fig. 2(A): The controls in Tyrode’s containing 3 mM CaCly. (B): The
effect of 15 uM veratridine on the action potentials (lower traces) and
contractions (upper traces) of isolated cardiac myocytes from rat, dog,
rabbit and guinea pig, 2-3 min after application of the drug. (C): The
effect of 1 uM ryanodine added to 15 uM veratridinecontaining solution
is shown 3 min (c) and 10 min (f, !) after the addition, and the effect
of 10 uM ryanodine is shown 15 min after its application (i); the arrow
represents the extent of the shortening. The stimulation frequency was
03 Hz (s, k) and 01 Hz (s). Verti scales: AP amplitude, 60 mV;
sarcomere shortening, 02 pm (rat, rabbit and guinea pig) and 0.3 pm
(dog). The average diastolic length of sarcomeres was 1.9-1.95 pym in all
recordings.  Horizontal scale: 150 ms in controls (A) and 600 ms in
presence of veratridine (B, C). The resting membrane potentials (mV)
were: -90 (q, d, g), -94 (b), -96 (c), -95 (e, 1), -92 (h, 5).

The effects of veratridine and reduced [Nal,,

We investigated the effects of veratridine which presumably increases
Ca2t entry via the Nat-Ca?t exchange mechanism by enhancing Ca2+ influx
linked to Nat efflux; this exchange of the intracellular Nat for the
extracellular Ca2t is expected to be facilitated by the increase of [Na't}
produced by this drug (see Discussion). Figure 2 shows representative results
of the effects of 15 uM veratridine (810 myocytes from each species were
investigated). = The action potentials were greatly prolonged (consistent with
the expected prolonged increase in the Nat conductance), the APD reaching 1-2
s in myocytes from all four species. The APD was related to the fequency of

stimulation, being longer at lower frequencies and shorter at higher frequencies
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(eg. Fig. 2» and 2i). The contractile responses of myocytes were also greatly
affected by veratridine, and they consisted of two components: the initial
shortening and relengthening, followed by a second component of a sustained
shortening that relaxed only upon the repolarization (Fig. 2B). These two
components closely resemble the twitch (phasic) component and the sustained
(tonic) component of contractile activity usually observed in intact cardiac
tissue preparations under conditions of increased [Nat); (see Discussion). The
initial (phasic) component of contractions was increased by 15 uM veratridine
in myocytes from all four species to 145.1 + 9% in rat (n=9), to 172 + 8.2% (n=8)

in dog, and to 195 + 20% (n=5) in guinea pig and to 187 + 8% (n=10) in rabbit
myocytes (P<0.01 in all four groups). Higher concentrations of veratridine
increased the contractions even further, but they were usually accompanied by a
development of spontaneous activity, which interfered with our investigations.
The second, sustained (tonic) component of the shortenings was present in all
four species (Fig. 2B) but was most enhanced in rabbit myocytes (Fig. 2a). The
regular action potentials and contractions elicited by stimulation in the presence
of veratridine were often followed by spontaneous aftercontractions and after-
depolarizations (Fig. 2h), which were completely abolished by ryanodine. The
effects of ryanodine on the veratridine-induced changes are demonstrated in
Fig. 2C; while the APD remained greatly prolonged, the initial (fast) component
of shortening was abolished by 1 uM ryanodine within a few minutes in the rat
and dog myocytes. However, the slow, sustained components were not inhibited
by ryanodine, even after long (60 min) exposures (2, f, {). The veratridine-
induced shortenings of the rabbit myocytes were very little affected even by 10
uM ryanodine (Fig. 2i); except for reducing the initial (fast) phase, these

shortenings, reaching 104 £ 3% (n=10) of the controls, were maintained at a
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more or less constant level throughout the action potential (e.g., about 2 s in
Fig. 2i). Thus, these results suggest that in rabbit ventricular cells strong
contractions could be activated by long depolarizations in the presence of an
increased Nat entry probably independently of an additional Ca?t release by the
SR, as indicated by their insensitivity to ryanodine. The ryanodine-insensitive
shortenings did not appear to be significantly affected by 10-15 min exposures
to 1 M D600; however, in the control myocytes, such exposures diminished the
shortenings to <20% of the original values (M. Horackova, unpublished
observations). The exposure of the rat myocyte to a reduced [Nat], generated
a PIE (Fig. 3b) which, like that of veratridine, was rather insenstive to
ryanodine (Fig. 34). The application of nifedipine did not exhibit very
significant effects in the rat ventricular myocytes on the shortening in control
Tyrode’s solution (not shown) or the presence of veratridine (Fig. 3e),

supporting the notion that Ca2t entry through the CaZt channels plays a less

important role in the generation of contractile force in rat than in guinea pig

Figure 3

RAT




Fig.3 Action potentials (lower traces) and contractions (upper traces)
recorded from an adult rat ventricular myocyte in control Tyrode’s
solution (TYR); applying 1 pM veratridine (VER) elicited a positive
inotropic effect, which remained unaffected by 02 pgM nifedipine NIF (e).
The positive inotropic effect of reduced [Nal, (40 mM) (b) seems even
enhanced by 0.2 uM nifedipine (c). Horizontal scales: 50 ms (q, b, d, ¢),
100 ms (¢) and it is only slightly reduced by 01 uM ryanodine (RYA).
Vertical scales: 40 mV and 02 pgm for electrical and contractile
activities.
cardiac cells. Furthermore, the PIE elicited in the rat myocytes by reduced
[Na‘*‘]o (Fig. 3b) remained unaffected (or sometimes was even enhanced) by
nifedipine (Fig. 3¢). However, it should be noted that these effects of a
decreased Nat gradient could also modify (increase) the SR Ca?t load by
changing the Nat-Ca2t exchange (ie, by increasing Ca2t influx and decreasing
Ca2t efflux) and thus possibly compensating for the inhibitory effect of
nifedipine on the Ca?T entry via Ca?t channels. In isolated adult guinea pig
myocytes, reducing NaCl to 40 mM (replacing it with LiCl) abbreviated the APD
and increased their shortening by approximately 30-50% (Fig. 4d). The
subsequent addition of 0.5 uM nifedipine to the low Nat, solution decreased the
plateau (although the overall APD did not change significantly) and fully
inhibited all the contractile activity within a few minutes after the drug’s
application (Fig. 4f). This inhibitory effect of nifedipine indicates the
importance of CaZt entry through the Ca2t channels for the activation of
contractility in the guinea pig myocytes. The effect of nifedipine was fully
reversible: the AP configuration as well as the contraction returned to the
original steady-state level within a few minutes after nifedipine was removed
from the superfusing solution. In contrast to inhibitory effect of nifedipine in
presence of reduced [Na],, the PIE of veratridine (4t) in guinea pig myocytes
was only slightly reduced by nifedipine (4¢c). The application of 1 uM ryanodine
to the reduced [Nal, Tyrode’s solution did not affect the contractile amplitude



significantly, but it slightly prolonged APD and also the contraction (Fig. 4e).
While control Tyrode’s solution plus ryanodine decreased the shortening by
approximately 20-30%, the PIE of low [NaT], was not affected by 1 uM
ryanodine; this result indicated that the Nat-Ca2t exchange determines the level
of Ca?t stored in SR and this level increases at reduced [Navtl,, as suggested by

other investigators (8-10).

GUINEA PIG

Fig. 4 Action potentials (lower traces) and contractions (upper traces)
recorded from an adult guine pig ventricular myocyte, in the control
Tyrode’s solution (TYR) and after the application of 1 uM veratridine
(VER) in the absence (8) or presence of 02 uM nifedipine (c).
Veratridine elicited large sustained (tonic) contractions (as indicated
above the dashed lines) even in the presence of nifedipine. An exposure
to reduced [Na], (40 mM) elicited a positive inotropic effect (d) that was
unchanged by 1 M ryanodine (RYA) (¢) but it was completely inhibited
by a subsequent application of 0.5 M nifedipine (NIF) (f); this effect
was fully reversible, the contractions returning to the original level
(observed in low [Nal,) after removal of nifedipine (not shown).

DISCUSSION
Our results indicate that the electrical and contractile behavior of externally
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unloaded isolated cells from rat, dog, rabbit and guinea pig hearts approximates
(at least qualitatively) the behavior of the respective multicellular tissue
preparations and that this experimental model could be used in studies of e
coupling in cardiac muscle.

It has been suggested that the Ca?t-induced release of Ca2t from the SR
is most developed in rat cells and least developed in rabbit cells, while dog and
guinea pig cells represent an intermediate type of these various ventricular
myocytes (2). On the other hand, the contribution of sarcolemmal Ca?t entry
to the activation of the contractile response seems to be more pronounced in
the rabbit, guinea pig and the dog ventricular tissue, while the adult rat cardiac
tissue appears to be least sensitive to this source of Ca2t activator.
Consistent with the order of dependence of the force development in these
species on intracellular Ca2t release are the data of Sutko and Willerson 3)
indicating that ryanodine (109 to 104 M) was most effective in inhibiting the
contractile force in the papillary muscles of rat, was less effective in dog, and
had relatively little effect on rabbit papillary muscles. Our results (Fig. 1)
demonstrate a similar order of sensitivity to ryanodine in the isolated
ventricular cells from these species, where the guinea pig cardiocytes exhibit
relative insensitivity to ryanodine similar to that of rabbit cells. However,
ryanodine (1 pM) appears to be 10-30% more effective in isolated ventricular
cells (23 and this study) than in the corresponding multicellular preparations
(3).  The lower sensitivity of the multicellular ventricular preparations to
ryanodine may be due (at least partially) to the prolonged (1-2h)
preequilibration of these preparations routinely employed in this study. During
this period, the cells probably accumulate Na;T and this in turn could lead to an

increased Ca2+ entry via the ryanodine-insensitive Nat-Ca2+ exchange.



It has also been suggested that in addition to the two sources of Ca2t for
contractile activation (the Ca?t entry via Ca2t channels and the Ca2*-induced
release of Ca2t from the SR) the -Nat-Ca?t exchange as an electrogenic
mechanism may also contribute to contractile activation, especially when the
gradient is decreased (eg., 4, 5, 11, 12). The electrogenicity of this system is
supported by several studies on intact isolated myocytes (10, 13-18). To
decrease the Nat gradient, we used veratridine, which slows the inactivation of
the fast NaT channel (4) increasing [Na); (19), which in turn leads to the PIE in
a variety of cardiac preparations, presumably via an enhanced [Ca't]; by Nat-
Ca2t exchange (1, 4, 19). In this study, we have observed the PIE elicited by
applying 1 uM veratridine in ventricular myocytes isolated from all four species.
While the APD was greatly increased, the regular twitch contractions were
enhanced in their amplitudes and, moreover, were followed by second, sustained
(tonic) contractions lasting as long as the action potential (up to several
seconds). In spite of the obvious differences in the regulartory contractile
mechanisms between the various myocytes under control conditions, as described
above, in the presence of veratridine the two components of contractions (the
phasic and the tonic) exhibited similar characteristics towards the specific
inhibitors: the phasic Components were decreased in all four species by
ryanocdine, while the tonic components in both species remained without any
significant changes (Fig. 2). This clearly indicated that different mechanisms
are involved in the generation of these two components. Similarly, the
enhancement of the veratridine’s effect on tonic tension was insensitive to
application of nifedipine in the rat and guinea pig myocytes (Figs. 3e, 4c). On
the other hand, the PIE elicited by reduced [Nat), was not affected by
ryanodine in either type of myocytes (Figs. 3d and 4e), but, although it was not
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affected by nifedipine in rat myocytes (Fig. 3c¢), surprisingly it was usually
fully suppressed by this inhibitor in the guinea pig cells (Fig. 4f). This
indicated that the mechanisms of the PIEs due to the decreased Nat gradient
could be somewhat different depending on whether the gradient was changed by
a reduction of [Natl, or by a veratridine-induced increase in [Nat). Indeed,
the possibility that Nat-Ca?t exchange may depend directly on the level of
intracellular Nat activity (aiNa) has been recently suggested (11). Thus, it is
likely that an increased aiNa by veratridine might stimulate an additional
nifedipine-insensitive Ca2t entry via Nat-Ca2t exchange which is lacking when
the Na gradient is decreased by reducing [Naly; it seems that this additional
Ca?t influx is necessary for the activation of contraction in guinea pig
cardiomyocytes. Our data are consistent with those of Fabiato (20, 21),
indicating that the effectiveness of sarcolemmal Ca2t entry at rising [Ca); (and
thus contractility) could be highly dependent on the state of internal stores and
the CaZt uptake of these stores would be, in turn, greatly dependent on the
rate of CaZt entry. Additional experimental evidence from the voltage<lamp
study of the nifedipine’s effect is needed to determine the direct effects of this
drug in both species under these experimental conditions.

