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Preface

The importance of heart and artery disease as a cause of death and
disability is difficult to exaggerate: it causes over half of all deaths in
the western world and now accounts for one-quarter of deaths in the entire
world, This appalling incidence persists in spite of commendable progress
in treatment and prevention, particularly in the last two or three decades,
Deaths from coronary disease have decreased by a third in the past twenty
years and stroke has decreased by a half in the same period, This
remarkable improvement, saving thousands of lives per year, has come about
due to changes in life style (low fat diet, control of high blood pressure,
less smoking and more exercise) and progress in treatment (more effective
drugs, coronary care units, pacemakers, and cardiac surgery). Progress in
understanding the pathophysiologic and pharmacologic mechanisms operative in
heart disease have been paramount in the development of more rational and
more effective therapy.

Dramatic and spectacular surgical treatments have fired the public
imagination, Bypass surgery is commonplace and results in complete or
considerable relief of symptoms in the majority of patients operated upon.
Heart transplants are increasingly frequent and now show a one year survival
rate of 80 per cent and a four year survival of 70 per cent, One has lived
for 17 years. Artificial hearts are being used as a final resort on an
experimental basis., Nevertheless it must be recognized with realism and
regret that all of these heroic measures are rather crude and only
palliative, The underlying disease continues and eventually reappears in
the heart or elsewhere in the body. They are procedures to be used only
until superior methods of treatment or prevention are available.

Best hope for the ultimate conquest of these deadly afflictions lies in
increased knowledge of the intricate structure and behavior of the cells
which make up the heart and blood vessels, This, in turn, requires a
comprehension of the nature and functions of the minute components of cells
at the subcellular, molecular and atomic levels, To this end an
appreciation of the myriad enzymes, hormones, and biochemical substances
which govern the life of the cell both in health and disease is required.
This complex interplay may be defined as the metabolism of the cell. While
much is known about how and why heart cells contract and then relax in
cyclic manner to produce the pumping action of the heart, very little is

known regarding the exact relationship among metabolic, ultrastructural,



xii
electrical and mechanical aspects of cardiac muscle., To increase knowledge
and to enable better prevention and treatment it is necessary to integrate
the diverse and somewhat scattered information to be found in physiology,
biochemistry, pathology, pharmacology and clinical cardiology. In an effort
to accomplish such an integration, the Department of Physiology (Section on
Experimental Cardiology) of the University of Manitoba Medical School
organized an international symposium on "Heart Metabolism in Health and
Disease" which was held in the Winnipeg Convention Centre July 8-11, 1986.
The Meeting comprised the 8th annual meeting of the International Society
for Heart Research (American Section), a Satellite Symposium of the XXX
International Physiological Congress (held in Vancouver) and the 3rd Annual
Cardiology Symposium of the University of Manitoba. Several sessions were
devoted to presentations by clinical cardiologists with research interests
and constituted the program of the Cardiology Symposium of the University of
Manitoba. Through the integration of basic science with clinical problems
of patients affected by these diseases, this meeting may be one of the most
significant ever held anywhere or anytime in the global pursuit of the
control and eventual eradication of cardiovascular disease. It does not
appear unrealistic to imagine that this could lead to future advances that
will one day make bypass surgery, heart transplants and the artificial heart
as obsolete as sanatoria and mutilating chest surgery have now become for
tuberculosis,

For the benefit of those who were unable to attend this meeting, we
have selected 31 articles in the field of pharmacology and therapy of heart
disease, In this book these papers have been arranged under five sections
namely Antiarrhythmic Agents, Therapy of Hypertension and Heart Failure,
Calcium Antagonists and Beta Adrenergic Receptor Blockers, Cardiac
Glycosides and Sodium Pump, and Newer Inotropic Agents and Calcium, It is
hoped that the information contained in this book will result in improved
treatment of the common cardiovascular problems encountered in the practice

of cardiology.

Robert E, Beamish, M,D,
Vincenzo Panagia, M.D., Ph.D.
Naranjan S, Dhalla, Ph.D.
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A. ANTIARRHYTHMIC AGENTS



APPROACHES TO THE SELECTION OF AN ANTIARRHYTHMIC DRUG

PHILIP J. PODRID, M.D.

Department of Nutrition, Harvard School of Public Health, 665 Huntington
Avenue, Boston, MA 02115

There have been many advances in our understanding of the mechanism
of cardiac arrhythmia, improvements in the techniques to document the
occurrence of arrhytnmia and new pharmacoliogic options for therapy.
Although antiarrhythmic drugs remain the most frequently utilized
approach to treat patients with arrhythmia, the selection of an effec-
tive and well tolerated agent continues to challenge the cardiologist.
While the antiarrhythmic drugs may be classified (Table 1) and arrhyth-
mias categorized based on mechanism (Table 2), this does not help in
the selection of an effective and well tolerated agent for the

individual patient.

Table 1. Classification of antiarrhythmic drugs.

Class 1 - Membrane stabilizers (local anesthetics)

1A. moderate slowing of conduction (moderate QRS widening)
marked prolongation of repolarization (JT increased)
quinidine, disopyramide, procainamide

1B. 1little slowing of conduction (QRS unchanged)
shortening of repolarization (JT unchanged or decreased)
lidocaine, tocainide, mexiletine

1C. marked slowing of conduction (marked QRS widening)
no change in repolarization (JT unchanged)
encainide, flecainide, propafenone

Class 2 - Beta blockers
propranolol, acebutolol, timolol, atenolol, metoprolol, nadolol,
sotalol

Class 3 - Repolarization prolongators
marked JT prolongation

bretylium, sotalol, amiodarone®

Class 4 - Calcium channel blockers
verapamil, diltiazem

*also is membrane stabilization, beta blocker and calcium channel
blocker
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Table 2. Mechanisms of arrhythmia.

I. Abnormality of impulse generation
A. Enhanced automaticity (ectopic focus)
B. Triggered automaticity
1. early afterpotentials
2. delayed afterpotentials

II. Abnormality of impulse conduction
A. Block and reentry
B. Block and reflection

Therefore, the choice of an antiarrhythmic drug remains empiric. Since
there are no guidelines for determining efficacy, the only way to
document the drug's action on arrhythmia is by its administration. The
effect of one agent will not predict the response to another one even

if they are structurally and electrophysiologically similar. Waxman
and coworkers (1) reported that the response to intravenous procainamide
correlated with response to other similar agents, specifically
disopyramide, quinidine, lidocaine or phenytoin. In this study,
electrophysiologic testing was used to judge drug effect and 30 patients
were rendered noninducible with procainamide, of whom 25 (83%) also
responded to another agent. In contrast, 69 patients did not respond

to procainamide and in only 9 (13%) was another agent effective. How-
ever, a number of other investigators have not found procainamide
response to be predictive (2, 3). Tocainide and mexiletine are lido-
caine congeners and are structurally similar. Nevertheless, response

to one agent does not predict the response to the other. In a study

by Hession and coworkers (4) involving 79 patients treated with both
mexiletine and tocainide in random fasion the results of therapy were
concordant in only 42 patients (53%). Winkle and coworkers (5) reported
that the effect of intravenous lidocaine on arrhythmia has some pre-
dictive value for response to oral tocainide. In a group of 26
patients, 637% of those who responded to lidocaine also responded to
tocainide, while in 83% of patients not responding to lidocaine,
tocainide was ineffective. Hohnloser and coworkers (6) reported on

85 patients who were evaluated with both intravenous lidocaine and

oral tocainide. Of the 48 patients in whom lidocaine was ineffective,
40 (83%) did not respond to tocainide. Lidocaine was effective in 37
patients of whom 20 (54%) also responded to tocainide, Overall response

to lidocaine had only a 71% predictive accuracy. Despite the similarity
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of these two drugs, lidocaine does not always predict the response to
tocainide. Not unexpectedly, a negative response to lidocaine is more
helpful than a positive response to this agent.

It may be concluded from these studies that each drug is unique
and one does not predict the effect of another, even if structurally
similar. Since drug selection is empiric and without adequate guide-
lines, the only reliable way to determine drug effect is by its
administration. With the availability of many oral agents, the selec-
tion of an effective and well tolerated drug is complicated and time
consuming. There is therefore a need for a systematic and rational
approach to drug therapy.

At the present time there are two established methods for the
evaluation of antiarrhythmic drugs. Noninvasive techniques involve 24
hour ambulatory monitoring and exercise testing, with efficacy based on
the suppression of spontaneous arrhythmia (7, 8). The basis for the
use of noninvasive methods is that certain types of ventricular pre-
mature beats, specifically repetitive forms, are markers for the
presence of active reentrant circuits which predispose to a sustained
ventricular tachyarrhythmia. In patients with a history of malignant
ventricular arrhythmias, these repetitive forms, primarily runs of
nonsustained ventricular tachycardia (VT), represent clinical markers
for an unstable myocardium, an appropriate electrophysiologic substrate.
The goal of antiarrhythmic therapy is the suppression of these forms,
which reflects the elimination of the reentrant circuits and correlates
with the inability of the myocardium to generate or sustain ventricular
arrhythmia. The second approach is invasive and involves electrophy-
siologic testing (9, 10). The goal of therapy is the inability to
reinduce an arrhythmia which was previously inducible. The use of
electrophysiologic testing is based on the concept that the addition
of appropriately timed extrastimuli will activate a reentrant circuit
and induce the same sustained ventricular tachyarrhythmia that occurred
spontaneously. In patients with infrequent repetitive arrhythmia,
electrophysiologic testing is useful for inducing the arrhythmia when
necessary. Drug efficacy is defined as the inability to reinduce the
arrhythmia indicating that the reentrant circuit is altered and is no

longer capable of generating or sustaining arrhythmia.
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Regardless of the method employed for drug selection, drug
administration is the only way to evaluate efficacy. In order to
shorten and simplify this process, we have developed a systematic
approach which can be applied to both invasive and noninvasive methods.
There are 4 phases of study (7, 8).

Phase 0 or the control period involves the acquisition of baseline
data regarding the frequency, type and reproducibility of ventricular
arrhythmia. After admission to the hospital, previous antiarrhythmic
drug therapy is discontinued. After an appropriate washout period,
each patient undergoes 48 hours of ambulatory monitoring and an exercise
test on a motorized treadmill adhering to a Bruce protocol.

Ventricular arrhythmia is categorized using the Lown grading system
(7, 11).

Grade 0 - no ventricular premature beats (VPBs)

Grade 1A -  infrequent (<30/hour) VPBs and <l/min

Grade 1B - infrequent VPBs and occasionally >1/min

Grade 2 - frequent (>30/hour) VPBs

Grade 3 - multiformed VPBs

Grade 4A -~ repetitive VPBs - couplets

Grade 4B - repetitive VPBs - runs of VT (3 or more successive
VPBs)

Grade 5 - early Ron T VPBs

On the basis of this grading system, an arrhythmia equation is
developed. This categorizes the data derived from 24 hours of monitor-

ing data and results in the development of a simple equation (Table 3).
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Table 3. Arrhythmia equation.
4 3 5 14 12 11
0% 1A% 182 212 3%%; 4al%y 4Bli¢ 9(190)

Grade Interpretation

04 4 hours of no VPBs

1A3 3 hours of infrequent VPBs, always <l/min

1B 5 hours of infrequent VPBs, occasionally >1/min

212 frequent VPBs for 12 hours

3143 14 hours during which multiform VPBs occurred,
3 different forms

4A128 couplets present during 12 hours, as many as
8/hour

43116,9(190) runs of VT occurred during 11 hours with up

' to 6 runs/hour, 9 beats in length and with rates

up to 190

Once these baseline studies are completed, a decision about the approach
to drug evaluation is made. If spontaneous arrhythmia is of high
density and is reproducible, noninvasive methods are used. An adequate
density of arrhythmia includes: 1) grade 2 VPBs for at least 50% of the
hours during each 24 hour period; 2) at least 3 hours of repetitive
forms during each 24 hour monitoring period; 3) the provocation of at
least 2 VPBs/minute during exercise test; 4) during exercise the
occurrence of repetitive forms.