SUMMARY

(A) Our data indicate that the contractile activity in isolated ventricular
myocytes from rat, dog, rabbit and guinea pig is primarily regulated by Ca2+t
entering the cells via the slow Ca?t channel and by Ca2t released by SR (the
relative contributions of these two Ca2t sources being different in these
species). (B) Our results are in agreement with data of Bers et al. (12) from
rabbit papillary muscles, indicating that Nat-Ca2+ exchange does not seem to be

of any special importance for activation of contractile activity under control
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conditions in either type of cardiomyocytes; however, it becomes important as a

source of Ca?t when the Nat gradient is decreased, especially when this is due

to an increase in [Na+]i. This conclusion appears also in agreement with recent

studies (10, 22) suggesting that the main function of Nat-Ca2t exchange during

normal cardiac electrical activity is Ca2+ extrusion out of the cell.
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INVOLVEMENT OF SODIUM-CALCIUM EXCHANGE IN CARDIAC PATHOLOGY
G.N. PIERCE and T.G. MADDAFORD
Ion Transport Laboratory, Division of Cardiovascular Sciences, St. Boniface
General Hospital Research Centre, and the Department of Physiology, University
of Manitoba, Winnipeg, Canada R2H 2A6
Introduction

Transsarcolemmal CaZ* movements are crucial for force development in the
heart. One transsarcolemmal CaZ* transport pathway exchanges Ca2* for
Na*. Under physiological conditions, this exchange appears to occur
primarily in the direction of calcium leaving the cell for sodium entering the
cell (1). Thus, sodium-calcium exchange may play a role in the relaxation
phase of excitation-contraction coupling in the heart under normal conditions.
However, the involvement of sodium-calcium exchange in cardiac pathology is
not as well defined. The purpose of the present treatise is to review the
current literature on this subject from two scientific methodological
approaches: i)pharmacological studies which employ drugs aimed at altering
appropriate cellular jon transport pathways, and ii)biochemical studies using
isolated sarcolemmal membranes. In addition, the mechanisms which may be
responsible for the change in sodium-calcium exchange will be discussed.

Pharmacological Evidence

Several studies have examined the possible involvement of sodium-calcium
exchange in two experimental models of cardiac pathology: ischemia/reperfusion
damage and the calcium paradox. Both models have a common pathology in that
the necrotic process is closely associated with excessive calcium entry and
overload (2). If this calcium entry is through the sodium-calcium exchanger,

then drugs which directly or indirectly affect the sodium-calcium exchange



pathway will ultimately alter the necrotic process in the heart. Amiloride is
a drug which can inhibit sodium-calcium exchange (3). If the drug was present
during low-flow ischemia and reperfusion, it reduced the release of creatine
kinase from the heart and improved force, +df/dt and -df/dt during recovery
(4). However, because of the non-specificity of amiloride's actions (3), it
was difficult to ascribe with any degree of certainty the involvement of a
specific ion transport pathway in the results. The results are encouraging,
however, and suggest further work in the ischemia field with better drugs may
be worthwhile.

If a heart is perfused with a calcium-free solution followed by normal
calcium-containing medium, massive contracture develops along with contractile
dysfunction. This has been termed the calcium paradox (2). It is associated
with elevated calcium entry (2), possibly through the sodium-calcium
exchanger. If sodium-calcium exchange is involved in this damage,
interventions which elevate intracellular Na* during the paradox should
stimulate the exchanger and augment cardiac damage whereas lowering Na‘*;
should preserve cardiac function. Work from our laboratory has shown this to
be the case (5). Typical force recordings from an isolated right ventricular
wall during the calcium paradox protocol are shown in Figure 1A. Note the
contracture development and poor force generation during the CaZ* repletion
phase. If the perfusate [Na*] during the CaZ*-free perfusion was lowered
to 25 mM (thus lowering [Na*j]), then cardiac function was better
perserved during reperfusion with the CaZ*-containing solution (Figure 1B).
Conversely, cardiac function was worse and contracture greater if 2 mM ouabain
was included for 1 minute prior to initiation of Cal*-free perfusate (Figure
1C). If 5 mM amiloride was included in the CaZ*-free perfusate, force

development was significantly protected (Figure 1D). A1l of these



Figure 1. Typical tension recordings from an isolated, perfused r;ght
ventricular wall before, during and after a 4 minute period of Ca¢*-free
perfusion (between arrows). A. Control; B. Perfusate [Na*] was lowered to 25
mM during the Ca¢*-free period; C. 2 mM ouabain was included 1 minute prior
to_and during the Cal*-free period; D. 5 mM amiloride was included in the
Ca2*-free perfusate. Further experimental details can be found in

reference.

observations support the contention that the transsarcolemmal Na‘* gradient

is extremely important in determining force recovery during the paradox.
Benzamil, an analogue of amiloride which is a more potent blocker of sodium-
calcium exchange (3), also demonstrates significant protection against calcium
paradox-induced cardiac damage (5). As shown in Figure 2, if as little as 10-

50 uM benzamil is included in the Ca2*-free perfusate, a significant



recovery in -dF/dt is observed (5). Significant protection by benzamil
against tissue enzyme release and ionic content changes have also been
reported (5). Taken together, these data strongly suggest an involvement for
the sodium-calcium exchanger in the calcium paradox-induced cardiac damage.
It is 1ikely predicated by an abnormal increase in [Na*;] which then
stimulates the exchanger to work in a Naj-dependent Ca* uptake mode. The
initiating pathology, the excessive [Na*;], may occur through a passive

leak of Na* down its concentration gradient into the cell (6). In summary
then, the pharmacological data would suggest that sodium-calcium exchange is

stimulated in these two models of experimental cardiac pathology.
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Figure 2. Rate of relaxation (-dF/dt) of untreated and benzamil-treated (2
minutes prior to and during the Cal*-free perfusion) right ventricular
muscles. For further experimental details see reference 5.



Biochemical Evidence

A number of independent laboratories have investigated the involvement of
sodium-calcium exchange in cardiac pathologies by studying isolated, cardiac
sarcolemmal membrane vesicles (7-16). A wide variety of disease conditions
have been examined including several cardiomyopathies, cardiac hypertrophy and
various experimental models of cardiac pathology. The findings of these
investigations are summarized in Table 1. Two salient features are of

interest. First, with two exceptions (8,12), all of the studies observed a

Table 1. Biochemical evidence supporting an involvement of sodium-calcium

exchange in cardiac pathology.

a) Cardiomyopathies

i) Genetic (UM-X7.1 hamsters) Makino et al (7) 55%
(B10 14.6 hamsters) Wagner et al (8) 400%

ii) Catecholamine-induced Makino et al (9) 49%
iii) Diabetic Makino et al (10) 83%

Pierce et al (11) 53%

b) Cardiac Hypertrophy Heyliger et al (12) No change
¢) Ischemia Bersohn et al (15) 50%
d) Hypoxia Daly et al (14) 42%
e) Calcium Paradox Makino et al (16) 36%

depression in sarcolemmal sodium-calcium exchange during the different
pathologies. One exception, the work of Wagner and colleagues (8), showed a

stimulation in sodium-calcium exchange during the early stages of



cardiomyopathy (30 day old) which reversed to a 50% depression during the
later stages of the disease (360 day old). The work of Heyliger and
colleagues (12) was done using a stable model of cardiac hypertrophy which did
not demonstrate significant functional changes. This may explain the lack of
sarcolemmal changes as well. Secondly, the vast majority of studies which
observed a depression in sarcolemmal sodium-calcium exchange reported a
decline of ™50%. Most of these studies controlled for non-specific
permeability changes, therefore, the results depict the direct effects of the
pathological state on the sodium-calcium exchange process. Thus, the
observations of depressed sodium-calcium exchange in biochemical studies
contrasts sharply with the pharmacological data which showed a stimulation of
sodium-calcium exchange in the two different pathologies.

Mechanisms Responsible for Altered Sodium-Calcium Exchange

The mechanisms which may be responsible for the observed depression in

Table 2. Possible mechanisms responsible for the alteration in sodium-calcium

exchange in pathological conditions.

a) Membrane Modification
i) Protease activation
ii) Phospholipase activation
jii) Cholesterol changes
iv) Endogenous amphiphiles
v) Free radicals
b) Changes in Intracelluar [Na]
i) Glycoside cardiotoxicity

ji) Calcium paradox
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sarcolemmal sodium-calcium exchange may be divided into two general
categories: those which are localized to the membrane structure itself and
those which involve modifications to the external ionic environment
surrounding the exchanger. The various possible mechanisms within these two
general headings are summarized in Table 2.

The sodium-calcium exchanger is known to be sensitive to its membrane
environment. Is it possible then that modification of the membrane during the
pathological condition can explain the depressed activity exhibited in the
sarcolemmal studies cited above? It is well recognized that ischemic insult
to the heart will activate various hydrolytic enzyme processes 1ike proteases
or phospholipases . However, protease (17), phospholipase D (18),
phospholipase C (19) or phosphatidylinositol-specific phospholipase C (20)
treatment of cardiac sarcolemmal membrane vesicles all result in a stimulation
of sodium-calcium exchange. It was only after extensive modification of the
membrane that the exchanger became inhibited (17,19). In some disease states
1ike the diabetic cardiomyopathy, membrane cholesterol content increases (21).
Could this lead to depressed sodium-calcium exchange? Again, this possibility
is unlikely. Increasing sarcolemmal cholesterol content in situ has been
shown to stimulate sodium-calcium exchange (22). Alternatively, it is
possible that the release of endogenous amphiphiles may modify sodium-calcium
exchange by inserting into the sarcolemmal membrane and thereby altering the
membrane structure. Platelet-activating factor (PAF) is released during
ischemia (23) and has the capacity to inhibit sodium-calcium exchange (24).
However, the concentration of PAF required to inhibit sodium-calcium exchange
(20 uM) may exceed that actually present during the ischemic insult (24).

Free radicals are also generated during ischemia (25). However, depending

upon the species of radical generated, sodium-calcium exchange may be



stimulated (26,27) or inhibited (22,27). Thus, it is difficult to assess its
involvement in the modification of sarcolemmal sodium-calcium exchange. In
summary, the mechanism responsible for inhibiting sodium-calcium exchange
after pathological challenge is unclear from a membrane biochemistry approach.
The most likely candidate is extensive attack from the various hydrolytic
enzymes. However, further examination of the problem is warranted.