If this density of arrhythmia is absent or if arrhythmia is not
reproducibly present on both days, the patient undergoes invasive
electrophysiologic testing.

Regardless of the approach used, drug evaluation is performed in
2 ways. Phase 1l or acute drug testing is a rapid screening of drug

effect (12) (Figure 1).
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Figure 1. Example of acute drug test., During control the patient has
frequent ventricular premature beats while with exercise ventricular
tachycardia (VT) is induced. Two hours after propafenone, arrhythmia
is abolished.

After 30 minutes of observation at rest and a brief period of exercise
on a bicycle ergometer, a large single oral dose of drug is adminis-

tered (Table 4).

Table 4. Doses of drugs used.

Dose (mg)
Drug Phase 1 Phase 2
atenolol - 100 daily
disopyramide 300 100-150 TID or QID
encainide - 25-50 TID or QID
ethmozine - 200-400 TID
flecainide - 100-200 BID
indecainide - 50-100 TID
lorcainide - 100-200 BID or TID
metoprolol 100 25-50 BID or TID
mexiletine 400 200-400 TID
procainamide 1500 500-1000 TID or QID
propafenone 450 150-300 TID
propranolol 80 20-40 TID or QID
quinidine 600 200-400 QID

tocainide 800 400-800 TID
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Continuous monitoring is performed for 3 hours. Each hour bicycle
exercise is repeated, an ECG for intervals recorded, and blood obtained
for drug level. The drugs tested acutely are those which are rapidly
absorbed, achieve peak levels within 2 hours, have no important active
metabolites and are rapidly cleared so that on the following day
another drug can be tested. The dose administered is approximately

1/2 of the usual daily maintenance dose. Although blood levels are not
at steady state, a '"therapeutic" level is achieved within 2 hours,
permitting rapid evaluation of drug effect. If the patient is under-
going electrophysiologic testing, a study is repeated 2 hours after a
dose, at a time of peak blood level.

After the completion of a number of acute drug tests, the agent
that appears to be the most effective is selected for short term
maintenance or phase 2. Drugs which have active metabolites or which
are slowly absorbed and require several days before therapeutic levels
are achieved cannot be tested acutely, but are only used during phase 2
study. Multiple doses of the selected drug are administered for 72 to
96 hours. At the end of this time 24 hour monitoring and exercise
testing (Figure 2) or electrophysiologic testing are repeated

(Figure 3).
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CONTROL

44 -.‘
ol

PROPAFENONE 900 mg/day
level 1351 ng/ml

Lbdl bbb bbb L L

3:35 peak ht.r. 92

3:15 peak ht.r.130

—— =

MONITOR EQUATION

Figure 2. Example of phase 2 drug study.
patient has frequent runs of ventricular tachycardia (VT) with exercise
while monitoring demonstrates frequent VPBs and couplets for 22 hours
(222, 4A22) and runs of VT for 21 hours with as many as 45/hour, 13
beats in length and at rates of 150.
and couplets are eliminated and there are only 2 hours of frequent

VPBs (22) on monitoring.

Prior to drug therapy the

During propafenone therapy VT
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Figure 3. Electrophysiologic drug study. During control, 2 extra-
stimuli (S3, S2) added during a paced rhythm (P) induce ventricular
fibrillation (VF). With encainide therapy, no arrhythmia is provoked
with 3 extrastimuli (S1, Sy, S3).

The purpose of phase 2 is to correlate the results with the acute drug
test, confirm drug efficacy and identify any side effects which may
preclude the long term use of the agent. If the drug is effective and
well tolerated, the patient is discharged and followed long term or
phase 3.

Of critical importance are the criteria for defining drug
efficacy. When noninvasive techniques are employed, a drug is con-
sidered effective if the following are achieved with both monitoring
and exercise testing:

1) total elimination of runs of VT
2) >90% reduction in couplets

3) >50% reduction in VPBs
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When electrophysiologic testing is used, the criterion for
efficacy is the inability to induce 3 or more repetitive responses
when using up to 3 extrastimuli during ventricular pacing at a rate of
100 and 120 beats per minute.

One of the advantages of such a systematic approach is the identi-
fication of several effective or partially effective agents. This is
important for not infrequently combinations of antiarrhythmic drugs
are preferable or necessary. Although for many patients a single anti-
arrhythmic drug is effective, the dose necessary may cause intolerable
side effects. Adding another effective agent permits a reduction of
drug dose while maintaining efficacy (13). Not infrequently no agent
when administered singly is completely effective for suppressing
arrhythmia. We have observed that a combination of two partially
effective agents will often result in synergistic activity enhancing
antiarrhythmic efficacy (14, 15).

An additional benefit of a systematic evaluation is the exposure
of potentially serious side effects. While each drug has its unique
profile of toxic reactions, aggravation of arrhythmia occurs with all
drugs and is a frequent side effect which is unpredictable and not
easily identified. This serious toxic reaction has been reported to
occur in 11% of noninvasive drug tests (16) and in 16% of electro-

physiologic studies (17) (Figure 4).
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VEA/minute
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Figure 4. Aggravation of arrhythmia by antiarrhythmic drugs. During
control the patient had ventricular premature beats (grade 2) with a
frequency of 20/minute. During propafenone therapy the patient now has
25 couplets (grade 4A) per minute and 2 runs of ventricular tachycardia
per minute (grade 4B). VEA = ventricular ectopic activity.

There are no ECG changes predictive of this complication and blood
levels are usually in the defined therapeutic range. Aggravation with
one drug does not predict this complication when another antiarrhythmic
drug of the same class is administered. While arrhythmia aggravation
is more common in patients with a history of a sustained ventricular
tachyarrhythmia, especially in the presence of significant left ventri-
cular dysfunction, there are no other clinical parameters which are
helpful for identifying patients at risk (18). The unpredictable
nature of this complication mandates cautious use of all antiarrhythmic

agents.
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An important question is whether antiarrhythmic drugs will prevent
a recurrence of serious arrhythmia and prolong life, Although there are
no placebo controlled studies in patients with a history of serious
arrhythmia, there are reports of improved outcome when a drug program is
tailored for the individual patient, with selection guided by arrhythmia
suppression. In a report by Graboys and coworkers (15), 123 patients
with malignant arrhythmia underwent a noninvasively guided evaluation
of drug effect. In 98 patients an effective agent was identified and
continued long term. The annual sudden death rate was 2.3%. 1In con-
trast, 25 patients continued to have runs of VT despite the administra-
tion of the most effective agent. In this group the annual sudden
death rate was 44%. Stein and coworkers (19) reported that in a group
of 107 patients who responded to mexiletine the annual sudden death
rate was 3.6% during a follow-up of 23 months. In a study of long term
tocainide therapy reported by Hohnloser and coworkers (6), 73 patients
responding to the drug were discharged and the annual sudden death rate
was 4.4%. Similar results have been reported when drug selection is
guided by electrophysiologic techniques. Ruskin and coworkers 9)
reported on 31 patients with sudden death of whom 25 were inducible.
An effective drug was identified in 19 and none had a recurrence after
15 months. In contrast, 3 of 6 patients who were still inducible had
a recurrence. Similar results were reported by Swerdlow and coworkers
(20). TIn our experience with 45 patients who were inducible in control,
36 were rendered noninducible during drug therapy and the annual
recurrence was 2.8% (10). Of 9 patients still inducible, 5 (56%) had
a recurrence.

In conclusion, both noninvasive and invasive techniques are im-
portant and reliable methods for evaluating antiarrhythmic drugs.
Since there are no guidelines for selecting an effective agent for an
individual patient, a systematic approach to drug evaluation is
necessary. Drug therapy must be tailored to each patient, based on the
suppression of spontaneous arrhythmia evaluated noninvasively or the
failure to induce arrhythmia with electrophysiologic techniques. If
an effective and well tolerated drug is identified for long term
therapy, arrhythmia recurrence can be prevented in the vast majority

of patients.
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ANTIARRHYTHMIC ACTION OF CALCIUM ANTAGONISTS

L. SZEKERES, J.Gy. PAPP, EVA UDVARY AND AGNES VEGH

Department of Pharmacology, University Medical School,
H-6701 Szeged, DOm tér 12, Hungary

INTRODUCTION

The marked coronary dilating and negative inotropic
effect of prenylamine /1/ as well as that of verapamil /2/
was described in the early sixties, however Fleckenstein
et al. /3/ were the first to show that these agents are
capable of depressing cardiac contractility in concentrations
not yet affecting the action potential. Thus they inhibit
the electromechanical coupling. The authors attributed this
effect to a drug induced depression of the transmembrane
inward Ca2t current hence the name: calcium antagonists
/Ca-s/. Later Griin and Fleckenstein /4/ have shown electro-
mechanical uncoupling effect of CA-s in the smooth muscle
too. The steadily growing interest has initiated a number of
experimental and clinical studies showing that in addition
to its scientific importance introduction of this new group
of drugs into clinical therapy represents a major break-
through.

The main sites of action and indications for clinical
application are summarized in Fig. 1. In view of all these
facts it is surprising to find that contrary to expectations
the use of CA-s in antiarrhythmic therapy is rather limited
and essentially confined to tachyarrhythmias of supra-
ventricular origin.

Therefore aim of the present paper was twofold: first
to clear the cause of this limitation and secondly to suggest
new fields for clinical use against cardiac arrhythmias
taking into account the very heterogenous chemical structure
and pharmacological actions of these agents.
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THE MAIN SITES OF ACTION OF CALCIUM-ANTAGONISTS

MYOCARDIUM VASCULAR SMOOTH MUSCLE

vascular tone ¢ —> vasodilation

Contractility¢ Electrophysiology Peripheral vessels corone;ry
s
,_—AV-nodeJ vesse
HRi
“‘\SA—node¢
l ANTIHYPERTENSIVE

Mvo,J SUPRAVENTR.

TACHYCARDIA ¢
ANTIANGINAL

Fig. 1. The main sites of action and clinical indications of
CA-s

RESULTS AND DISCUSSION

Because of the dissimilar structure and pharmacological
profile of CA-s their mode of action seems to be rather
complex - nevertheless they all possess a common action,
namely the more or less expressed inhibition of the slow
inward Ca2t current.

Accordingly the myocardial action of CA-s is mainly
focussed on the automatic cells characterized by the
predominantly ca2* inward current dependent slow diastolic
depolarisation. It should be mentioned here that the typical
electrophysiological changes summarized in the next figure
are characteristic of verapamil and to a lesser extent of
diltiazem but not of nifedipine, which in the therapeutic
dose range has no substantial electrophysiological and
antiarrhythmic effects in man /5/. Therefore it was omitted
from further comparative studies.

In addition to these "pure" classical CA-s which may
block Nat channel only in very high and toxic concentrations,
there is a group of agents - such as prenylamine, its
derivative: demethylprenylamine or fendiline, furthermore
a new compound: substance "A", made available by courtesy of
Dr. Korbonits - which besides their ca2+ antagonistic action
may also block the fast Na't channel considerably. In the
following the two latter agents called by us shortly as "mixed"
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CA-s will be also included into our comparative studies as
will be two standard Class I antiarrhythmic drugs: quinidine
and mexiletine. The calcium antagonistic properties of
substance "A" are demonstrated in Fig. 2. In Tyrode solution

Fig. 2. Effect of substance "A" on the slow ca?t current
dependent action potential arising in the_presence of high
/20 mM/ KCl solution, and histamine 2x10~5 M. Left upper
panel: control, intracellular recording from right
ventricular myocardium of the rabbit [first curve = normal
AP; second curve = rate of depolarisation; dV/dtpmax/. Right
upper panel: slow potential; right lower panel: substance
"A" abolished slow potential by inhibition of inward Ca2+
current; left lower panel: wash and recovery.

containing high 20 mM KCl inactivating fast Na* channel but
leaving slow inward ca2* current intact, density of this
latter is increased by the adenylate cyclase activator
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histamine /2x10~5 M/. The arising slow potential is
extinguished in the presence 5 mg/l substance "A". The sodium
channel blocking effect the same substance is shown in Fig.
3, where depression of the rate of rise is specially

conspicuous.

Fig. 3. Effect of substance "A" on the transmembrane action
potential recorded from the right ventricular distal Purkinje
fiber strand. Panels on the left = intracellular records
photographed at slow sweep speed /upper curve = AP; lower curve =
dv/dtpax/: panels on the right = the same with fast sweep speed.
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The cardiac electrophysiologic effects of CA-s are summa-
rized in Table 1. Accordingly CA-s reduce the amplitude of the
action potential and the rate of spontaneous firing in the

sinoatrial /SA/ pacemaker. Their bradycardiac effect is a

Table 1._Cardiac electrophysiologic effects of /verapamil
type/ Ca2+—antagonists

Site of . .
action Electrophysiologic changes
Sinus node AP-amplitude |,
Rate of firing ¢
Recovery time T
SA conduction timeT
- 3 .
trium normal <~ conduction @
latent pacemakers¢
diseaseq — conduction
or dila- — AP-amplitude,
ted \\\rate of rise of depol.|
A-V node conduction timeT
refractoriness T
Accessory conduction ¢
antegrade
pathways <::refractoriness ® or
conduction ¢
retrograde <
refractoriness ¢ or'¢
His Purkinje A-H interval

system and

ventricles H-V interval ¢ or slightlyf

nonischemic conduction @

ischemic conduction time | in
reentrant pathway

AP = action potential, SA = sinoauricular,

A-H = atrial-His, H-V = His-ventricular

dose dependent direct action on the sinus node which cannot

be abolished by atropine. It may be however sometimes compen-
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sated by a reflex sympathetic tachycardia evoked by the drug
induced peripheral vasodilatation.

The CA-s also depress the amplitude of the junctional
action potentials and thus slow down A-V conduction. His-
bundle recordings in patients and in experimental animals
have shown that these drugs may prolong A-H time, an indi-
cator of intranodal conduction without substantially
affecting P-A, H-V and QRS intervals.

Accessory pathways are not substantially affected.

In view of the aforementioned facts it was of interest
to compare the depressant action of "pure" and "mixed" CA-s
on SA, AV and Purkinje fiber automaticity. Therefore right
atrial, atrioventricular and Purkinje fiber right ventricular
preparations from the same rabbit heart were suspended in
oxygenated Tyrode solution and subjected to increasing
concentrations of fendiline, substance A and verapamil res-
pectively. As it may be seen in Table 2, in contrast with
the "mixed" CA-s markedly depressing both higher and espe-
cially the lower /Purkinje/ automatic centers, the "pure"
CA: verapamil, a potent inhibitor of the spontaneous SA and
junctional firing did not affect substantially Purkinje
firing rate. Thus probably no great protection against he-
terotopic discharges can be expected from verapamil type
CA-s.

These findings are clearly reflected by the clinical
use and therapeutic value of verapamil type CA-s as shown
in Table 3. For comparison effects quinidine and lidocaine
are also shown.

The marked inhibition of AV node is the mechanism by
which verapamil may be useful against paroxysmal supra-
ventricular tachycardias or junctional tachycardias both
arising mainly on the basis AV nodal reentry. This mechanism
is also responsible for the protection of the ventricles in
atrial flutter and atrial fibrillation, when the number of
impulses conducted to the ventricles is reduced to more
physiological values. Although as mentioned the drug has

no effect on accessory pathways, in praeexcitation syndromes
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Table 2. Negative chronotropic effect of calcium antagonists
on automaticity of different pace-maker areas of the isolated
rabbit heart

Drug % Change in spontaneous rate
concentr.
/mg/1/ SA-node AV-node Purkinje fiber
Fendiline
0.5 -7.8% 9/ -10.2% 8/ -31.6™ | a4y
1.5 - 8.985 9/ -13.7% | 6] -87.0%** | ¢/
3.0 -14.8%* [ 9/ -18.6% | 7/ -92.1%%* | ¢/
5.0 -29.8%% | 9/  -24.6%* [ 9/ -95 8%x%x | 5]
Substance A
1.0 -15.1% 6/ -13.285 7/ -a9.0%x | 9/
2.0 -21.6%x | 8/ -22.4N5 | g/ _78.9%x | g
4.0 -24.0%* [ 5]  -44.4%%% [12]  -87.6%** |14
Verapamil
0.125 - 7.9 6/ -14.1% 9/ +16.3% | g
0.25 -20.5** [10/ -26.7* [11/ ~-13.3%5 | g/
0.5 -25.8%%* [16/ -40.2%** [11] -18.2N5 | gy

Statistical significance of the difference from control values:
*p <0.05; **p<0.01l; ***p<0.001; NS = non significant
Number of preparations in brackets.

such as WPW it could block reentry in the A-V node and
prevent junctional reciprocal tachycardia. It may be useful
in the treatment of supraventricular tachycardias associated
with myocardial infarction. In animal experiments it may
reduce the amplitude of oscillatory afterpotentials appea-
ring in the diastolic phase of the AP after intoxication
with cardiac glycosides.

Certainly under pathological conditions, e.g. in local
myocardial ischaemia due to sudden coronary occlusion
transmembrane potentials could be so much depressed, that

only caZt

current dependent slow response electrical activity
is possible. This may activate latent pacemaker activity in
the working myocardium and specially in the presence of

increased sympathetic tone maintain slow conduction and give
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Table 3. Clinical use and approximate therapeutic value of
Verapamil in different forms of cardiac arrhythmias as com-
pared with quinidine and lidocaine

Drugs and their approximate

Type of arrhythmia therapeutic value

Verapamil Quinidine Lidocaine

Supraventricular

Atrial paroxysmal tachycardia ++++ +++ (1)}

Atrial extrasystoles [ES/ +4+++ ++++ [0}

Mot ventriculas rate Tt 0 0
conversion to sinus rhythm ++ +++ 1)
maintenance of sinus rhythm ++ +++ (1)

A-V junctional

ES and tachycardia +++ +++ ()

Ventricular

Ventricular ES (1)} +++ ++++

Ventricular tachycardia [VT/ (1) ++ ++++

Digitalis intoxication

Atrial ES and tachycardia +++ ++ [0}

Ventricular ES and VT )] ++ +4+++

rise to reentry. This is a valid indication for the use of
ca?t antagonists in postinfarction arrhythmias however a
much higher dose is required and here the great sensitivity
of the AV node to verapamil is the dose limiting factor,
since AV block should be avoided. This is clearly seen in
Table 4, in which the potency of different CA-s and of
quinidine and mexiletine relative to quinidine was estimated
in the heart "in situ" of anesthetized dogs by comparing
their EDjg values on heart rate [HR/, corrected sinus node
recovery time /CSNRT/, atrial /ARP/ and ventricular
refractory period /VRP/ and the refractory period of the
AV-node [AVRP/. Verapamil proved to be about 270-times more
active on this latter than quinidine, whereas corresponding
values for HR were = 196, for CNSRC : 22, for ARP : 46 and
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for VRP : 40.

Table 4. Efficacy of different calcium antagonists and of
some standard antiarrhythmic drugs on different electrophy-
siological parameters in the heart "in situ" of anesthetized
dogs estimated by comparison of the EDjg5 values and related
to the effects of quinidine

J HR 1 CNSR 1 ARP Tvrp 1 AVRP
Substance Rel.acti- Rel.acti- Rel-acti- Rel.acti- Rel.acti-
vity vity vity vity vity
Quinidine
In=5/ 1.00 1.00 1.00 1.00 1.00
Mexiletine
iy 1.17 1.20 0.91 1.44 1.89
Fendiline
iy 2.90 1.80 1.96 2.63 4.82
Substance A
ety 2.93 2.45 1.66 1.96 6.08
Diltiazem 25.86 21.14 14.03 33,75 66.38
/n=5/
V?iig7mi1 196.21 21.93 46.28 40.38 269.69

HR = heart rate; CNSR = corrected sinus node recovery time; ARP =
atrial refractory period; VRP = ventricular refractory period;
AVRP = atrioventricular refractory period

A similar though less expressed tendency concerning
prolongation of the AVRP in seen with the other "pure" CA:
diltiazem, however this drug has a relatively marked effect
on VRP too and so its use in postischemic ventricular
arrhythmias seems to be promising. The same holds for the
"mixed" CA-s as fendiline and substance "A".

Indeed CA-s possessing definite electrophysiological
actions as verapamil or diltiazem were able to reduce the
number of extrasystoles appearing during 5 min occlusion
and subsequent release of the left anterior descending
coronary artery /LAD/ in the presence of a critical
constriction of the left circumflex coronary artery /LXC/
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in anesthetized thoracotomized dogs /Table 5/. The method

Table 5. Effect of calcium antagonists on the number of extrasysto-
les and the incidence of ventricular fibrillation following acute
LAD occlusion and reperfusion in the presence of a critical con-
striction of the left circumflex /LCX/ artery in anesthetized
thoracotomized dogs

LCX critical constriction

LAD occlusion Reperfusion LAD occlusion Reperfusion
/A[ /A’ /B/ /B’l
Diltiazem 0.3 mg/kg i.v.
ES/5 min 34.0+4.8 31.0+3.2 11.7+3.2 16.5+4.5
-66.8% -46.7¢
A-B*** A’-B’NS
VF 2/15 [13%/ 3/13 [23%/ 0/10 /o%/ 0/10 /0%/
Verapamil 0.15 mg/kg i.v.
ES/5 min 28.8+2.8 21.3+4.6 4.45+1.8 8.8+2.4
-84.5% -58.7%
A-B***x AI_B’**
VF 3/26 [11%/ 4/23 [17%/ 1/19 /5%/ 2/18 [11%/
Nifedipine 0.015 mg/kg i.v.
ES/5 min 36.5+3.1 38.4+2.8 36.2+4.6 28.4+43.2
-26%
a-BNS A'-B'*
VF 1/11 /9%/ 3/10 /30%/ 0/7 |o%/ 1/7 /16%/

Values are: Mean + S.E.M., % difference from the untreated control

occlusion and reperfusion values. Difference significant at level:

*p< 0.05; **p<0.0l; ***p<0.00l; NS = non significant. ES = extra-
systole; VF = ventricular fibrillation; LAD = left anterior descen-
ding coronary artery

imitating the multivessel disease of coronary patients has
been described by us earlier [/6/. Both agents also consi-
derably reduced ischemic ST-segment elevation in the epi-
and endocardial electrogram but nifedipine possessing a
similar antiischemic action was unable affect early post-
occlusion arrhythmias although it moderated reperfusion

arrhythmias. All three drugs seemed to protect more or less
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against ventricular fibrillation /VF/ due to coronary occlu-
sion and reperfusion respectively.