The stimulation of sodium-calcium exchange observed in the pharmacological
studies is more easily answered. It is almost certainly due to the altered
ionic environment. The elevation in [Na*;j] during the Ca*-free
perfusion stimulates the exchanger to work in a Na*j-dependent Ccalt
uptake mode. The mechanism here is similar to that observed in glycoside
cardiotoxicity where glycosidic inhibition of the Na* pump will elevate
[Na*j], stimulate sodium-calcium exchange and ultimately cause excessive
Ca2* entry from the extracellular space into the myocardial cell (28).
Conclusions

In conclusion, the data are consistent with the hypothesis that the
sodium-calcium exchanger is involved in cardiac pathology depending upon the
nature of the disease. Increased sodium-calcium exchange, as was evident in
the perfused muscle studies, is likely due to an elevated intracellular
[Na*]. Drugs which inhibit sodium-calcium exchange represent a viable
approach for treatment. Decreased sodium-calcium exchange, as shown in
studies of isolated sarcolemmal membranes, may be due to free radical
involvement or more extensive structural modification of the membrane
protein/lipid environment.
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MODIFICATIONS IN SARCOLEMMAL REGULATION OF Ca2+ WITH AGING
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INTRODUCTION

Age-related changes in myocardial function have been reported both
in humans (1) and in various animal species (2,3). Patient studies
revealed a decline in peak diastolic filling rate with age without the
impairment of systolic function (1,4). Many of the animal studies have
employed rat model, in which the changes in myocardial function and
metabolism occur as early as during adult maturation (2,5,6) and progress
through senescence (3). At about 12 months of age, there begins an
alteration in mechanical activity, which continues to change through
aging process to 24 months and older (3,7). These changes are
characterized in left ventricular papillary muscle by an increase in time
to peak isometric developed tension associated with an increase in time
to half maximal relaxation. Neither the twitch force nor the maximum
rate of force production are age-related. These alterations have also
been demonstrated in other animal species such as guinea-pigs, dogs and
rabbits (8-10).

Prolonged contraction duration with aging in rats has been partly
attributed to the reduced myosin ATPase activity due to a switch in
isomyosin composition (5,11). However, as indicated earlier, these
changes have also been observed in other species, where the switch in
isomyosin composition is not seen (12). Hence the prolonged duration of
contraction may be contributed to a large extent by the rate of Ca2+
delivery to cytoplasm and the rate of subsequent Ca2+ removal from the

. . +
cytoplasm. In the heart, contraction and relaxation-related Ca2



translocation rest mainly on the sarcotubular as well as sarcolemmal
membrane systems (13). Significantly reduced ATP-supported (oxalate-

facilitated) Ca2+

uptake by sarcoplasmic reticulum (SR) enriched fraction
has been shown in aging heart (14). Sarcolemmal fraction from aged heart
on the other hand was found to have two fold higher rates of
ATP-supported Ca2+ accumulating activity (14). These reports demonstrate
that differential alterations in Ca2+ transport activities of SR and
sarcolemma occur with aging. Thus, while reduction in the rate of net
Ca2+ uptake into the SR seems most attractive explanation of the
prolonged Ca2+ transient in the senescent heart (3,14), any mechanism
that can alter the flux of Ca2+ into or out of the myoplasmic space might
affect the duration of myoplasmic Ca2+ transient. Furthermore, the
transmembrane action potential (TAP) that excites the cell and the

2+

myoplasmic Ca transient are both prolonged in senescent (3,15,16) and

indicate that the trigger for Ca2+ release or Ca2+ influx may be greater

in aged.

Contraction of cardiac muscle is critically dependent upon the

external Ca2+ concentration and it has been proposed.that entry of Ca2+

through the early plateau phase of action potential provides a trigger

for release of larger amounts of Ca2+

2+

from internal stores, SR (17).

However, since SR Ca uptake has been shown to be reduced with

2+

senescence (6,14) the release of Ca from SR with each excitation should

also be lower. If this was true, then the maintenance of developed

2+

tension in aged (7) would require additional influx of Ca from

extracellular sources. The observed prolonged duration of contraction in

2+

senescent heart muscle indicates that this additional influx of Ca from



extracellular source may occur over a longer period of time.

Alternatively, efflux of Ca2+ through sarcolemmal Ca2+ pump and Na+-Ca2+

2+

exchange is limited. That sarcolemmal Ca influx may increase with

aging is further supported by observations with skinned ventricular
fragments (18). In a preliminary setting, Fabiato (1982) has shown that

. . + .
senescent heart muscle preparation requires a greater Ca2 trigger for

2+

the release of SR Ca than in preparation from younger animals.

Furthermore, senescent heart muscle has been shown to be more sensitive
to increased extracellular Ca2+ concentration and produces longer
duration of contraction than in young adult rat heart papillary muscle
(19).

The above reports clearly suggest that the changes in trans-

2+

sarcolemmal Ca influx with aging may be responsible for the altered

contraction duration and also be able to maintain the developed tension
inspite of defective SR. The bulk of Ca2+ that enters the cell during
excitation, results in the early part of plateau phase of the action

potential (13). The influx of this Ca2+ is modulated by opening and

2+

closing of the voltage-dependent "slow" Ca channels, which are

. . Lo 2+
localized in sarcolemmal membrane. This increased sarcolemmal Ca

influx in senescent heart (as discussed above) should be a reflection of

2+

increased Ca channel activity.

In this study we have obtained evidence to suggest that Ca2+ fluxes

2+

through Na+—Ca exchange may decrease with aging. We have also shown

that the density of myocardial calcium channels increases significantly
during aging. These channels may be the main gateway to the Ca2+ influx

for the maintenance of contractile force in aging animal heart.
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METHODS

Male Sprague-Dawley rats of 2,12 and 24 months of age and
guinea-pigs of 3,6 and 18 months of age were used in the present
investigation. These animals reach sexual maturity around 2-3 months of
age, adult maturation at 6-12 months and reach senescence at around 18-24
months of age.

Isolation of sarcolemmal membrane:

Relatively pure sarcolemmal membrane vesicles were prepared as
described by us earlier (20). Briefly, the rat heart left ventricles
were homogenized in 0.6 M sucrose, 10 mM imidazole/HC1l (pH - 7.4) and
centrifuged at 10,000 g for 20 min. The supernatent was diluted (2 fold)
with 160 mM KC1/20 mM MOPS (pH - 7.4) and centrifuged at 96,000 g for 60
min. The pellet was resuspended in 2 ml of KC1/MOPS and layered over 15
ml of 30% sucrose solution containing 0.3 m KCl, 50 mM sodium pyrophos-
phate and 0.1 M Tris-HCl (pH - 8.3) and centrifuged at 95,000 g for 90
min. The white band at sample sucrose interface was recovered, diluted
with 3 vol of KC1/MOPS and centrifuged at 100,000 g for 30 min. The
pellet was resuspended in Tris-HCl to a final protein concentration of
approximately 1 mg/ml. The protein concentration was determined by the
method of Lowry et al. (21).

Specific [3H]Nitrendipine binding:

About 80-100 ug of the sarcolemmal fraction, isolated by the above
described procedure, was incubated in the medium containing 50 mM
Tris~HCl buffer (pH - 7.4). After 10 minutes of pre-incubation, the
reaction was started by the addition of a given concentration (0.05 - 1.0
nM) of [3H]Nitrendipine (New England Nuclear Corp; specific activity 71

Ci mmol-l) and incubated for 60 min at 25°C. Non-specific binding was
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determined in the presence of 0.1 uM non-labelled Nitrendipine in the
medium and subtracted from the total [3H]Nitrendipine bound to obtain
specific binding. At the end of the incubation period, the samples were
immediately filtered through GF/B whatman (Fisher Scientific) filters,
using constant vacuum suction system. The filters were washed three
times with 3 ml of each ice~cold 50 mM Tris~HC1 buffer (pH - 7.4), dried
under vacuum, and then placed in 10 ml of scintillation cocktail {(Fisher
Scientific) and counted using Beckman LS8100 liguid scintillation
counter. Correction for quenching was performed by external channel
ratio method.

Characterization of [3H]BAY K 8644 binding:

Sarcolemmal protein of 80 to 100 ug was incubated in a total volume
of 5 ml containing 50 mM Tris-HCl (pH - 7.4), at 25°C, with varying
concentrations (1-50 nM) of [3H]BAY K 8644. After 60 minutes of
incubation, samples were filtered through Whatman GF/B filters with the
aid of a vacuum pump. The filters were washed three times with 3 ml of
ice-cold 50 mM Tris-HCl, dried under vacuum, placed into scintillation
vials and 10 ml of a scintillation cocktail (Fisher Scientific) was
added. The radioactivity was counted in a Beckman LS 8100 liquid
scintillation counter at 45~50% efficiency. Binding of [3H]BAY K 8644 in
the presence of 1 uM non-labelled Nitrendipine was defined as
non~specific binding and was subtracted from the total binding to obtain

specific binding.

45, 2+

Na+—dependent Ca Uptake:

Vesicles were preloaded with na* by incubating them in 160 mM
NaC1l/20 mM MOPS (pH 7.4) for 60 min at 37°C. To initiate Na'-ca’'
exchange, aliquots of 20 ul (equivalent to 20 ug protein) of Nat-loaded

vesicles were added to a series of tubes containing an incubation mixture



102

45

(160 mM KC1/20 mM MOPS, pH 7.4 at 37°¢C) plus 50 uM CaCl2 (100 cpm/pmol)

in a volume of 500 ul. The exchange was terminated by adding the
“"termination solution" [2 ml ice cold 160 mM KC1/20 mM MOPS/1 LaC13, pH
7.4) at desired times followed by filtration through Millipore filters
(0.45 uM) under vacuum. Tubes and filters were rinsed 4 times with 2 ml
of "termination solution". The filters were placed into scintillation
vials, 10 ml of scintillation cocktail was added and the radioactivity

was counted in a Beckman LS 8100 liquid scintillation counter. In all

45, 2+

experiments, non-specific Ca uptake was determined in the vesicles

which were loaded with potassium [160 mM KC1/20 mM MOPS, pH 7.4) instead
of sodium.

Sarcolemmal vesicles isolated from 3 and 18 month old guinea-pigs
were first loaded with sodium and then incubated in the incubation

mixture (160 mM KC1/20 mM MOPS, pH 7.4 at 37°C) with various

concentrations of 45Ca2+, ranging from 20 to 80 uM. The Na+-dependent

2+

Ca uptake was terminated after 5 seconds of incubation. The filtration

2+

and counting of 45Ca on the filter were carried out as described above.

45, 2+

Na+—dependent Ca“” Efflux:

Na'-loaded vesicles were allowed to accumulate 45Ca2+ for 1 minute

45Ca2+

in 160 mM KC1/20 mM MOPS (pH 7.4) plus 50 uM in a volume of 500

ul. Calcium efflux was then initiated by increasing the yat concentra-

tion of the medium to 90 mM. The exchange was terminated at desired

times and filtered through the millipore filters as in 45Ca2+ uptake

study and the quantity of 45¢42* was counted by liquid scintillation.
BAY K 8644 inotropy in 2 and 12 month old rat:

These studies were carried out in a whole animal rat model. Animal
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preparation and measurement of cardiovascular parameters were carried out
as described earlier (23). BAY K 8644 (10 ug/kg/min) was administered by
slow infusion through external jugular vein. Lead II EKG, left
ventricular pressure and the rate of its rise (dp/dt) were recorded using
a Hewlett Packard recorder (model 1308A).
Reagents:

Analytical grade chemicals dissolved in deionized glass-distilled

water were used throughout. 3 3

H-BAY K 8644 and “H-Nitrendipine were
obtained from New England Nuclear. Non-labelled nitrendipine and BAY K
8644 was supplied by Miles Pharmaceuticals, USA. courtesy of Dr.
Alexander Scriabine.

Statistical Analysis:

The data are expressed as the mean + S.E. The student's t test or
the analysis of variance was used wherever appropriate for statistical
analysis, taking P < 0.05 as the level of significance.