Analysis of late postocclusion arrhythmias appearing
24 hrs after delayed two stage ligation of the LAD has shown
that ES could be influenced only by substance "A" but not
by verapamil or fendiline. Under such conditions neither
drug affected HR /Table 6/.

Table 6. Effect of calcium antagonists 24 hours after two
stage ligation of the LAD on the number of ES appearing
within 10 minutes after i.v. administration of the drug

Changes in the first
10 minutes following

Dose A .
Substance mg/kg n drug administration
/i.v./ s
occurence HR
of ES
Control 5 68 + 5 172 + 10
Substance A 2.0 5 40 + 4% 162 + 12
-41 % -6 %
Control 5 50 + 4 149 + 15
Verapamil 0.15 5 46 + 6 148 + 15
-1 3
Control 5 53 + 4 139 + 17
Fendiline 3.0 5 55 + 6 136 + 16
-2 %

Values are = Mean + S.E.M.

n = number of experiments; HR = heart rate; ES = extrasystoles
Statistically significant difference from control value at
level: *p<0.05

In view of the steadily increasing importance attributed
to reperfusion arrhythmias in the clinical practice - pro-
tection against this latter by CA-s was studied in the iso-
lated Tyrode perfused Langendorff rabbit heart subjected to
25 min global ischemia followed by reperfusion /Table 7/.

The drugs tested /verapamil, substance "A" and fendiline/
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Table 7. Protective effect of Substance A, Verapamil and
Fendiline against reperfusion arrhythmias in the isolated
rabbit heart subjected to 25 min global ischemia followed
by reperfusion

Drug
concentration VF + VT ES No arrhythmia

/mg/1/
Control 7/10 /70 %/ 1/10 2/10 / 20 3/
Substance A

0.25 3/10NS 2/10 5/10N8

0.50 2/10* /20 %/ 2/10 6/10NS

1.0 o/10** [ O %/ o/10 10/10*** [100 %/

2.0 0/10** [ 0 %/ 0/10  10/10*** [100 %/
Verapamil

0.125 1/10** /10 %/ 6/10 3/10%8

0.25 1/10** /10 8/ 4/10 5/100°

0.50 o/lo** |/ 0 %/ 3/10 7/10* [ 70 %/
Fendiline

0.50 4/10N 3/10 3/10N8

1.0 2/10% /20 %/ 4/10 4/10N8

2.0 2/10* /20 %/ 2/10 6/10"°

Each dose was tested on 10 hearts

Significant difference from control was calculated accor-
ding to x2 method, at level = *p<0.05; **p<0.01;

***p <0.005; NS = non significant; VF=ventricular fibrilla-
tion; VT=ventricular tachycardia; ES=extrasystoles

were dissolved in the reperfusion fluid. The occurence of
reperfusion induced VT and VF was considerably reduced by
all three drugs, except for the lowest concentration range;
the occurence of ES was not affected or has even somewhat
increased whereas reperfusion arrhythmias were completely
absent after 1.0 and 2.0 mg/l concentrations of substance
"A". Thus on the basis of the above discussed data it seems
as if indication of CA-s in the antiarrhythmic therapy could
be extended to early and late postischemic and reperfusion
arrhythmias. The well known antiischemic effect of these
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agents may certainly play here a role, however as negative
results with nifedipine have shown: electrophysiologic effects
are of importance too.

What concerns the possible therapeutic use of these
agents their evaluation cannot be based on the effective
dose required but rather on the relationship of this latter
to the dose just evoking side effects. Until now only the
electrophysiological limiting factor: namely the AV depression

has been mentioned, but the unfavourable hemodynamic actions

Table 8. Tentative comparing of calcium antagonists on the
basis of their favourable /antiischemic, antiarrhythmic/
versus unfavourable /hypotensive, negative inotropic/ ac-
ti7ns estimated by means of the relevant EDyg values in
mg/kg

Parameters and

tendency of Verapamil Fendiline Substance A
changes
Hemodynamics:
/anesthetized dogs/
{BP 0.20 0.74 2.25
JHR 0.75 5.00 7.20
Jdp/dt max 0.07 0.49 6.00
Atrial FFT ] * 2.8 1.8

/[ anesthetized cats/

Vasopressin angina

/anesthetized rats/ 1.0 1.2 0.6

Kﬁfigggiggi' ED3s 0.02 0.62 3.75
A—tr‘i%—%ﬁ ED>s * 0.26 1.25
K%%%gﬁg%gﬁi ED2g 0.007 0.41 10.00
7{%‘;—% ED35 * 0.175 3.33

Note: BP = blood pressure; HR = heart rate; dP/dt max =
left ventricular contractility; FFT = fibrillo-flutter
threshold, *can not be determined
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of CA-s: as the blood pressure fall and the negative inotropic
action could also limit elevation of the dose to values ne-
cessary to reach adequate therapeutic effect.

Therefore in the following an attempt was made to
compare "pure" and "mixed" CA-s on the basis of their
favourable: antiarrhythmic and antiischemic versus un-
favourable, hypotensive and negative inotropic actions all
measured by the relevant EDjy5 values /Table 8/.

Although the calculated values are rough estimations
based on data determined in different species - they clearly
show the tendency that the "mixed" CA-s could have more
therapeutic importance than assumed on the basis of their
low efficacy as compared with that of the "pure" CA-s. To
prove this further and more adequate and accurate evidence
is needed, however our data concerning efficacy of "mixed"
CA-s in model arrhythmias seem to be convincing enough to

encourage further investigations in this direction.

SUMMARY

Clinical use of calcium antagonists /CA-s/ is essentially
confined to tachyarrhythmias of supraventricular origin, an
indication based on their action depressing the sinoatrial
and particularly the atrioventricular /AV/ node. Therapy of
ventricular arrhythmias involving slow channels is limited
because of the marked AV blocking, negative inotropic and
hypotensive effect of these drugs. Our present experiments
in which the "pure" CA: verapamil compared with the mixed
/Ca2+ and N*t-channel blocker / antagonists as fendiline or
substance "A" have shown that the "mixed" CA-s are effective
in early and late reperfusion arrhythmias. Their use proved
to be favourable on the relationship between of hypotensive
and fibrillation threshold increasing effect and on that
between negative inotropic and fibrillation threshold
increasing effect estimated by the ED,g values. Since a
similar shift concerning relationship between hypotensive and
antianginal EDjg values was observed, mixed CA-s could be

advantageously used against arrhythmias associated with
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myocardial ischaemia.
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QUINIDINE REDUCES OUTWARD CURRENT IN SINGLE CANINE CARDIAC PURKINJE CELLS
T. NAKAYAMA and H.A. FOZZARD

Cardiac Electrophysiology Labs, Departments of Medicine and the
Pharmacological and Physiological Sciences, The University of Chicago,
Chicago, I11,60637, USA

INTRODUCTION

The commonly used antiarrhythmic drug quinidine is a member of the
local anesthetic class. In cardiac muscle it reduces sodium (Na) current
(1), thereby slowing the action potential (AP) upstroke (2), slowing
conduction velocity, and reducing excitability. Quinidine also affects AP
repolarization. Typical changes are a prolongation of the AP and a negative
shift in the plateau voltage (3), although other studies show either AP
shortening (4) or both lengthening and shortening (5). A number of ionic
currents contribute to the plateau of the AP, including the inward calcium
(Ca) current, slowly inactivating (or "window") Na current, and three
potassium (K) currents: the inward rectifier current, the delayed rectifier,
and the transient outward current (I;,). The complex response of the AP to
quinidine suggests that it may affect more than one of these repolarizing
currents. Effects of drugs on several membrane channels is not rare, but
the drug interaction must be to some shared molecular components of the
diverse channels., This report addresses the question of quinidine's effect
on I, in canine cardiac Purkinje cells.

The importance of these effects of quinidine on repolarization can be
found in two associated areas. Clinically, quinidine can produce a charac-
teristic ventricular tachycardia called "Torsade de Pointes", probably the
result of prolongation of repolarization and induction of early after-
depolarizations (6). Secondly, quinidine may produce a reduction in
contraction strength. It is well-known that cardiac contraction strength
depends on the duration of the AP or the depolarization (5,7,8). Conse-

quently, the effect of quinidine on the AP may be a part of the mechanism of
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its negative inotropic effect. These two effects of quinidine on repolari-
zation may be the basis of its cardiac toxicity. Elucidation of the
mechanism of these effects could influence the clinical use of quinidine and
contribute to development of equally effective, safer antiarrhythmic drugs.
The strategy used in these studies was to study single cardiac Purkinje
cells. They are known to have a large I, (9), and the new patch pipette
method permits good voltage control and better regulation of the intra-
cellular and extracellular ionic environment. We avoided Na and Ca currents
by holding the cell membrane potential at a voltage where all of the Na
current was inactivated and by using Ca-free solutions. Delayed rectifier K
current was not seen in these cells, but I, could be easily elicited by
depolarizing steps. The results support the conclusion that quinidine is a
potent blocker of the I  channel, probably by interacting with the open

state of the channel.
ME THODS

Single Purkinje cells were isolated from fibers harvested from canine
hearts by the method of Sheets et al (10). The yield varied from 40-80%,
but viable cells were chosen for study on the basis of clearly visable
cross-striations and the absence of blebs. These are large cells, 12126 um
long and 28+6 um in diameter (n=32), and they have no transverse tubules
(11). After separation, they were stored in Tyrode solution containing (in
mM) NaCl 142, KC1 5.4, CaCl, 1.8, MgCl, 0.5, glucose 5, and HEPES-NaOH
buffer 5 (pH = 7.4). The Ca-free solution contained no added Ca, MgCl, 5,
and EGTA 0.1. Experiments were done at 201 °C. Patch pipettes were made
according to the method of Hamill et al (12) from borosilicate glass. They
were fire polished to a tip size of 4-7 um, so that the resistance when
filled with isotonic salt solution was about 0.5-1.5 M2, The pipettes were
usually filled with (in mM) K-aspartate 110, KC1 20, KH,PO, 2, glucose 10,
HEPES 10, Mg-ATP 5, BAPTA 5, and Na-creatine phosphate 5. Voltage clamp was
made with a Dagan 8900 clamp without the capacitive correction circuit
(feedback resistance 20 M), with command signals and data acquisition at 1-
2K Hz by an IBM-XT using a 12 bit A-D and D-A converter (DT 2818, Data
Translation, Inc.). The holding potential was set near -40 mV and voltage
steps were made usually for 700 msec at one minute intervals. Measured

voltages were adjusted for the junction potential of -8 mV inside the
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pipette. Exponential curve-fitting was in a Masscomp 550 using the DISCRETE

algorithm. Quinidine sulfate was added from a 10 mM stock solution.