RESULTS

Na+—Dependent 45Ca2+ Uptake:

45Ca2+ was studied using Na+—loaded vesicles isolated

45, 2+

The uptake of

from 3 months and 18 months old guinea-pigs. Ca

uptake in Kk -10aded
vesicles was taken as non-specific uptake and subtracted from the
respective values of Nat-loaded vesicles to obtain net Na+-dependent
calcium uptake. The vesicles from 3 month old guinea-pig hearts
accumulated 6.4 + 0.34 n mol mg_1 protein within 15-30 sec of initiation
of influx and reached steady state in 2 min. The uptake was however
slower in older animal heart vesicles which accumulated a maximum of 4.63
+ 0.05 n mol mg_1 protein in 45 sec and reached a steady state in 5 min.

Analysis of Eadie-Hofstee plot of 45Ca2+ uptake (Table 1) demonstrated
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significant differences in kinetic parameters in 3 months (Km 35.78 +

1

1.14 uM, Vmax 54.2 + 1.7 nmol mg~ min~1) and 15-18 month old guinea-pigs

(Km 58.4 + 6.7 um, Vmax 20.0 + 0.82 nmol mg™ ‘. min-1).

2+

Table 1. Analysis of Eadie-Hofstee Plot of Na+-dependent Ca uptake.
Young Adults 18 month old
(3 month old)
Apparent Km (uM) 35.78 + 1.14 *58.4 + 6.7
Apparent_Ymax_1 54.2 + 1.7 *20.0 + 0.82

(nmol mg “min )

Values are mean + S.E. of 8 experiments.
* significantly (P < 0.05) different from 3 month olds.

+

Na+-dependent Ca2 Efflux:

45Ca2+

Calcium efflux was initiated after 1 minute of Na+-dependent
uptake by increasing Nat concentration in the incubation medium. The
initial rate of Ca2+ efflux during first 5 to 10 seconds was
substantially lower in 18 month olds than 3 month old animals (0.11 +
0.03 as compared to 0.25 + 0.02 nmol mg-1 protein second-l, p < 0.05).
At the end of 120-180 seconds of incubation, the vesicles from the older
animal hearts retained 40% of the basal calcium, which was significantly
higher than the vesicles isolated from 3 month old animals, which
45Ca2+,

retained only 21% of the basal indicating that the Na+ dependent

45Ca2+ efflux is reduced in older animals.
BAY K 8644~induced Inotropy:

Infusion of BAY K 8644 at 10 ug/kg/min in 2 and 12 month old rat
produced significant increases in +dp/dt (Fig. 1). However the maximum

increase in +dp/dt 32% in 12 month olds was significantly higher than

+dp/dt (18%) produced in 2 month olds. Furthermore the doses of Bay K

8644 required to produce maximum changes in +dp/dt in 12 month olds was



105

only 1/3rd (10 ug/kg) of that required in 2 month olds. Perfusion of Bay
K 8644 (10_7 M) in isolated guinea-pig hearts also demonstrated
significant differences in developed tension in young and older
guinea-pigs. Perfusion in 2 month olds thus caused 35-40% increase in
developed tension within 5 min. On the other hand there was an increase
of 80-90% in developed tension in 12-24 old guinea-pig hearts during the
same time period. Effective dose for 50% response (ED 50) was 20 nM in
12-24 months and 65 nM in 2 month old guinea-pig hearts.

3

Calcium channel agonist “H~BAY K 8644 and antagonist 3H—Nitrendipine

binding:

Calcium channel agonist 3H—-BAY K 8644 and 3H—Nitrendipine binding

were examined in sarcolemmal membranes from 2 month and 12 month old rat

hearts.
5 40(
~
Q.
©
Z 30t
w
(2}
<
o
G 20
4
>
& 10t
O
o
w
o
O 1 i | 1 ]

10 20 30 40 50
BAY K (ug/Kg)
Figure 1. The figure shows percent change in +dp/dt with infusion of BAY

K 8644 in 2 (M) and 12 (@—@) month old rats. Values are mean + S.E.
of 6 experiments in each age group.
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able 2 Scatchard plot analysis of specific 3H-BAY K 8644 and
H-Nitrendipine binding

Age Bmax -1 KD
(Months) (pmol. mg prot) (nM)

3u-n1T 3u-pay 3g-NIT 3u-Bay
2 0.27 + 0.03 1.7 + 0.2 0.27 + 0.04 4.8 + 0.3
12 0.45 + 0.06° 2.4 + 0.1% 0.31 + 0.06 14.5 + 0.8"

The values are mean *+ S.E. of 6 experiments.
* significantly different (P < 0.05) from 2 month olds.

As shown in Table 2, the specific binding of both agonist and
antagonist were significantly higher in older rats (Bmax 2.4 + 0.1 and
0.45 + 0.06 p mol mg—1 prot.) than 2 month old rats (Bmax 1.7 + 0.2 and
0.27 + 0.03 p mol. mg—1 prot.). There was no significant differences in

3H-BAY K

KD for 3H—Nitrendipine binding in two age groups. The agonist
8644 binding analysis however showed significantly higher KD values in 12
month olds as compared to 2 month old rats.
DISCUSSION

In the present study Na+-dependent uptake of Ca2+ was substantially
reduced in vesicles of the older animal hearts. The apparent maximal
initial rate of Ca2+ (Vmax) declined by 70% with a significant reduction

45Ca2+ from the

in the affinity for calcium. The passive diffusion of
vesicles was not determined in the different age groups. However, the
substantial reduction in the rate of 4°ca?* uptake is unlikely to be due
to the differences in the passive diffusion. The observed reduction of

+

Na+—Ca2 exchange in the older animal hearts thus demonstrates an

impairment of the Na+—dependent calcium transport in and out of the cell.
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In our studies on binding of 3H—Nitrendipine and 3H—BAY K 8644 to

purified sarcolemmal membranes, a single class of saturable binding sites
was demonstrated. The number of 3H-Nitrendipine binding sites was found
increased by 70% during adult maturation of rat from 2 to 12 months,
which was maintained at this level during further aging to 24 months.

The affinity of these sites for binding of 3H—Nitrendipine remained
unaltered during adult maturation and aging. The binding of calcium
channel agonist 3H-BAY K 8644 also increased significantly (41%) with
aging of rat to 12 months. This increasing in number of binding sites
for 3H-BAY K 8644 was however associated with significant increases in KD
or reduction in the affinity of 3H-BAY K 8644 for the receptor sites.
Although the significance of reduced affinity for BAY K 8644 with aging
is unclear, it has been suggested earlier that activator interaction
cause confirmational changes in the receptor protein (22) which might be
responsible for the reduced affinity. The increases in the number of
3H—dihydropyridine binding sites in 12 month old rats was also found to
be associated with a substantially higher positive inotropic response to
BAY K 8644 infusion. The dose of BAY K 8644 required for 50% of maximal
increases in +dp/dt (ED 50) was only 5 ug/kg in older rats as compared to
13 ug/kg of BAY K 8644 required in 2 month olds. This age-related change
in positive inotropy to BAY K 8644 was not limited to rat species as
isolated perfused guinea pig hearts also responded in a similar manner.
Perfusion of isolated guinea pig hearts with BAY K 8644 resulted in
80-90% increase in developed tension with ED 50 of 20 nM in 12-24 month
0ld as compared to 35-40% increase in 2 month olds with ED 50 of 65 nM.
These observations in our laboratory thus demonstrate that an increase in

the density of Ca2+ channels with adult maturation and aging of animals
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is associated with alteration in Ca2 channel function and conceivably,
A 2+ .
consequent changes in intracellular Ca metabolism.
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Na'-Ca" Exchange Current c.2" Pump
0
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. BOUND Ca
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SARCOLEMMAL CALCIUM TRANSPORT

Fig¥re 2 The figure shows a model diagram of sarcolemmal regulation of
Ca+ figxes. The uppsy panel shows norma}+activities of bigirectional
Na -Ca exchange, Ca influx through Ca channel and Ca efflu
through Ca pump. The lower panel §Qows reduced activities of Na -Ca
exchange and enhanced activity of Ca channel in senescent.
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The bulk of Ca2+ that enters the cell during excitation enters in

the early part of plateau phase of action potential (13). The influx of
this Ca2+ is modulated by opening and closing of the voltage-dependent

2+

"slow" Ca channels localized in sarcolemmal membrane (see Fig. 2). An

2+

increased Ca channel activity in senescent heart may thus reflect

additional Ca2+ influx through these channels in the wake of reduced

Na+—Ca2+

exchanger activity. This hypothesis is supported by the fact
that the duration of action potential is prolonged in older animals (3)
and patient's (1). Our observation of increased +dp/dt with BAY K 8644
also supports the contention that senescent heart depend more heavily on
Ca2+ through calcium channels for the maintenance of contractile tension.
These observations may have clinical implications in treatment of cardiac
disease in geriatric population.
SUMMARY

In this study we have shown that the Na+—dependent Ca2+ exchange is
significantly depressed in senescent heart whereas the myocardial density
of calcium channels is significantly increased. Greater increase in
+dp/dt with BAY K 8644 further confirmed the increased activity of
calcium channel in senescent heart as compared to young adults. A model
is presented to show that senescent heart may depend more heavily on Ca2+
through calcium channel for the maintenance of contractile tension than
young adults.
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INTRODUCTION

Hypertrophy of the heart is an adaptive mechanism to an increase in hemodynamic work.
During this process, development without multiplication of the cardiac myocytes occurs and new
sarcomeres are added to improve the contractility. As shown by Anversa et al. in compensatory
hypertrophy of the rat (1,2), the overall result of the membrane development is an increase of
the surface area parallel to the degree of hypertrophy which maintains a constant surface/volume
ratio. However, some specialized membrane structures undergo a preferential development like
the T-tubules (a 107 % increase for the T-tubules as compared to a 33 % for the sarcolemma
(SL)) and the sarcoplasmic reticulum (SR) (a two fold increase). In this review on the membrane
proteins of the hypertrophied myocyte, we shall take this into account to estimate their density of
the receptors and their total number per myocyte or per left ventricle. We report that three types
of regulation occur with enhanced, unchanged or decreased density leading to increased or
unchanged total number of membrane proteins.

Together with these quantitative modifications, we shall consider if a qualitative alteration
of the expression of the genes coding for the cardiac membrane proteins might be assumed. In
fact, the expression of new isoforms of proteins during cardiac hypertrophy is well documented
particularly for myosin (3). In the rat heart, the myosin isoform shift from the fast V1 to the
slow V3 is, at least in part, responsible for the decrease in Vmax and the improvement in the
wall stiffness. However, transcriptional or pre-translational modifications of the expression of a
gene coding for a membrane protein have not yet been clearly demonstrated in the hypertrophied

heart but might not be totally discarded since the properties of the Na*/K* ATPase (4,5) or the
coupling of the B-receptors are altered (6).
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This review is focused on the quantitative and/or qualitative alterations of Ca2+ channels,
B-adrenergic system, Na*/K* ATPase and Ca®*-ATPase from SR. These modifications which
seem to develop with the severity and the stage of the heart failure account for the alteration in
the inotropic response of the hypertrophied heart. Hence the use of inotropic agents in the

treatment of cardiac failure has to adapt to these new parameters of the hypertrophied myocyte.

Ca2+ CHANNEL

In cardiac muscle, where Ca2* influx is essential for contraction, the voltage-dependent L
type calcium channel plays a key role in excitation-contraction coupling. Moreover, as described
in skeletal muscle (7) it might also act as a voltage-sensor to induce the release of calcium from
the SR. The al subunit of the cardiac dihydropyridine (DHP) receptor has a molecular mass of
243,000 D. Its primary structure has recently been elucitated by cloning and sequencing its
c¢DNA (8). Injection of the a1 subunit mRNA into Xenopus oocytes led to the production of a
functional calcium channel. However the a2 subunit might cooperate with al since the co-
injection of a1 and 02 mRNA enhanced the Ca2* -current activity. Regulation of the Ca2+
channel function also occurs through phosphorylation by cAMP dependent kinase (9) and
coupling to a Gs protein (10, 11). Binding of Ca2* agonists or antagonists lenghtens or

shortens the opentime of the Ca2+ channel (12).

Ca?+ channels in the hypertrophied heart

One of the ordinary features of the hypertrophied heart is a prolongation of the duration
of action potential (AP) , particularly of the phase II which is observed in ventricles or isolated
myocytes (13). This occurs whatever the model (hypertrophy secondary to hypertension or
mechanical overload) or the species. It has been suspected that the Ca?* channel might be
responsible for this increased duration of the AP and numerous studies have appeared over the
past few years. The studies have been performed on isolated membranes to determine the

characteristics of the DHP receptors and on isolated myocytes to measure the current.
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The affinity constant of the DHP receptors is unchanged in the hypertrophied heart. The

number of DHP receptors (table 1), expressed as fmol/mg protein remains the same in the young

spontaneously hypertensive rat (SHR) model (14, 15) and in compensatory hypertrophy induced by

mechanical overload in both the rat (16) and the guinea pig (17) whereas it is increased in the old

SHR rat (18, 19) and in the cardiomyopathic hamster (20). In one study concerning the renal

hypertensive rat (RHR) this number is decreased (21).

T ; Number of D intheh hi
Model Bmax Density* | Total number Ref
(fmol/mg) per heart **
Rat SHR (9 w) | 102 (103) = 1 (14)
(10w) | 218 (187) = 1 (15)
(16 w) | 1960 (1538) 1 1 (18)
Q4w) | 141 (98) 1 1 (14)
RHR 334 (549) ! 2n
AS 310 (286) = 1 (16)
Guinea pig AS 168 (195) = 1 a7
Hamster CM @ w) 355 (187) 1 1T @2n

( ): control values. * calculated assuming that the surfacelvolume ratio of the myocytes and the
yields of the membrane preparations of hypertrophied and control hearts were identical and **
according to the % of hypertrophy. SHR: spontaneously hypertensive rat; RHR: renal
hypertensive rat; AS: aortic stenosis; CM: cardiomyopathy.
Ca2* current

The Ca?* current has been measured using the patch-clamp technique on isolated
myocytes from the right ventricles of cats with pulmonary arteria stenosis (22) and from left

ventricles of rats with renal hypertension (23) or aortic stenosis (24). The current amplitude is
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enhanced in these models. The current density of hypertrophied myocytes from cat (22) and rat
(24) is not different from that of control myocytes whereas it has been shown to be increased in

RHR (23), due to the membrane capacitance calculated in this study.

Adaptation to hypertrophy

During compensatory hypertrophy of the rat heart, we have shown (16, 24) that 1) the
total number of DHP receptors per left ventricle and the Ca2* current amplitude per myocyte is
proportional to the degree of hypertrophy ; 2) the density of DHP receptors calculated according
to the increase in sarcolemmal and T-tubule surface area measured by Anversa (1, 2) and the
density of Ca2+ current calculated by normalization of the amplitude by the membrane
capactitance were indentical in normal and hypertrophied myocytes. They result in a similar
inotropic effect of external calcium and of dihydropyridines on hypertrophied and control hearts
(25) and represent an adaptational process of the calcium channel to pressure overload. It seems
likely that the same conclusions are valid of the young SHR (14, 15) and the A.S. guinea pig
(17) whereas the increase in density in the old SHR (14 ) and particularly in the CM hamster (21
) impaired might induced an increased Ca2* influx and Ca2+ overload.

However, regulation of the Ca2+ channel activity by functions which might be altered in
the hypertrophied heart has not yet been investigated. It might be assumed that the decreased
number of B receptors in the rat compensatory hypertrophy would lead to a decrease in the
stimulatory effect of B-agonist. Moreover if the G regulatory protein of the Ca2+ channel is

modified it would affect the Ca2+ current of the hypertrophied myocyte.
B-ADRENERGIC SYSTEM

Compared to the Ca®* channels or the Na*/K+ ATPase, the B-adrenergic receptors are
scarce in cardiac myocytes. Nevertheless, according to the amplification mechanism of the B-
adrenergic system through coupling to G proteins then activation of the catalytic subunit, the
binding of B-agonists induces a high inotropic response. As a consequence of the increase in the

intracellular levels of cAMP, protein kinases are activated promoting the phosphorylation of
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various proteins within the myocardial cell. Phosphorylation of the Ca**channels increases the
CaZ*influx during each action potential plateau (9) ; at the SR level, that of phospholamban
stimulates the Ca®*-ATPase activity, and hence the relaxation and contraction (26) ; at the
myofibrillar level, phosphorylation of Tnl enhances the Ca?* affinity of TnC. By these ways the
B-adrenergic system participates in the regulation of the inotropic response of many other
systems.

Two subtypes of B-receptors have been characterized first by their pharmacological properties
then by cloning the cDNA of their mRNA (27). B1 and B2 receptors are transcribed from two
genes. They are glycoproteins with a molecular mass of 64,000 D. The two subtypes are
expressed in human heart (28) while only the B1 subtype is expressed in rat myocytes (29).
Expression of these cardiac receptors is regulated through : 1) the action of circulating
catecholamines (homologous regulation). Desensitization and internalization of the B-receptors
occur after binding of an agonist and rapidly result in a reduction in the number of B-receptors.
Down-regulation observed after a long period of stimulation by B-agonist is maintained by
regulation of the gene expression. On the other hand, up-regulation was observed after binding
of an antagonist. 2) presence of a CAMP responsive element (30) on the gene. This down-
regulation of transcription is observed after 8-agonist action and results in a direct increase in
cAMP levels. 3) action of thyroid hormone. There is general agreement that the density of B-
adrenergic receptors does increase during hyperthyroidism, and the opposite effect occurs during
hypothyroidism. The presence of a glucocorticoid responsive element (31) on the gene is

involved in this regulaton.

B-adrenergic receptors in the hypertrophied heart.

In the hypertrophied heart, the regulation of the number (table IT) and the function of 8-
receptors is well documented in man and in experimental animal models. It is often associated
with a reduction of the inotropic responsiveness to catecholamines (32).

In man
In the human heart (28, 33), there is a decrease in the number of 8-receptors which is

more pronounced at the terminal stage of heart failure . This down-regulation is correlated with
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an elevated level of circulating catecholamines and is mainly carried on by the B1-subtype which
is the predominant subtype in the normal left ventricle (B1/B2 =65/35) (33). Hence the inotropic
and chronotropic effect of the B2 subtype which in the hypertrophied heart might become the
predominant subtype, has to be considered during the therapy of the failing heart. In fact, the
treatment of cardiac insufficiency by a B-agonist which would have been beneficial during the
compensatory phase of hypertrophy appeared to be deleterious at the end stage of heart failure by
increasing the CAMP level and cousing cardiac arhytmia (34). In order to prevent a deleterious
down- regulation of the receptors and still get an inotropic effect, the use of selectif 81 agonists
with partial antagonist activity has been tested (35). Another way to get an inotropic effect
without down-regulation of the B-receptors by using PDE inhibitors and in particular PDEIIL
The positif inotropic effect of amrinone and milrinone is proportional to the inhibition of PDEII
and is accompanied by a very slight chronotropic effect and a vasodilatator effect of the arterial
and veinous circulation (36). Although these effects are beneficial for a short period, it seems
that the PDE inhibitors also increase the rate and severity of ventricular arythmias in severe heart

failure(37).

Table II: Number of B -r rs in hied h

Model Bmax Density* Total Ref

(fmol/mg) number**
Man FH 24 (52) 1 (28)
32 (59) l (33
Rat SHR 34 (48) l (38,39)
188 (480) l (85)
RHR 22 (37) ! = (40)
75 (110) 1 41
51(38) 1 1 (38)
AS 25 (31) l = (42)
160 (480) I l (85)
Dog AS 111 (61) 1 1 (44)
Guinea pig 54 (28) 1 (45)

( ): control values. * calculated assuming that the surface/volume ratio of the myocytes
and the yields of the membrane preparations of hypertrophied and control hearts were
identical and ** according to the % of hypertrophy. FH.: failing heart; SHR:
spontaneously hypertensive rats; RHR: renal hypertensive rats; AS: aortic stenosis.
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In rat

In the hypertrophied rat heart, the regulation of B8-adrenergic receptor density has been
studied in SHR (38, 39), RHR (38, 40, 41), and pressure overload induced hypertrophy (42).
Despite a normal content of circulating catecholamines (40), the density of the B-receptors is
decreased in the pressure overload model. It is also decreased in all the studies concerning the
SHR model where an elevated level of catecholamines has been described but the results in the
RHR model are contracdictory (table II). However, most of these studies have been conducted
without any distinction of the 81 and 82 subtypes although the B1 subtype is the only one
present on the rat myocyte (29). The B2-subtype which represented 15 % of the receptors in the
normal heart is localised on the non-myocardial cells. One report (43) which takes into account
this repartition, shows that the 30 % decrease observed in compensatory hypertrophy concerns
only the B1 subtype. Moreover, a new low-affinity 81 subtype has been characterized. In fact,
the decrease in the number is related to a decrease in the density of receptors whereas the total
number of receptors calculated per left ventricle is unchanged. This can be applied to most of the
models of the hypertrophied rat heart .
In other species

In other species, contradictory results have been published and this might depend of on

the stage of the disease. In the dog with cardiac failure the number of receptors is increased but
their affinity is reduced (44). Whereas an increase in receptor density has been reported in

guinea-pigs (45).

Regulation of the inotropic response

There is no obvious correlation between the density of the B receptors and the inotropic
response (32). The latter is often diminished, rarely unchanged whatever the density of
receptors. These data which do not discard the role of the density of the  receptors in the
inotropic response argue in favor of additional levels of regulator.

A very recent paper (6) on the human failing heart deals with a direct relationship

between the reduced inotropic effect and the enhanced level of Gj protein. In the hypertrophied
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heart, the role of G protein has been suspected in RHR (38) and dogs (44) but there are still
few results concerning their precise regulation during hypertrophy. In compensatory
hypertrophy of the rat heart (43), the new low affinity P1-subtype argue for a defect in the
coupling of the receptor and the Gs protein. It recently appears that the level of the as subunit of
the G protein and of its mMRNA correlate rather well to the inotropic response during chronic
dynamic exercise or in volume overload pigs independently of the of B-receptors density (46).
Measurements of the adenylate cyclase activity in various species and models indicate an
unchanged activity except in RHR (38) and dogs (44).
Consequences of a treatment with B-agonist will only be fully understood and previsible after
further investigation on the characteristics of the three components of the adrenergic system will

be completed at each stage of the disease.
CaZ*-ATPase FROM SARCOPLASMIC RETICULUM

The sarcoplasmic reticulum (SR) is a highly organized intracellular membrane system
which plays a critical role in the contraction-relaxation mechanisms. The junctional SR where the
ryanodine receptor is localised (47, 48) is responsible for the Ca®* efflux needed for the
contraction of myofibrils (49). The longitudinal SR contains the Ca®*-ATPase which is
responsible for the uptake of CaZ* liberated during relaxation and participates in the low [Ca2*J;
level during diastole with the Nat/ Ca2+ exchange and the Ca2+-ATPase from SL(50).The Caz"-
ATPase is a membrane protein with a molecular mass of 110,000 D that constitutes the major
part of the proteins in cardiac SR. Recently, Mc Lennan and co-workers (51-54) have cloned
and sequenced the cDNA encoding four distinct Ca®*-ATPase isoforms. Two isoforms are the
products of one gene in fast-twitch muscle. The other two are producted by alternative splicing
of a second gene and one of them is the slow-twitch/cardiac isoform. One major difference
between the fast-twitch and cardiac Ca2*-ATPase is the lower activity and the regulation by
phospholamban of the latter one (26). Phospholamban is a low molecular mass protein (22,000
D) which is also present in the longitudinal SR and whose phosphorylation by cAMP-dependent
protein kinase activates the ca® uptake.
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Ca2+-ATPase from SR in the hypertrophied heart

In cardiac hypertrophy due to pressure overload, alteration of the SR properties have
been suspected because 1) the duration of isometric contraction and relaxation were prolonged
(55, 56) ; 2) the Ca%* transient, measured by aequorin, was also prolonged in human heart
failure and in hypertrophied ferret hearts (57, 58); 3) the tension independent heat (TIH) which
can be related to the movements of [Ca2+]i was decreased and the time to reach the TIH peak
was delayed (59) ; 4) very recently, ca?* reuptake has been shown to be slower in partially
skinned cardiac fibers from mechanical overload rat hearts (60). These properties were thought
to be due to impaired ca** handling and to a decreased activity of the SR Ca?* pumping system.