RESULTS

Effects of quinidine in Tyrode solution

The need for isolation of I, can be demonstrated by examination of the
effects of quinidine in normal Tyrode solution (Fig. 1). Sodium current was
inactivated by holding the membrane potential at -42 mV. Steps in the
depolarizing direction demonstrated an inward Ca current overlapping with a
large outward I, current. Quinidine reduced both currents, but the
activation phase and the maximal level of I;  could not be accurately

measured in the presence of the Ca current.

oControl 3 Peak |-V relationship . Control
» *Quinidine
.i 1+ H.P. Quinidine
£ )
i
3o
— -2t
L NP
-80 -40 4] 40 80
— Membrane potential (mV)
r Steady state 1-V relationship
/ Control
[ 3 1
5 Hf' Quinidine
(‘ g of
—
< -1 A . . R x N -
£ -0 40 o 0 e
200 ml:c Membrane potential (mV)

30 msec

Fig. 1. Quinidine effect in normal solution. The left panel depicts currents
recorded from one cell. Hyperpolarizing and depolarizing steps were applied
from a holding potential of -42 mV. The right panel shows the current-
voltage (I-V) relationships in the presence and absence of 20 uM quinidine.
I;, activates at potentials positive to -18 mV. The Ca current activates at
pogentials between -22 and +38 mV. Both currents were reduced by addition of
quinidine to bath solution. The inward rectifier K current activates neg-
ative to -82 mV. Bath solution was normal Tyrode solution with 1.8 mM Ca.
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I4 o under Ca-free conditions

In order to avoid the distortion produced by Ca current, we performed
the rest of the studies in solutions that were effectively free of Ca.
Although there has been a suggestion that I, is a Ca-activated current
(13), it is apparent in Fig. 2 that I, is still present when Ca is omitted
from the extracellular solution. More detailed study of the role of Ca in
controlling I, will be reported separately (Nakayama & Fozzard, unpublished
observations). Fig. 2 also illustrates the lack of an outward tail of
current upon clamping back to -42 mV after 700 msec or back to -22 mV after
4 sec. Under conditions of these experiments we were unable to see any

evidence for the delayed rectifier K current.
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Fig. 2. The family of currents in the upper left panel was recorded under
Ca-free conditions. The I-V relationship is shown in the right panel. Time-
dependent I, and time-independent currents were recorded from a holding
potential o% -42 mV. No tail currents were observed upon clamp-back to -42
mV (upper panel) or to -22 mV (lower panel). Any Na current through the Ca
channels that might have occurred because of the absence of Ca was blocked
by 5 mM Mg.

Recovery of I,  from inactivation

A characteristic of I,  is its slow recovery from inactivation (9,14).
Under the conditions of these experiments recovery was exponential, with

time constants of less than 1 sec (Fig. 3).
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Fig. 3. Currents elicited by pairs of identical steps to +78 mV from a
holding potential of -42 mV, The pairs of steps were separated by varying
intervals, and a pair was separated from another pair by 60 sec. The first
current trace has superimposed on it the 60 sec step. The second to sixth
currents were separated by the interval shown on the lower scale. Recovery
followed a single exponential time course with a time constant of 832 msec.

Quinidine effect in Ca-free solutions

Quinidine in micromolar doses produced a dramatic fall in peak
amplitude of I; (Fig. 4). Quantitation of this effect was sometimes
difficult because the rapid decline of Ito made separation of the peak
current from the capacity transient uncertain.

There was a dramatic fall in the steady state current at 700 msec.
From these studies it is not possible to say if this is a steady state
component of I,  that is blocked by quinidine or an effect of the drug on
the leakage K current. This question was investigated by comparing the
effect of quinidine to that of 4-aminopyridine (4AP), which is known to
block Iy, (15). 1In six experiments 1 mM 4AP reduced the steady state
current by 24%. By analogy it appeared that there was a steady state Iy
that was blocked by quinidine, but that there may also be some block of the
leakage K current by quinidine.

The effect of quinidine on I, was dose dependent, with a half effect

achieved at a concentration of 2.3 x 107°M (Fig. 5).
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Fig. 4. The left three current traces were recorded from the same cell.
Depolarizing steps, incremented by 20 mV, were applied from a holding
potential of -42 mV in the presence and absence of 20 uM quinidine. The
right panels show the I-V relationships for both peak and late (700 msec)
currents. Both the peak and the steady state currents were reduced by
quinidine.

Effect of quinidine on I, kinetics

Some information about the nature of the quinidine block can be gained
by examining the drug's effect on current kinetics. Recording of the
quinidine effect at higher time resolution demonstrated that the peak of I,
was advanced, as well as reduced (Fig. 6). This suggests that the block by
quinidine occurs during the period when the channel is open. 0On the other
hand, inactivation was not much affected. Previous studies have indicated
that I, is not inactivated as a single exponential, but is better fit with
two exponentials (14). Also illustrated in Fig. 6 are inactivation curves

before and after quinidine, with exponential fits.
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Fig. 5. The upper panel shows superimposed currents from a cell that was
repeatedly depolarized to +78 mV from a holding potential of -42 mV during
exposure to different concentrations of quinidine. The dose-response curve
for peak amplitudes, which were determined from exponential fits, is shown
in the lower panel. The half maximal effect was estimated to be 23 uM.

Effect of Na removal on I,

Because the reversal potential of the putative I, channel was
influenced by the Na gradient (14), we examined I, in solutions free of
both Na and Ca (Fig. 7). Characteristics of I,  were unchanged by Na
removal, and block of both the peak current and the steady state current was
not affected. It was difficult to determine if the magnitude of I;, was
altered by Na removal, because the experiments were performed in separate

cells. However, if there was a magnitude effect, it must have been small.
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Fig. 6. Effect of qu1n1d1ne on Ii, kinetics. The left panel shows the
activation of I, at 15¢1°C. After application of quinidine, both the peak
(indicated by the arrow) and the time of the peak were decreased. The right
panel shows the inactivation phase of I, at 2011°C. In most cases the decay
of the current could be fit with two exponentlals.

DISCUSSION

Characteristics of I,

The transient outward current in heart muscle was first described and
characterized in Purkinje fibers (9,15,16,17). Initially, it was thought
that the ionic carrier of I;  in the heart was chloride (Cl). While it
remains possible that part of I, is carried by Cl (16), the predominant
carrier appears to be K. As with any large current in multicellular
preparations, it is necessary to be concerned about the possibility of poor
voltage control and of accumulation or depletion of ions in the limited
extracellular spaces (18,19). This study is the first made in single
Purkinje cells, where voltage control is good and where extracellular
accumulation or depletion is minimal. The principal characteristics of I,

in the single cells are not different from those already described for
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multicellular preparations. In particular, it is important to note that
under these relatively favorable conditions, there was still two time

constants to Ito inactivation.
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Fig. 7. The left panel illustrates currents from the same cell bathed in a
Na- and Ca-free solution. Voltage steps were applied from a holding
potential of -42 mV. The right panel shows the I-V relationships for the
peak and steady state currents in the presence and absence of quinidine 20
uM.

Other studies of I;  in single cardiac cells are those of Nakayama and
Irisawa (14) in rabbit AV node cells, Josephson et al(20) in rat ventricular
cells, and Giles and van Ginneken (21) in rabbit atrial cells. Nakayama and
Irisawa (14) correlated I{, with a transiently activated single channel that
was predominantly selective for K, but probably also was responsive to
changes in the Na gradient. A similar transient outward currernt has been
identified and studied in neuronal cells, where it is called ip (22,23).

Removal of Ca from the superfusing solution improved the recording of

I, by avoiding the overlap with Ca current. This was particularly
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important for examination of the activation phase of I, , but also it was
important to remove any effect of long-lasting or tonic Ca currents. I,
itself was clearly not dependent on Ca for its activation, since
extracellular Ca was kept low with EGTA and intracellular Ca was buffered
with BAPTA. Removal of Na from the superfusing solution was without
significant effect on Iy .

Quinidine block of I,.

These studies demonstrate a dramatic block of Iy by quinidine in
micromolar doses, similar to those that affect Na currents. Furthermore,
the effect appears to be open channel block, demonstrated by the shortening
of time-to-peak current, as well as peak magnitude, without significant
effect on the time course of inactivation. This sort of interaction has
been proposed for quinidine interaction with Na channels (24), so it may
indicate that the site of action of quinidine may be within the channel
itself and may not be a specific binding site. Certainly the speed of action
of quinidine on I, is sufficiently fast that it could influence normal
action potentials.

The half effective dose of quinidine for block of I,  was 23 uM. This
is the range that produces reduction in the Na currents (1), delayed
rectifier K current (25), and Ca currents (Salata & Wasserstrom, unpublished
observations).

Quinidine had an effect on steady state outward current in the
depolarized voltage range that was equivalent to its effect on the transient
component of outward current. Normally it is assumed that all of I, is
inactivated, as implied in its name. However, the channel responsible for
this current could have a tonic opening probability, generating a steady
current. We compared the block of steady state current by quinidine to that
of 4AP. Kenyon & Gibbons (15) had already shown that 4AP blocked some of the
steady state outward current. We found no clear difference in blockade by

the two drugs, but this is not sufficient evidence for a steady state I...

Ii, block and the action of quinidine on the action potential

I, is an outward current that favors repolarization after the action
potential peak. Its block by 4AP results in a positive shift in the plateau
of the AP with little change in its duration (16). Consequently, one would
expect that a similar block by quinidine would not lengthen the AP. If,

however, there is a tonic component to I, then it would shorten the AP.
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With the evidence in hand, it appears safe to conclude that the shape change
of the AP produced by quinidine is not caused by blockade of I;,. A more
plausible explanation is blockade of the delayed rectifier K current (25).
We were not able to see this current under our experimental conditions. The
reason for its absence its not clear, but perhaps it is related to the
absence of Ca intracellularly or to the washout of some important

intracellular promoter of that current.
SUMMARY

I,, was studied in single canine cardiac Purkinje cells by the patch
clamp method in the whole cell configuration. I, could be easily seen
during depolarizing steps from a holding potential of -42 mV. The
activation phase of I, could be determined best when studies were made
without extracellular or intracellular Ca, confirming that the current does
not require Ca for its activation. Inactivation was multiexponential.

Quinidine blocked the peak value of I,  with a half-maximal effect at
23 uM. Time-to-peak of I;  was earlier in the presence of quinidine, as
expected if the drug blocks when the channel is open. There was no effect
on the two time constants of inactivation. Quinidine blocked the steady
state outward current. 4AP also blocks steady state outward current, so
there may be a tonic component to Iioe

Since quinidine blocks several channels at about the same
concentration, and the block occurs in the open channel state, there may be
an internal reactive site that is structurally similar in several ionic
channels. This property of affecting several channels makes interpretation

of quinidine-induced AP changes difficult.
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ANTIARRHYTHMIC DRUG THERAPY FOR PATIENTS WITH VENTRICULAR
TACHYARRHYTHMIAS IN THE SETTING OF LEFT VENTRICULAR
DYSFUNCTION:

1. THE ROLE OF PROPAFENONE

2. THE ROLE OF ADJUNCT BETA-BLOCKADE

M.A. BRODSKY, B.J. ALLEN, C. LUCKETT, R. THOMAS.

Cardiology Division, Department of Medicine
University of California Irvine Medical Center,101 City Drive
South, Orange, California 92668.

INTRODUCTION:

The isolated occurrence of either congestive heart failure
or ventricular tachycardia (VT) carries a poor prognosis.
Frequently, congestive heart failure and complex ventricular
arrhythmia coexist in patients (1-5). The combined occurrence
of congestive heart failure and complex ventricular arrhythmia
has a worse prognosis than either alone, with an annual reported
mortality of between 50 and 60 percent (2). Previous attempts at
extending survival in this group of patients has primarily
focused on treatment of heart failure (1,2). Despite control of
heart failure, mortality remained high as patients frequently
succumbed to sudden death. However, previous investigators have
not pursued aggressive arrhythmia management in this group of
patients.

Antiarrhythmic drug therapy can prevent recurrent
arrhythmias (6). However, antiarrhythmic drugs have many side
effects, including the possibility of worsening left ventricular
function (7). Many antiarrhythmic drugs have been evaluated for
their effect on 1left ventricular function. Although both
quinidine and procainamide can reduce ventricular
contractility, they rarely cause clinical congestive heart
failure (8). Disopyramide, on the other hand, can reduce
ventricular contractility and frequently may cause congestive
heart failure especially in patients with pre-existing left
ventricular dysfunction (7). This may relate to changes in
systemic vascular resistance. Studies of the antiarrhythmic
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drugs amiodarone and mexiletine have shown no appreciable effect
on left ventricular function (9,10).

Propafenone is a promising new antiarrhythmic agent. In
addition to a membrane stabilizing action it also is a weak beta
blocking agent and to a lesser degree is a calcium channel
antagonist (11,12). Propafenone has efficacy in suppressing
both supraventricular and ventricular arrhythmias (13-16).
Recent studies have yielded conflicting data as to its effect on
left ventricular function (15-17). The efficacy and safety of
propafenone in patients with malignant ventricular arrhythmias
and congestive heart failure have not been established.

Beta-blocker therapy has been successfully employed in the
treatment on some patients with ventricular arrhythmia (18-21).
Beta-blockers are the only drugs which have been shown to reduce
mortality after myocardial infarction, in part by reducing
sudden cardiac deaths (18). The successful use of beta-blockers
as solitary or combination therapy for 1life-threatening
ventricular arrhythmias has been reported (19-21). The
identification of patients who are appropriate candidates for
beta-blocker therapy has not been resolved. While beta-blockers
have the potential to worsen left ventricular function, they can
be carefully titrated to avoid hemodynamic compromise, in fact a
recent study demonstrated that beta-blockers may improve
prognosis in patients with impaired left ventricular function
(22).

We report our experience in two groups of patients with
life-threatening ventricular tachyarrhythmias and impaired left
ventricular function. One group was treated with propafenone
and the second treated with a partially effective class I
antiarrhythmic drug combined with beta-blockade.

METHODS
Definitions:

Standard definitions were utilized for ventricular
tachycardia, whether spontaneous, or induced by programmed
stimulation (23) Spontaneous sustained VT was defined as lasting
longer than 30 seconds and requiring an intervention for
termination. Spontaneous nonsustained VT was defined as greater
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than or equal to 3 consecutive ventricular ectopic
depolarizations. Inducible sustained ventricular tachycardia was
defined as 50 or greater repetitive ventricular responses to
extrastimulation or requiring intervention (pacing,
cardioversion, or defibrillation) for reversion to a stable
rhythm. Inducible nonsustained VT was defined as six or greater,
but less than 50 repetitive ventricular responses to
extrastimulation and terminating spontaneously.

Base line evaluation:

Upon referral, heart failure was managed in a traditional
fashion, and when controlled, all drugs, including
antiarrhythmic agents and digoxin, were discontinued for 48
hours. Patients then had base line studies including 24-hour
ambulatory electrocardiographic monitoring, 1left ventricular
ejection fraction measurement and invasive cardiac
electrophysiologic study. The testing procedures have been
previously described (20).

Antiarrhythmic Drug Program:

All patients were treated with antiarrhythmic drugs.

Antiarrhythmic drug therapy was guided utilizing
electrophysiologic testing, ambulatory electrocardiographic
monitoring, exercise testing or a combination of these
modalities.

Heart Failure Management:
All patients in New York Heart Association class four were

initially given digoxin, diuretics and vasodilators. All
patients in functional class three were given digoxin and
diuretic therapy. The patients in functional class two were
given a variety of therapies. Serum potassium and magnesium
levels were maintained at greater than 4.0
milliequivalents/liter and 2.0 milligrams/deciliter respectively
by, if necessary, vigorous electrolyte replacement or the use of
potassium-sparing diuretics.
Follow-up Evaluation:

Repeat noninvasive evaluation was done at least every three
to six months.
RESULTS:
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Propafenone:

Fifteen patients with ventricular tachyarrhythmias and
symptoms of congestive heart failure with ejection fractions of
40 percent or less were given a trial of propafenone. All
fifteen patients had failed trials of conventional
antiarrhythmic drugs (one to four drugs). The patient's
clinical characteristics are summarized in table 1.

Propafenone was given orally as a one-time loading dose of
from 300 to 450 milligrams. Subsequently, propafenone was given
at an interim maintenance dosage of 300 milligrams orally every
eight hours. One subject (patient number 5) had worsening of
arrhythmia (recurrent cardiac arrest) within three hours after
the loading dose and propafenone was discontinued. At least five
oral doses of propafenone were given prior to arrhythmia
evaluation in the remaining 14 patients. Blood levels were not
obtained.

Antiarrhythmic Effects:

Seven patients underwent invasive arrhythmia assessment
before and during propafenone therapy. Ventricular tachycardia
was induced in all seven patients during base 1line cardiac
electrophysiologic study. Ventricular tachycardia could not be
induced in three of the seven patients during solitary
propafenone therapy. One additional patient was noninducible
while receiving concomitant beta-blockade. Three patients
remained inducible of which one was then discontinued from the
propafenone protocol.

After excluding both the patient who had worsening of his
arrhythmia during 1loading and one of the patients with
persistently inducible VT, the remaining 13 patients were placed
on maintenance drug therapy. These 13 patients underwent
ambulatory ECG monitoring both before and during propafenone
therapy (Table 2). Base line ambulatory ECG monitoring revealed
frequent ventricular premature depolarizations (VPDs),
ventricular couplets and VT in the patients prior to propafenone
therapy. During propafenone therapy there was a significant
reduction in the frequency of ventricular arrhythmia.

Effects on Ventricular Function:
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Table 1.

Basic Patient Characteristics:
Patient Age(yr) Sex

Disease EF (%) FC Rhythm Symptoms

1 55 M
2 44 M
3 62 F
4 65 M
5 44 M
6 54 M
7 57 M
8 61 M
9 55 M
10 60 M
11 89 M
12 64 F
13 66 M
14 78 M
15 66 M

CAD 20 4 VF CA
CAD 26 2 VF CA
CAD 31 3 VF CA
CAD 34 2 VF 167:1
CAD 19 3 VTs CA
CAD 37 2 VTs S
CAD 28 3 VTs PS
CAD 34 2 VTs PS
CAD 40 2 VTs PS
IDCM 22 3 VTns PALP
CAD 22 2 VTns PALP
CAD 38 3 VTns PALP
IDCM 39 2 VTns PALP
CAD 35 3 VTns PALP
CAD 34 2 VTns PALP

Abbreviations: FC
class; M = Male; F

New York Heart Association functional
Female; CAD = Coronary Artery Disease;

IDCM = Idiopathic Dilated Cardiomyopathy; VF = Ventricular

Fibrillation; VTs =

Sustained Ventricular Tachycardia; VTns
Nonsustained Ventricular Tachycardia; CA = Cardiac Arrest; S

Syncope; PS = Presyncope; PALP = Palpitations.

Couplets/24 hours VT runs/24 hours

PPF Base line PPF Base line PPF

Table 2.
Ambulatory Monitoring:
VPDs/Hour
Patient Base line
1 18 17
2 40 1
3 100 21
4 4 1
6 1067 31
7 1813 28
9 3 0
10 1200 1
11 28 10
12 900 30
13 360 58
14 34 1
15 2459 122
p Value <0.05

7 0 2 0
0 0 8 0
2 3 0] 0
1 0 1 0
5200 18 28 1
226 0 3188 1
0 0 0 0
4800 0 240 0
12 1 3 0
376 1 126 0
694 23 228 0
9 0 3 0
24991 337 592 30
<0.05 <0.05

= Ventricular Premature Depolarizations; VT
= Ventricular Tachycardia; PPF = Propafenone Therapy

Abbreviations: VPDs
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Of the 13 patients on maintenance therapy, eight had their
left ventricular ejection fractions determined by nuclear
ventriculography both before and during propafenone therapy.
Initial measurements were from 22 to 39 (mean 30) percent.
Subsequent determinations during propafenone therapy were from
22 to 48 (mean 30) percent. In two patients, base line nuclear
ventriculograms were performed, but repeat nuclear
ventriculograms were not obtained because the drug was stopped
due to side effects.

Side Effects:

In four of the 13 patients on maintenance therapy,
significant side effects occurred requiring the discontinuation
of propafenone. Three patients had increasing dyspnea
necessitating discontinuation of propafenone therapy including
two who had clinical worsening of left heart failure. The other
patient had a history of severe pulmonary disease and had a
marked increase in dyspnea suggesting pulmonary disease. In

only one of these patients was a follow up ventricular function

study available during propafenone therapy. In the fourth
patient persistent dizziness during propafenone therapy required
discontinuation.

Follow-up:

Seven patients continuing on propafenone therapy have been
followed for between three to 46 (mean 23) months. One patient
suffered a recurrence of sustained VT shortly after his
discharge. He was subsequently well controlled with an increased
dose of propafenone. Two patients were discontinued from
therapy for nonmedical reasons after uneventful follow-up for 12
and 18 months. Adjustment of propafenone dosage and heart
failure therapy have been made as needed. The daily propafenone
dose has ranged from 450 to 1050 (mean 750) milligrams. Out of
the eight patients who failed or discontinued propafenone
therapy, six remain alive while two have died on other
treatment.