In fact, Ca?* transport was shown to be reduced in isolated SR from hypertrophied
hearts of man (61), rabbit (62) calf (63) and rat (SHR (64), RHR (21) and pressure overload
models (65)). The decrease in CaZ+-ATPase (21, 62-65) activity was observed despite
differences in the purification procedure and the yield in SR proteins between hypertrophied and
normal myocardium. It might be related to changes in the turn-over rate of the enzyme and/or the
density of the Ca®*-ATPase. These two possibilities have been carefully investigated in a recent
paper that also examined the regulation of expression of the gene coding for the Ca®*-ATPase
(65).The authors show that oxalate-stimulated Ca2+ uptake/mg protein was decreased in mild
and severe compensatory hypertrophy induced by pressure overload in the rat. It was related to a
parallel decrease in the density of functionally active Ca®*-ATPase in severe hypertrophy.
Moreover the total amount of CaZ*-ATPase estimated by immuno-blot analysis was the same in
LV'S from both hypertrophied and control hearts. By S1 nuclease mapping, they demonstrated
that the same Ca>*-ATPase mRNA was expressed in the two groups and by dot-blot analysis
they quantified the level of this mRNA. Their results which show a decrease in the mRNA
concentration confirm those of Komuro et al.(66) and Nagai et al. (67). However, it must be
pointed out that the total content of Ca®*-ATPase mRNA per left ventricle remains unchanged in
normal and hypertrophied hearts. Taking into account their results on the activity, number and
gene expression of the Ca®*-ATPase and also the results from the morphometric studies of

Anversa (1, 2) on the increase of SR area (a2) in the hypertrophied myocyte, the authors
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conclude that the decrease in Ca?* pumping activity observed in hypertrophied heart was not due
to a qualitative alteration of the Caz*-ATPasc gene expression but rather to a relative diminution
of the density of the Ca®*-ATPase which might be explained by a maintained level of expression
of the Ca®*-ATPase gene. However another regulatory mechanism might occur in cases of mild
hypertrophy since there is no significant decrease in the density of the Ca®*-ATPase whereas the
Ca2+ uptake was decreased.

Regulation of Ca2+-ATPase function

The role of phospholamban whose phosphorylation activates the Ca®*-ATPase is as yet
poorly documented in the hypertrophied heart. However, the first indication of a possible role
was found by Nagai et al. (67). In hypertrophied rabbit heart they observed a decrease in the
level of phospholamban mRNA which is parallel to the decrease in the level of Ca®*-ATPase
mRNA . Regulation of SR functions also occured through B-adrenergic system whose activity is
often impaired during hypertrophy. The implication of such an alteration has not been
extensively studied. In SHR (68), a strong correlation between the decreased Ca2+ accumulation
and the reduced cAMP-dependent protein kinase activity argue in favor of such a regulatory role.
Finally, other factors such as calsequestrin may also regulate the SR activity but their role is still

unknown in the hypertrophied heart.
Na+/K+ ATPase ISOFORMS

The Na*/K* ATPase is an oligomeric functional unit of two « catalytic subunits with a
molecular mass of 112,000 D and two B subunits with a molecular mass of 45,000 D. The Nat
pump extrudes 3 Nat ions against 2 K* ions and thus participates in the intracellular
homeostasis of Nat and K*. Its inhibition by specific cardiac digitalis such as ouabain enhances
the [Na*]i which in turn leads to an increase in [Ca2+]i via the Na*/Ca2* exchange and to a
positive inotropic effect. Until recently, the only way to identify the Nat/K+ ATPase isoforms
was their high or low sensitivity to ouabain as measured by inhibition of activity, ouabain

binding, and inotropic effect and their separation after electrophoresis.
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The molecular basis of these effects have been clarified by the molecular cloning of three
mRNA's coding for three isoforms of the a catalytic subunit (69). The ol mRNA codes for the
ubiquitous low-affinity al isoform, the o2 mRNA for the high-affinity isoform which is highly
represented in brain; the a3 mRNA is expressed in brain and in neonatal rat heart and
comresponds to a high-affinity isoform (70, 71).

Na+/K+ ATPase properties in the hypertrophied heart.
The properties of the Nat/K* ATPase from hypertophied heart have been studied in

various species.

Table IIT: Nat/K+ ATPase activity or ouabain binding site number in the

hypertrophied heart.
Model Bmax Actuvity | Density* Total Ref
(pmol/mg) (umol number**

Pi/mg/h)
Man CM | 331(5) 1 a2
Cat PAS 39 (52) ! (5)
Pig AS 3,9 (5,6) ! 73)
Hamster M 2,4 4,5 l (73)
9,1 (20) ! (74)
Rat SHR 4,7 (8,9) | 87(133) l 1 (76)
62 (144) l 1 (18)
RHR 8(14) l 1 79
140 (133) = T 21
AS (HA) | 3,8 (2,1) T T C))
AS (LA) | 80(148) ! = 4)

{ ): control values. * calculated assuming that the surfacelvolume ratio of the myocytes and the
Yyields of the membrane preparations of hypertrophied and control hearts were identical and **
according to the % of hypertrophy. CM: cardiomyopathy, PAS: pulmonary aortic stenosis; AS:
aortic stenosis; SHR: spontaneously hypertensive rats; RHR: renal hypertensive rats.

As shown in table III, a decrease in the number of ouabain binding sites and/or in the

Nat/K+ ATPase activity has been observed in human (72) and syrian hamster CM (73, 74), in
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pig (73), cat (75) and hypertrophied hearts. In rat, the pattern is more complex, depending of
which model is being studied. In SHR, there is a decrease in the number of sites ( 18, 76, 77);
in aortic stenosis model, the number of low affinity binding sites is reduced whereas the number
of high affinity binding sites increases two fold (4) ; in RHR the total activity is unchanged (21).
By measuring the dissociation constant for ouabain or the EC50 of the inotropic effect the
sensitivity to ouabain of the hypertrophied heart has been shown to be unchanged (41) or
increased (78) in man, increased in cat (75) dog (78) hamster (73) SHR (76, 77) unchanged in
RHR. The inotropic effect is prolonged in rat aortic stenosis (5).

According to these quantitative or/and qualitative modifications the inotropic
responsiveness to ouabain must be modified. For example, we have shown in rat heart
hypertrophied by pressure overload that a five to seven fold increase in the dissociation rate
constants of the high-and low- affinity sites is responsible for the prolonged inotropic effect of
the drug. Moreover, the decrease in the toxic effect might be due to a decreased number of low
affinity sites. However, it is worthy to note that the correlation between changes in the number

or affinity of the Na* pump and the inotropic response is not clearly established.

Regulation of the Nat/K+ ATPase isoforms in the hypertrophied
heart.

Although most of these results did not take into account the presence of the various
isoforms of the catalytic subunit of the Na*/K+ ATPase, we might assume that during
hypertrophy, there is a regulation of the genes coding for these isoforms. Indeed, this regulation
has been observed during the ontogenic development of the rat heart (70, 71) and under the
influence of thyroid hormone (80). It has been shown that the level of a1 mRNA which is the
predominant Nat/K* ATPase subunit in the rat myocardium does not vary either under the
influence of age or triiodothyronine (T3) whereas the «2 mRNA, absent in the fetal and
neonatal heart is up regulated after birth and by T3. The o3 mRNA present in fetal and neonatal
hearts, disappears in the young animal but is still up regulated by T3. Hence, a highly complex

pattern of regulation of at least three isoforms may occur during hypertrophy : 1) a quantitative
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up- or down-regulation of the isoforms already present 2) a qualitative regulation of the
expression of an isoform absent from the control or the expression of mutated genes.

Gene expression of the catalytic subunits of the Na*/K+ ATPase has been studied in two
genetic hypertensive rat models (81, 82). In these models, the mRNA level of the predominant
a1 isoform is unchanged and the o2 is reduced. In fact, the important factor appears to be a
single mutation of the a1 gene which codes for an a1 isoform with reduced Na*/K* ATPase
activity (See Table III).

To explain the increased density and total number of the high-affinity binding sites in rat
compensatory hypertrophy (4) an increased accumulation of mRNA coding for a high-affinity
form might have been suspected. In fact, preliminary results (83) indicate that 1) the a3 isoform
which is expressed in the neonatal heart is not detected using the a3 specific probe in the
hypertrophied rat heart although the enzymatic properties of the neonatal Na*t/K+ ATPase are
similar to those of the hypertrophied heart. 2) the expression of the a2 is decreased . According
to these resuits, it appears that other regulatory factors might be involved either at the level of
the gene (another yet undetected isoform ?) or of the membrane (phospholipids, regulatory
proteins).

In man since the affinity is increased and the density is decreased quantitative and
qualitative regulation of the gene expression might occur.

Among the heterologous factors which might regulate the inotropic effect of cardiac
digitalis, the Na*/Ca2* exchange might be a good candidate. In two recent studies (21, 84), the
activity and the Ca2+ affinity of the Nat/Ca2+ exchange was depressed in the RHR and the
compensatory hypertrophy of the rat heart was decreased. Thus the reduced efflux of Ca2+

during relaxation might participate into the positive inotropic responsiveness to digitalis.

CONCLUSION

The data reported in this review suggest that the adaptive mechanism of the membrane
proteins to an increase in hemodynamic work is not homogeneous. Moreover, they emphasize

the necessity to estimate not only the density of the receptors but their total number per myocyte



or per heart. Three different types of adaptation have been observed in compensatory
hypertrophy of the rat heart and are discussed for other models.

1) The density of the membrane proteins is unchanged whereas their total number is
increased. The CaZ*-channels estimated by the number of DHP receptors represent an example
of this regulatory pathway (16). These conclusions are also supported by the measurement of the

Ca2

* current in hypertrophied myocytes (24). They suggest that the increase in total number
which is proportional to the hypertrophy is related to activation of the gene coding for the Ca?*-
channel. This adaptational process might be overdeveloped in aged SHR and in the hamster
cardiomyopathy since the receptor density is increased.

2) The density of the membrane proteins is reduced but their total number per myocyte or
per left ventricle remains unchanged. In compensatory hypertrophy of the rat heart, this is the
case for the Bl-receptors (43), the al low-affinity form of the Na*/K* ATPase (4) and the
Ca®*-ATPase from SR (65). Moreover, analysis of the accumulation of the Ca®*-ATPase
mRNA strongly suggests that the expression of the cardiac Ca2+-ATPase gene is neither up- nor
down-regulated. The uhchanged total number of B1-receptors also suggests that the expression
of the genes coding for these proteins remain unchanged. Hence, the decreased density of these
receptors observed during compensatory hypertrophy does not seem to be related to a down-
regulation as often assumed in similar models. In the human heart however the constant decrease
of the B1-receptors is associated with the severity of the disease and argues in favor of a down-
regulation.