Adjunct Beta Blockade:

From November 1982 through April, 1984, fifteen consecutive

patients with coronary artery disease and left ventricular
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dysfunction were referred for evaluation of recurrent
ventricular fibrillation or recurrent sustained or symptomatic
ventricular tachycardia. Nine of these patients had inducible
sustained monomorphic vT during base line programmed
stimulation. Using serial electrophysiologic testing, solitary
class I drug therapy was shown to be completely effective in
three patients, but not in six. A completely effective drug
response was defined as limiting repetitive responses to less
than six. The six patients with a 1less than completely
effective solitary drug response are the subject of this report.
A class I drug with partial efficacy was identified for each
patient. This was defined by conversion from sustained to
nonsustained ventricular tachycardia (one patient), at least a
ten percent slowing in the rate of the inducible sustained VT
(three patients), or inducible sustained VT that required
greater provocation (more stimuli) than during the base 1line
study (two patients). After at least two single class I
antiarrhythmic drugs had been assessed in each patient, the best
partially effective class I drug was maintained and metoprolol
was added. Metoprolol, (in divided doses of 50 to 250
milligrams per day) was titrated to limit exercise peak heart
rate to less than 120 beats per minute and to prevent symptoms
of congestive heart failure. While on combination therapy, each
patient underwent repeat electrophysiologic study proving
noninducibility.

Prior to antiarrhythmic drug therapy, each patient had a
measured left ventricular ejection fraction of between 18 and 40
(mean 27.8) percent. Following combination drug therapy, the
ejection fraction measured from 21 to 37 (mean 27.2) percent (p
= not significant). Five of the six patients remain alive
during a follow-up ranging from 26 to 40 (mean 31) months. One
patient died 11 months after initiation of combination therapy
following discontinuation of his beta-blocker therapy.
DISCUSSION:

Ventricular fibrillation and sustained or hemodynamically
compromising VT are life-threatening complications in patients
with cardiac diseases. Ventricular tachycardia can usually be
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provoked by electrophysiologic study in patients who have had
the rhythm clinically (5). Frequently, despite antiarrhythmic
drug therapy, VT remains inducible (24-27). Patients who have
partial suppression of inducible ventricular arrhythmia, have
more subsequent clinical events than those with complete
suppression (28). In the present report a series of class I
drugs were tested and the dose of most effective drug advanced
to its therapeutic limit. Because of patient selection in this
study, the best class I drug was only partially effective in all
six patients reported. A beta-blocking drug was added in an
attempt to find a drug combination that would produce complete
efficacy. The addition of a beta-blocker to the best partially
effective class I antiarrhythmic drug yielded complete efficacy
in all six patients.

Previous investigators have had variable success in
managing cardiac arrhythmias with combination antiarrhythmic
drug therapy (21,26,27,29,30). Combination therapies using class
I drugs usually resulted in induction of slower VT in most of
the patients (26). Previous reports using combination therapy
of class I drugs and beta-blockers have suggested some degree of
efficacy for a variety of cardiac arrhythmias (21,27,29,30).
One of the reasons why these previous reports evaluating
combination antiarrhythmic drug therapy may have had variable
results is the different patient populations and methods used in
the various studies (21,26,27,29,30).

Solitary beta-blocker therapy for VT has been effective
when used in the management of patients without significant
underlying cardiac disease (20). Beta-blockers alone have often
not been effective when used in patients with ventricular
tachycardia and significant cardiac dysfunction (31). We did
not evaluate solitary beta-blocker therapy in these patients,
and cannot be certain the beneficial results were not due to
metoprolol alone.

Various mechanisms have been postulated to explain the
efficacy of beta-blockers in the management of cardiac
arrhythmias. Beta-blockers have been shown to have direct
membrane stabilizing effects on cardiac tissue (32). Because
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the plasma levels of beta blocking drugs that are needed to
produce an antiarrhythmic effect in humans are much lower than
the drug concentration needed to produce direct effects on cell
membranes, most of the antiarrhythmic effects of beta-blockers
are thought due to beta receptor blockade (32). One possible
mechanism is suggested by the fact that sympathetic stimulation
enhances afterdepolarizations which in turn may trigger
automatic type arrhythmias (33). Because beta-blockers have been
shown to suppress afterdepolarizations, it is possible that they
exert an antiarrhythmic effect through this mechanism. A second
possible mechanism is suggested by the observation that beta-
blockers are effective in treating reentry arrhythmias.
Although sympathetic stimulation does not significantly affect
conduction in ventricular muscle, it does shorten the effective
refractory period (34). Dispersion of refractoriness may by
caused by sympathetic stimulation to an area with an
inhomogenous distribution of sympathetic nerves (34). If this
should occur, a functional reentrant pathway might be
established and reentry continued resulting in ventricular
tachycardia (33). 1In this context, beta-blockers might work by
decreasing inhomogeneous conduction. Support for this second
mechanism is found in the present study. First, the ventricular
arrhythmias were considered to be reentry type because they were
inducible during programmed stimulation. Second, the addition
of beta-blockers to a class I drug abolished the inducible
ventricular tachyarrhythmias. Third, beta-blockers were used in
low doses limiting the possibility of any membrane effects. The
effective combination of class I drugs and beta-blockers
suggests a possible synergism in membrane effects and beta-
receptor blockade.

Our results also indicate that propafenone is an effective
agent for the management of many patients with life-threatening
ventricular tachyarrhythmias and congestive heart failure.
Studies in the 13 patients placed on maintenance therapy
revealed control of arrhythmias using propafenone. Although
side effects necessitated discontinuation of propafenone in 4
patients, in only 2 of these was definite worsening of
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congestive heart failure noted. The 7 patients who continued on
propafenone have survived over a mean follow-up of 23 months.
Therefore, propafenone was effective in 7 of 15 patients (47%)
with 1life-threatening ventricular arrhythmias and congestive
heart failure.

Recent studies have yielded conflicting data as to the
effect of propafenone on left ventricular function, especially
in patients with congestive heart failure (14-16). Despite
measured changes in left-ventricular function, only two of the
92 patients in the previous studies required discontinuation of
propafenone therapy due to worsening of heart failure. 1In the
present study, seven of 15 patients with clinical congestive
heart failure maintained propafenone therapy. There was no
significant change in the mean 1left ventricular ejection
fraction from base 1line to treatment with propafenone as
measured by nuclear ventriculography in eight patients. Only
two of ten patients had worsening of clinical congestive heart
failure requiring discontinuation of propafenone.

Propafenone is an effective antiarrhythmic drug for the
management of many patients with life-threatening ventricular
arrhythmias. In patients with left ventricular dysfunction, the
drug appears to be useful, but must be used with caution.
SUMMARY :

This report details our experience using two separate
approaches in the treatment of patients with life threatening
ventricular tachyarrhythmia in the setting of congestive heart
failure. First, propafenone, a new antiarrhythmic drug was
tested on 15 patients. Second, beta-blockers were tested in
combination with class I agents in 6 patients.

We administered propafenone to 15 patients with ventricular
tachyarrhythmias and left ventricular ejection fractions 1less
than or equal to 40%. Propafenone significantly reduced
ventricular arrhythmia evaluated by both ambulatory monitoring
and programmed stimulation. In 8 patients studied before and
during therapy, there was no significant change in left
ventricular ejection fraction as determined by nuclear
ventriculography. Propafenone was discontinued in 4 patients due
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to side effects. Seven patients receiving continuing propafenone
therapy remain alive with only 1 patient suffering a recurrence
of his arrhythmia. Therefore, propafenone is an effective drug
for the management of ventricular tachyarrhythmias and may be
used for patients with impaired left ventricular function.

In the 2nd study, 6 patients who had failed solitary class
I antiarrhythmic drug therapy were given beta-blockers in
combination with the best partially effective <class I
antiarrhythmic drug to determine if this type of combination
therapy <could enhance efficacy in abolishing inducible
ventricular tachyarrhythmias. All 6 patients had underlying
coronary artery disease and reduced ejection fractions (range
18-40, mean 28%). Sustained VT was reproducibly demonstrated in
all 6 patients during baseline invasive electrophyiologic study.
Multiple class I antiarrhythmic drugs were then evaluated in
each patient but were, at best, only partially effective. Beta-
blockers were added to the best partially effective class I
antiarrhythmic drug. Subsequent electrophysiologic study
demonstrated abolition of inducible VT in each patient. Five of
the 6 patients remain alive during a follow-up of 26-40 (mean
31) months. It is concluded that beta-blockade can be a useful
adjunct in the management of patients with 1life-threatening
ventricular tachyarrhythmias when used in combination with a
class I antiarrhythmic drug that has shown partial efficacy.
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PROTECTIVE EFFECT OF NIFEDIPINE UPON OUABAIN-INDUCED
ARRHYTHMIAS.

S. NAVARATNAM and J.C. KHATTER, Departments of Medicine
and Pharmacology, Section of cCardiology, University of
Manitoba, Winnipeg, Canada, R3E 0z3.

INTRODUCTION

Calcium channel blockers represent a group of
compounds which have the common property of inhibiting
transmembrane calcium influx via the voltage gated
channels (1). Recent reports suggest the existence of a
kinetic interaction between calcium channel blockers and
cardiac glycosides which leads to the elevation of plasma
digoxin level (2-4). This phenomena is partly attributed
to the reduced renal clearance of digitalis (5).
Nifedipine, a prototype of the dyhydropyrdine group of
compounds, has been demonstrated to increase the plasma
digoxin level by 25-45% in the healthy individuals (2).
Sixty to eighty percent elevation of plasma digoxin level
was seen when digoxin was combined with verapamil in the
treatment of atrial fibrillation. However none of these
regimen seems to change the electrophysiological correlat-
es (6-8). In fact some of the observations suggest that
the incidence of cardiac toxicity is lower in patients
receiving combined therapy of verapamil and digoxin than
in those receiving digitalis alone (9).

Generally the electrical toxicity of digitalis
manifests as either an abnormality of the conduction or an
abnormal impulse initiation. 1In toxic concentrations,
cardiac glycosides can provoke oscillatory potentials
that are coupled to and triggered by preceding action
potentials (10). If they are large enough to reach the
threshold, the oscillatory potentials might initiate a
premature response or self-sustained rhythm (11). Such
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phenomenon have been observed in purkinje fiber (12,13),
specialized atrial fibers (14) and ventricular muscle
(15,16). The oscillatory potentials are increased in
magnitude by an increase in [Ca2%]o (13) and diminished by
a reduction in [Na*]o (17,18) and can be abolished
altogether by verapamil, tetrodotoxin (19) or Mn2+ (13).
These studies would indicate that in some way both Nat and
ca2* inward currents are involved in generating the
oscillatory potentials. Tsien et al (20) have, however,
suggested that a rise in [Na*]i, due to an inhibition of
Na+, K+-ATPase, may cause an increase in the intracellular
ca?* through Nat - ca?? exchange and consequently an
increase in the inward oscillatory current (18). It is
conceivable that Ca2* influx in the presence of toxic
concentration of digitalis may raise the cytoplasmic
ca2* to a level that causes Ca?t overload in organelles
such as mitochondria (21) and sarcoplasmic reticulum
(22). A direct correlation between ca?*t overload,
oscillatory potentials and early ischemic cardiac arrhyth-
mias has recently been shown (23). All the above studies
suggest that calcium plays a vital role in digitalis
induced cardiac arrhythmias. Since the calcium channel
blockers inhibit the transmembrane calcium influx (1) and
may thus prevent intracellular calcium overload it
might reduce the incidence of cardiac arrhythmias caused
by digitalis.