3) the density and the number are increased together with a modification of the properties
of the receptors. This occured for the high-affinity binding sites of the Na*/K* ATPase (4) but
actually we don't know whether a new receptor isoform is expressed or whether adaptation
comes from other factors (83). It seems neither related to the mRNA accumulation of the o2
isoform nor to the expression of the ®3 mRNA. However, the regulation of the two types of
ouabain binding sites is totally different . The increase in ouabain sensitivity observed in other
species and in heart failure in man might also depend more on the regulation of the high-affinity

form than on that of the low-affinity form.
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It appears that the most numerous studies have been performed on the mechanisms
involved in the inotropic response of therapeutic drugs, particularly B-agonists and cardiac
digitalis. However modification of other receptors even scarecely represented in the membrane
might play a role in the contraction regulation of the hypertrophied heart and would deserve
complementary studies. In this context, studies on al- and muscarinic receptors ( 45,43,86) and
on Na+/Ca2+ exchange (21,84) are still poorly developed in the hypertrophied heart. Their
adaptation mechanism is similar to that of the B-adrenergic mechanism. Studies on angiotensin
II, histaminic, purinergic receptors are almost absent. Characterization of the G proteins
involved in the coupling mechanism of the adrenergic system is in constant progress (6). Among
the channels, there is no extensive report on the Na* and the K* channels although the latter
might be involved in the lengthening of the action potential. The Ca®* release channel from SRis
another example of a yet unstudied channel. This is certainly due to its very recent
characterization in the normal cardiac SR (87) . There is no doubt that investigation of the
properties of this receptor in the hypertrophied myocyte would help to solve the problem of Ca?*
handling and of E-C coupling.

Finally, the regulation of expression of the genes coding for the membrane receptors of
the hypertrophied myocyte is the next step necessary to enable us to understand this
inhomogeneous regulation. The development and therapeutic use of new inotropic agents depend

on the precise knowledge and evolution of their targets during hypertrophy.
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SUMMARY

We report and compare the qualitative and quantitative modifications of membrane receptors in
the hypertrophied heart of different species. In the hypertrophied rat heart, according to the
morphometric results of Anversa on the increase in surface area of the myocyte, we suggest that
three types of adaptational mechanism occur. The first type which is observed for the Ca?*
channels is responsible for an increased number of receptors with an unchanged density. This
adaptational process maintains a similar Ca®* current density in the normal and the hypertrophied
myocyte. In the second mechanism the number of receptors remains constant which results in a
decreased density. This was observed for the B-receptors and Ca**-ATPase from sarcoplasmic
reticulum. In the case of the Ca2+-ATPase, the study of the mRNA coding for the cardiac
isoform confirmed that the same gene was expressed without up- or down-regulation. In the
third mechanism, observed for the high-affinity form of the Na*/K* ATPase, both the number
and density of receptors were increased, and the properties of the low- and high-affinity sites of
the Na*/K* ATPase were modified. In other species, the same types of adaptation may occur
during compensatory hypertrophy. However, it seems likely that in hypertrophied heart from
aged rats or during severe hypertrophy or cardiac failure in man, these regulations are
overpassed. For example, the decrease in B1-receptors at the terminal stage of heart failure is
probably due to a down-regulation of the gene which was not observed during compensatory
hypertrophy. Expression of the results both in density and total number is essential for a valid
interpretation of the qualitative and quantitative modifications occuring at the membrane level.
The search for new inotropic drugs must take into account these modifications of their targets.
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Myocardial hypertrophy is associated with a number of
heart diseases and is of great clinical relevance. Despite
many research efforts, the signals involved in the hypertrophy
process are still poorly understood (1-4). Recently, it was
found that the subcellular structure of the myocyte differs in
various forms of hypertrophy. Great emphasis has been placed
on gene expression of the myosin heavy chains (MHC) which
determine the isoenzyme population of myosin. The myosin iso-
enzymes influence the ATPase activity (5,6), the energetics of
the cross bridge cycle (7,8), oxygen consumption of the whole
heart (9,10) and the mechanics of heart muscle (11-13). Al-
though changes in the MHC expression are less relevant for the
heart of large mammals with predominantly V5, they nonetheless
provide the unique possibility of tracing an altered mechani-
cal performance of the heart to an altered gene expression.
Because there is increasing evidence that in a number of func-
tional states the MHC expression is associated with coordi-

2*_stimulated ATPase of

nated changes in the activity of the Ca
sarcoplasmic reticulum (14,15), a better understanding of the
regulation of gene expression of myosin should help also in
understanding the requlation of the activity of the sarcoplas-

mic reticulum Ca2+-pump. At present, our knowledge of the
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signals involved in myocardial hypertrophy and altered MHC
expression is still very fragmentary and a unifying concept
has not yet evolved. The situation is particularly complex
because not all interventions which cause cardiac hypertrophy
influence MHC expression. It was, therefore, considered impor-
tant to compare the possible signals involved in the induction
of hypertrophy and in MHC expression, taking into account also
interventions which result in reversal of cardiac hypertrophy.
Thyroid-dependent growth of the heart

The effect of thyroid hormones on myocardial hypertrophy
and MHC expression is well documented. Most of the evidence is
based on pharmacological interventions which involve either
surgical or chemical thyroidectomy or the injection of high
doses of thyroid hormones. The changes seen in myosin isoenzy-
me distribution are regulated at the nuclear level because the
concentrations of the respective proteins and mRNAs are di-
rectly correlated (16). It is typical for the effect of thy-
roid hormones that the genes encoding for alpha-MHC and beta-
MHC are regulated in an antithetic manner, whereby the expres-
sion of the alpha-MHC gene is favoured by thyroid hormones.
Because the promoter region of the myosin gene contains a T,
receptor binding site, thyroid hormones seem to influence
directly myosin gene expression (17,18). The comparison of
different pharmacological doses of thyroid hormones shows that
at thyroid hormone concentrations where a nearly complete
switch in myosin expression occurs, the maximum stimulus for

cardiac growth has not been reached. Thus, at a daily dose of
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0.2 mg/kg T,, a nearly homogeneous V; was induced, whereas
with 1 mg/kg T, no further effect on myosin expression was
observed but the degree of hypertrophy still increased (unpub-
lished). The effect of thyroid hormones on cardiac growth is
particularly pronounced when T, was injected into rats which
have previously been chemically thyroidectomized. The ventri-
cular weight increased by 70% within 3 weeks which was associ-
ated with a transition of myosin expression from V; to V,
(unpublished). The cardiac hypertrophy seems not to be media-
ted by alpha- or beta-receptors (19). Because the increased
cardiac output of hyperthyroid rats is not affected by beta-
receptor blockade, the mechanical activity could provide a
signal for cardiac growth (19). This would be in accordance
with the finding that thyroid hormones did not prevent atrophy
of heterotopically transplanted hearts with a greatly reduced
cardiac output (20,21). One should, however, take also into
account that T4 has direct anabolic effects in cultured cardi-
ac myocytes (22). Compared with the effect of thyroid hormo-
nes, much less is known on the signals involved in clinically
more relevant types of myocardial hypertrophy.
Pressure overload of the heart

Pressure overload of the heart results in myocardial
hypertrophy and changes myosin expression in favour of beta-
MHC (23). Any theory which tries to explain these events has
to take into account the much less studied process of reversal
of cardiac hypertrophy. In the case of pressure overload ari-

sing from constriction of the renal artery, the hypertrophy
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and the increased expression of beta-MHC are normalized after

removing of the load by unclipping of the renal artery (24)

(Fig.1).
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Fig.1l Myosin isoenzyme populations of rat left ventricles of
normotensive Wistar control rats (C), renal hypertensive rats
(two-kidney, one-clip Goldblatt; 2KiC), renal hypertensive
rats treated with felodipine (0.5 mg/g food) and metoprolol (6
mg/g food) (T-2K1C) and renal hypertensive rats in which the
renal artery constriction was removed (UC-2K1C). The values of
blood pressure (mm Hg) and of the ratio of left ventricular
weight (mg) to body weight (g) are means + S.D.; statisti-
cally significant (P < 0.05) from C in the case of 2K1C or
from 2K1C in the case of T-2K1C or UC-2K1C; data from ref. 24.

Nephrectomy of the ischemic kidney also normalized myo-
cardial hypertrophy and MHC expression (25). A reversal of
hypertrophy and MHC expression was also observed when the high

blood pressure was normalized by a combined treatment with

felodipine and metoprolol (Fig.l) or with a converting enzyme
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inhibitor (26,27). A treatment with clonidine, hydralazine and
furosemide had, however, no effect on myocardial hypertrophy
and myosin expression although blood pressure was reduced from
215 mm Hg to 173 mm Hg which was, however, still higher than
that of the control rats (26).

If the increased wall stress were the decisive signal in
the pressure overloaded heart for cardiac growth, one could
assume that stretch-sensitive systems were involved which
could trigger a second messenger cascade affecting growth and
myosin expression. Possible signals which are sensitive to
stretch could involve the adenylate-cyclic AMP system (28) or
ion channels (29). The identity of the initiating signal re-
mains to be shown also for the proto-oncogene concept which
assumes a coordinated action of growth factors, growth factor
receptors, intracellular transducers and transcription factors
(30,31).

There is general agreement that the signals responsible
for the increased beta-MHC expression in the heart with a
defined pressure overload are not likely to arise from altered
circulating thyroid hormones (32). Because in models of pres-
sure overload where the overload is restricted to one chamber,
the unaffected chamber exhibited only a slight increase in Vv,
(32) or beta-MHC mRNA (33), the stimulus for growth and myosin
expression seems to be closely linked to the increased load.
The increase in V,; of the apparently unloaded ventricles of
rats with aortic stenosis can most probably not be attributed

to a reduced thyroid influence (32). In the case of right
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ventricular hypertrophy induced by ingestion of Crotalaria
spectabilis seeds, the proportion of V3 was markedly increased
in the non-hypertrophied left ventricle (34). Because in the
Crotalaria spectabilis treated rats the blood thyroxine con-
centration was reduced, a reduced thyroid influence could be
responsible for the increased beta~MHC expression. In the
aldosterone-salt hypertensive rats, the non-hypertrophied
ventricle exhibited the same increase in V; as the overloaded
left ventricle (35). Although blood thyroxine was reduced, it
cannot solely explain the biventricular change in MHC expres-
sion because one would nonetheless expect to see the effect of
the left ventricular overload (35). Whether a volume overload
of the right ventricle contributes to the MHC expression,
remains to be shown.

Compared with the models of pressure overload where the
overload is clearly defined, the signals for hypertrophy and
MHC expression are less clear in the case of spontaneous hy-
pertension. Although the high blood pressure of spontaneously
hypertensive rats (SHR) results in myocardial hypertrophy and
a switch in myosin expression in favour of beta-MHC (36), no
complete reversal of these processes has yet been achieved.
Physical exercise in the form of swimming or spontaneous run-
ning lowered the high blood pressure of SHR but did not result
in a ventricular weight typical of exercised normotensive rats
(37). Both swimming exercise and spontaneous running lowered
blood pressure to a similar extent, the proportion of V; was

reduced, however, only by swimming (37) (Fig.2).
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Figure 2. Myosin isoenzyme populations of rat left ventric-

les of sedentary Wistar rats (W), sedentary SHR (SHR), SHR
running spontaneously (SHR running) and swim exercised SHR
(SHR swimming). The values of blood pressure (mm Hg) and of
the ratio of left ventrlcular weight (mg) to body weight (g)
are means + S.D.: statistically 51gn1flcant (P < 0. 05) from
W in the case of SHR and from SHR in the case of running SHR
or swimming SHR; data from ref. 37.

Because swimming had a comparable effect in normotensive
rats (36~39), the switch in myosin expression is most 1likely
not a result of blood pressure reduction, but is a characteri-
stic feature of swimming.

Normalization of blood pressure by pharmacological
treatment is also not necessarily associated with a reversal
of hypertrophy or normalization of MHC expression in SHR.

Thus, treatment of SHR with the vasodilator hydralazine for 12

weeks normalized blood pressure but reduced hypertrophy only
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slightly and had no significant effect on MHC expression

(Fig.3).
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Fig.3

Myosin isoenzyme populations of left ventricles of

Wistar rats (W), SHR and SHR treated with hydralazine (80 mg/1l
drinking water) (T-SHR). The values of blood pressure (mm Hg)
and of the ratio of 1left ventricular weight (mg) to body
weight (g) are means + S.D.:; statistically significant (P <
0.05) from W in the case of SHR or from SHR in the case of T-
SHR.

In the study of Nagano (40), the proportion of V, was
slightly reduced in hydralazine-treated SHR but did not reach
the level seen in normotensive rats although blood pressure
was again normalized. One might argue that the incomplete
reversal of MHC expression could arise from the reflex stimu-
lation of the sympathetic nervous system which is typical for

a vasodilator therapy. Because in isolated myocytes, where the
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effect of catecholamines can precisely be controlled, catecho-
lamines resulted in an increased proportion of V; (41), it is
unlikely that the high proportion of V, arises from an enhan-
ced adrenergic influence. Captopril which also normalized
blood pressure and reduced hypertrophy to a greater extent
than hydralazine had only a small effect on V5 (40). In SHR
blood pressure control on its own is thus not sufficient for
normalization of hypertrophy or MHC expression. These findings
are intriguing because hypertrophy is present at normal blood
pressure and the wall stress is expected to be lower than in
the heart of normotensive rats.

Alpha-methyldopa had only a slight effect on blood pres-
sure, but nonetheless reduced hypertrophy to the same extent
as hydralazine (40). Myosin expression was not changed. When

2+ anta-

the beta-adrenergic blocking drug bunitrolol or the Ca
gonist verapamil were given to SHR, blood pressure was not
lowered, but hypertrophy was reduced. Myosin V4 was again not
affected. Because methyl-dopa, bunitrolol and verapamil which
all reduce the influence of the adrenergic system lowered the
degree of hypertrophy irrespective of the pressure overload,
the adrenergic system seems to have a modulatory effect on
cardiac growth (42). Taken together, the data show that the
mechanism by which the overload is removed is critical and
that not all treatments which normalize the cardiac load nor-
malize also the cellular signals which stimulate cardiac

growth and increase the beta-MHC expression. Thus, stretch

sensitive systems are either not of primary importance for
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inducing hypertrophy and changing MHC expression or the intra-
cellular messenger cascade can be a target for alterations.

Compared with the effect of short-term pressure overload
typically not exceeding 3-4 months, our understanding of the
processes involved in long-standing pressure overload is still
limited. Of particular interest are the signals which are
responsible for the transition of the compensated heart with
concentric hypertrophy to the dilated failing heart. In the
case of old SHR, the dilated ventricles exhibited a higher
proportion of V5 compared with ventricles with compensated
hypertrophy (43). In accordance, cardiac norepinephrine deple-
tion which most probably precedes dilatation was observed in
ventricles with the highest proportion of V; (43).
Volume overload of the heart

Volume overload induces also myocardial hypertrophy and
a switch in gene expression in favour of beta-MHC (44,45). A
comparison of the effect of pressure overload due to renal
hypertension and volume overload due to an abdominal arterio-
venous shunt demonstrates that both the degree of hypertrophy
and the redirection of MHC expression are greater in the volu-
me overloaded hearts (Table 1). When pressure overload and
volume overload were combined, systolic wall stress was great-
ly increased and high output failure occurred (46). Thus, rats
with combined renal hypertension and arteriovenous shunt exhi-
bited after 6 months typical symptoms of congestive heart
failure, such as systemic oedema (46). The myocardial working

capacity was reduced and the time-dependent parameters were
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decreased. Also in this model, myocardial hypertrophy and MHC
expression are more markedly affected than in pressure over-

loaded hearts (Table 1).

Table 1. Effect of pressure overload due to renal hyperten-
sion (2K1C) and volume overload due to abdominal arteriovenous
shunt (AV) and a combination of both overloads (2K1C + AV) on
absolute left ventricular hypertrophy and myosin isoenzyme
populations.

Hypertrophy Vy (%) Vy (%) vy (%)
Control 26.3+4.5 27.611.5* 46.1+6.0
2K1C (8 wk) +24.7% 30.1+4.7 32.31+1.0 37.6+5.3
Control 10.8i1.9* 22.312.0* 66.9i2.7*
AV (10 wk) +43.1% 36.01+9.1 35.7+2.8 28.3+9.7
Control 33.5¢2.0* 33.0x0.6 33.512.1*
2K1C (24 wk) +31.5% 43.2+1.5 32.8+4.0 24.0+1.7
Control 29.914.1* 30.2+1.1 39.9i5.3*
2K1C + AV (24wk) +57.0% 59.7+4.7 26.6+3.0 13.7+2.1

Values are means + S.D; ~ significantly (P < 0.05) different
from control. The operation techniques used for 2K1C and AV
shunt rats were the same in all groups. The duration of the
overload is given in brackets. Data from refs. 9, 45, 46.
Based on the data of rats with high output failure and
SHR with low-output failure it can be concluded that in the
stage of heart failure the expression of beta-MHC persists or
is even increased. Whether the neuroendocrine mechanisms ope-
rating during cardiac failure provide additional signals for
the expression of beta-MHC remains to be shown.
Physical exercise
Compared with pressure overload or volume overload where

myocardial hypertrophy seems to be associated invariably with

a switch in myosin expression in favour of beta-MHC, physical
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exercise represents a more heterogeneous type of load. Sponta-
neous running of rats in activity wheels for 10-12 h/day re-
sulting in up to 15 km/day induced absolute left ventricular
hypertrophy but did not significantly affect MHC expression
(37). This finding is in accordance with previous reports
showing that enforced running routines provided a sufficient
load for inducing cardiac hypertrophy but had either no or
only a slight effect on myosin ATPase activity (47). The ef-
fects of enforced running routines are, however, more complex
because an enforced routiné is expected to be associated with
ill-defined effects of stressors. The fact that a dissociation
occurs between the signals resulting in cardiac hypertrophy
and those affecting MHC expression is important because it
demonstrates that the signals resulting in hypertrophy do not
necessarily affect MHC expression.

The unique effect of swimming exercise on alpha-MHC
expression cannot be attributed to a higher exercise intensi-
ty. Swimming exercise is considered to be mild, corresponding
to 50-65% of the aerobic capacity (48). The effect of swimming
exercise on myocardial hypertrophy seems also not to be grea-
ter than that of spontaneous running (37). The signal for the
increased alpha-MHC expression in the swim exercised rat is
most likely associated with the marked adrenergic drive of
swimming (37). Although one could in principal assume that
thyroid hormones contribute to the higher proportion of Vi,
the experimental evidence is not in favour of a significant

role of blood thyroid hormones (unpublished).
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Because myocardial hypertrophy is not necessarily asso-
ciated with an altered MHC expression, the classification of
cardiac hypertrophy in terms of "physiological™ or "pathologi-
cal" based on the switch of MHC expression or the related
myosin activities (39,49) seems not sufficient for describing
the complex reactions operating in the heart. This concept
nonetheless points out the intriguing fact that in the pressu-
re or volume overloaded heart the hypertrophy process seems
invariably linked to a reduced expression of beta-MHC.

Cardiac hypertrophy due to drugs

Myocardial hypertrophy can be induced by a number of
drugs which increase the influence of the sympathetic nervous
system on the heart (1,4). The interpretation of these in vivo
experiments is complicated by the fact that the drugs could
either have a direct effect or act indirectly via an altered
hemodynamic load. In a cell culture model for cardiac hyper-
trophy, norepinephrine stimulated cardiac myocyte hypertrophy
by an alphal—receptor mechanism (50). If the betal—adrenergic
receptor was activated along with the alpha,-receptor, the
myocytes developed spontaneous contractile activity and the
hypertrophy was augmented (50).

Both isoproterenol and dobutamine increased the expres-
sion of alpha-MHC in the intact rat (51-53). This does, how-
ever, not necessarily indicate a direct effect on the myocyte.
In studies on isolated neonatal myocytes cultured for 4-5 days
in the presence of isoproterenol and prazosin, the proportion

of V1 was increased (41). Phenylephrine in the presence of
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propranolol had a significant but smaller effect (41). Adre-
nergic agonists affect, therefore, MHC expression in culture
essentially in the same manner as in the intact rat.
Hypotrophy of the heterotransplanted heart

The influence of the hemodynamic load on growth and
myosin expression in the normal heart can be deduced also from
experiments involving transplantation of a heart into the
abdominal cavity of the rat (20,21). The heart chambers are
under these conditions essentially unloaded and the size of
the heart is reduced (20,21). The signals resulting in hypo-
trophy are difficult to separate because not only the hemody-
namic load but also the neural influences are reduced in the
transplanted heart. This approach demonstrates, however, that
the normal heart represents a state within a continuum ranging
from hypotrophy to hypertrophy. If one extrapolates from the
effect of pressure and volume overload, one might expect that
a reduction of workload leads to a reduced expression of beta-
MHC. The proportion of V3 was, however, increased (20,21).
Circulating thyroid hormones are not expected to play a major
role in this switch because the heart is influenced also in
the abdominal cavity by thyroid hormones. The reduced expres-
sion of alpha-MHC could be attributed to a smaller influence
of catecholamines. Although one might assume an upregulation
of adrenergic receptors in the transplanted denervated organ,
it seems unlikely that the adrenergic drive is as strong as in
the intact organ. Because beta-adrenergic blockade with ateno-

lol or chemical sympathectomy induced also an increase in V;
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in the absence of alterations in circulating thyroid hormones
(unpublished), the surgical denervation could contribute to
the switch in MHC expression in the transplanted heart. Whe-
ther additional signals related to the reduced hemodynamic
load are involved, remains to be shown.
Remodeling of the heart with pressure overload

It can be concluded that myocardial hypertrophy repre-
sents a heterogeneous response of the heart to a number of
different functional loads. MHC expression does not only dif-
fer quantitatively but also qualitatively depending on the
hemodynamic load or neuroendocrine status. It appears that
myocardial hypertrophy can be associated with either no change
in MHC expression, an increased or a decreased expression of
alpha-MHC. In functional states which result in concentric
hypertrophy and finally in impaired heart performance, the
expression of alpha-MHC is reduced. If one focussed only on
the consequences of an altered MHC expression for mechanical
performance and energetics one could consider the altered MHC
expression as an adaptational event. Because there is increa-
sing evidence that also subcellular structures involved in
ca?*t handling are affected, the consequences of the overall
changes in the subcellular structure of the myocyte for heart
performance are more complex and require further evaluation.

Irrespective of the functional consequences of an alte-
red MHC expression, it was attempted to develop interventions
which affect the subcellular structure of the myocyte of the

pressure loaded heart without having appreciable side effects.
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Based on extensive screening experiments, it was found that
feeding sucrose in the drinking water in a low concentration
can greatly prevent the changes seen in MHC expression and

also in ca2*

-stimulated ATPase activity of sarcoplasmic reti-
culum (54). Because this approach has no appreciable side
effects, it is considered being superior to previous attempts
based on swimming exercise (36,39), sodium-deficient diet (27)
or dobutamine treatment (53). Although at present the functio-
nal consequences of such a "remodeling" of the subcellular
structures of the myocyte are not known, this approach should

open the way of manipulating the subcellular structure of the

heart in a defined manner.
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