Our previous studies in both the isolated guinea pig
heart and in the intact guinea pig model indicated that
verapamil has a significant protective effect against
ouabain induced mechanical and electrical toxicity
(24,25). We carried out the present study to investigate
the possible protective effect of another widely used
calcium channel blocker, nifedipine, upon ouabain induce
cardiac arrhythmias in the intact guinea pig model.
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MATERIALS AND METHODS

Experimental Model

Guinea pigs of either sex, weighing between 300-350
gm, were anesthetized with ureathane 500 mg/kg and
alpha-chloralose 60 mg/kg intraperitonealy. Trachea
cannulated and the chest was cut open under artificial
respiration. Lead II EKG, left ventricular pressure and
the maximum rate of its rise (+dp/dt) were recorded using
Stratham P23Gb transducers and Hewlett Packard recorder
(No. 1308A4). Drugs were infused at a slow rate via
the external jugular vein.

Animals were divided into 4 groups and were examined
to investigate the protective effect of nifedipine upon
ouabain-induced arrhythmias.

Group I

When the preparation was stable, ouabain was infused
at the rate of 1.4 ug/min in 23 ul of saline. Ventricular
ectopics appeared in 18-20 min. When the arrhythmias
appeared to be fatal, (consistent and repeated 5-6
ventricular ectopics, ventricular tachycardia or ventric-
ular fibrillation) the infusion of ouabain was stopped.
Mortality rate in this group was more than 95%.

Group ITI

In this group, animals were administered with
nifedipine in slow infusion at a rate of 0.9 ug/min.
Infusion was continued until the total dose of nifedipine
reached 100 ug/kg. The animals were monitored for changes
in EKG, left ventricular pressure, dp/dt and heart rate.
Group IIT

To this group of animals 35 ug/kg nifedipine was
infused (rate - 0.9 ug/min) in combination with the toxic
dose of ouabain (0.14 mg/kg). One-third of the above
nifedipine dose (11.66 ug/kg) was infused before starting
the ouabain administration and then both the drugs were
infused simultaneously. Infusion was stopped after the
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predetermined doses were administered and the animals were
monitored for the development of arrhythmias.
Group IV

This group of animals was divided into several
subgroups and each subgroup was given varying doses of
nifedipine 15-50 ug/kg combined with ouabain which was
continuously infused until the fatal cardiac arrhythmias
appeared. The nifedipine infusion was started prior to
the ouabain infusion as in Group III, and stopped after
the predetermined doses were administered.
Drug Solutions

Ouabainoctahydrate was purchased from Sigma
Pharmaceutical Co. The solution was prepared in saline.
Nifedipine (10 mg capsules) was obtained from Miles
Pharmaceuticals. The capsules were dissolved in 70%
alcohol and further diluted in saline. Final solution of
nifedipine had 0.1% ethanol. Nifedipine solution was
always prepared in the dark and was stored in a brown
bottle at 4° c.
Statistical Analysis

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

RESULTS

Genesis of ouabain-induced cardiac arrhythmias in guinea

big

In the control group of animals (Fig. 1), when
ouabain was infused at a rate of 1.4 ug/min, the maximum
inotropic response, as demonstrated by an increase in the
dp/dt, occurred in about 8-10 min of continuous infusion.
The dose of ouabain required for the initiation of the
maximum increase in dp/dt was 0.044 + 0.002 mg/kg.
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Fig. 1. Simultaneous recordings of EKG, left ventri-
cular pressure (LVP) and the rate of its rise
(+dp/dt) during ouabain infusion to the
control animals (Group I). Typical
recordings from 8-10 experiments.

Arrhythmias appeared with the ouabain dose of 0.1 +
0.007 mg/kg in about 20-23 min. These cardiac arrhythmias
were mainly of ventricular origin, e.g. ventricular
extrasystoles, which progressed into ventricular fibrilla-
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tion and the animals died with a ouabain dose of 0.14 +
0.007 mg/kg in about 30 min.

Table 1. Alterations in the heart rate and PR interval
during the infusion of either nifedipine and ouabain alone
or with combined infusion.

EXPERIMENTAL HEART RATE PR INTERVAL
CONDITION (BEATS/MIN) (SEC)

BASAL VALUE 259 + 5 0.058 + 0.001
NIFEDIPINE

(30-35 UG/KG) 250 + 17 0.058
MAX. INOTROPY

(OUABAIN) 262
MAX. INOTROPY

(OUABAIN +

30 UG/KG NIF) 248 + 8% 0.061 + 0.001
IMMEDIATELY

BEFORE
ARRYTHMIAS

(OUABAIN) 240 + 10 0.09 + 0.008%
IMMEDIATELY

BEFORE
ARRHYTHMIAS

(OUABAIN +

30 UG/KG NIF) 222 + 4% 0.081 + 0.005%

I+

1+

0.003

I+
<

0.061 + 0.002

Each value represents mean + S.E. of 8-10 experiments.
*Indicates statistical significance (P < 0.05) as compared
to the basal value.

Analysis of the heart rate and the PR interval
demonstrated that these parameters did not change signifi-
cantly during ouabain-induced maximum inotropy (Table 1).
However, just before the initiation of arrhythmias,
ouabain caused a significant reduction in the heart rate
and prolonged PR interval.
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Effects of nifedipine on ouabain-induced arrhythmias

Infusion of nifedipine alone (0.9 ug/min) caused a
slowing of the heart rate at a dose of 30 ug/kg which
continued to drop with further infusion of nifedipine.
However, a significant drop in heart rate was observed
only after the dose of nifedipine reached 80 ug/kg.
Although, there was a slight increase in the dp/dt with
the infusion of nifedipine up to 80 ug/kg and reduction
between 80-100 ug/kg, these changes were not significantly
different.

When nifedipine (35 ug/kg) was added to the infusion
of a toxic dose of ouabain (0.14 mg/kg), a dose which will
normally produce terminal arrhythmias in 25-30 min
(Fig. 1), no arrhythmias were observed even after several
hours of monitoring. Figure 2 illustrates the recordings
up to two hours after the combined infusion of ouabain
with nifedipine.

In another setting, a dose-response effect of
nifedipine on the dose of ouabain required to induce
arrhythmias was investigated. 1In this setting, when
different doses of nifedipine were combined with a
continuous infusion of ouabain, nifedipine caused a
dose-dependent increase in both the arrhythmogenic as well
as the lethal dose of ouabain. In Fig. 3, 35 ug/kg of
nifedipine was combined (0.9 ug/min) with a continuous
infusion (1.4 ug/min) of ouabain and the animals wre
monitored until the terminal arrhythmias appeared.

As shown in Fig. 4, nifedipine in the doses between
30-37.5 ug/kg caused a significant elevation in the doses
of ouabain necessary to induce both arrhythmias and
death. Further increase in the dose of nifedipine did not
elevate the arrhythmogenic dose of ouabain, although it
further delayed the terminal arrhythmias to cause death of
the animals.

In both the experimental groups where nifedipine was
combined with ouabain (Groups III and IV) neither the
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inotropic response (Fig. 5) nor the dose of ouabain
(Fig. 4) for the inotropic effect was altered except with
the higher doses of nifedipine. A dose of 50 ug/kg
nifedipine reduced this ouabain-induced inotropic response
to 33%. Ouabain alone increased the dp/dt by 53% in the
control group (Fig. 5).

EKG EKG Mermhmtdortdarrhnid.

100 100
LvP A ANANANANY

LvP 50| N (mm Hg) SOE L
mm Hg) i FAVAVAVAVAVA e b =L

+2840, +2840

dp/dt dp/dt 1 I 1 Il
(mm Hg/sec) © -W‘WWHHH (mm Hg/sec) 0 MVW\
-2840 -2840
BASAL AFTER 32 MIN
EKG [N UV BV UDY BN | EKG

we 100
AV L R VATAVAVATAS
+2840,

dp/dt dp/dt +2840 )
(mm Hg/sec) OE ‘HHHHW—‘HH‘V"H (mm Hg/sec) OE M—LVJ\H\/"\
840/ -2840!

/3 NF AFTER 120 MIN

EKG A A

100

LVvP
0
dp/dt +2840
(mm Hg/sec) 0

-2840'

Max. INOTROPY

Fig. 2. Effects of combined infusion of ouabain (0.14
ug/kg) and nifedipine (35 ug/kg) on EKG, LVP and
dp/dt. Typical records of 8-10 experiments.
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Ouabain produced a significant drop in the heart rate
immediately before the onset of arrhythmias (Table 1).
With the addition of nifedipine to the systenm,

Groups III and IV, drop in heart rate was seen earlier,

at the stage of maximum inotropy.

intervals were prolonged with the infusion of ouabain and

In these groups,

it was 0.08 + .005 immediately before arrhythmias.

+ 2840

dp/dt
(mm Hg/sec) OE L\’ LV b"\"L'Qf i'Y h'\

— 2840

+2840,
‘( dp/dt ) OE WYM
mm Hg/sec.
9 -2840

1/3 NIF

EKG [ON G WSV WY W W

100

LVP
o N
]
+2840
dp/dt OE
Hg/!
(mm Hg/sec)_ 2840

MAX. INOTROPY

Fig. 3. EKG, LVP and dp/dt during continuous infusion
of ouabain combined with 35 ug/kg nifedipine.

EKG [ P P

100
LvP
0
+2840,
dp/dt A h A A
(mm Hg/sec) 0
-2840
ARRHYTHMIA

ExG \/‘j\v/\/JLf‘\

+2840

dp/dt Y W W W
(mm Hg/sec) 0
-2840'

TERMINAL ARRHYTHMIA

Typical recordings of 8-10 experiments.

as in
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At this stage the PR interval in the ouabain control group
was 0.09 + 0.005. However both of these results are not
significantly different from each other.

0.3

\U) 0.2f i .

E ____E * *

= A T

< —=

=
A

© oat {
__‘ 1 1 1 1 1

10 20 30 40 50
NIFEDIPINE (ug/kg)
Fig. 4. Influence of nifedipine on the doses of ouabain

required to produce maximum inotrophy (m---m),
arrhythmias (a---Ao), and death (e---e). Each
value represents mean + S.E. of 8-10 experi-
ments.
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DISCUSSION

The above data demonstrate that nifedipine exerts a
protective effect against ouabain-induced cardiac arrhyth-
mias, without significantly influencing the ouabain-
induced inotropic response. These effects of nifedipine
were demonstrable with 30-35 ug/kg of nifedipine, doses
well within the therapeutic range in humans. Nifedipine

70 Fig. 5.

Dose
_ related
T effects
60 T of nif-

edipine

T upon

ouabain
50 l T

induced
increase
in dp/dt
*Indicates
statist-

401

ance
(P<0.05)
when
compared
with
dp/dt in
presence
of oua-
bain
10 along.

30

3
+ T cial
J signifi-

20

PERCENTAGE INCREASE IN dp/dt

Ouab. Ouab. Ouab. Ouab. Ouab.
+NIF +NIF +NIF +NIF
30ug/kg 35ug/kg 40 ug/kg 50 ug/kg
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in doses of 40 ug/kg or higher were less protective in the
ouabain initiation of arrhythmias, although these doses
were still effective in improving the survival rate of the
animals.

The well accepted mechanism of digitalis is the
inhibition of Nat, K*-ATPase, recently reviewed by
Schwartz (26). The pump inhibition causes an increase in
the [Na*]i and consequently [ca2*]i through Nat-ca2t
exchange (27-29). An increased Nat-ca?t exchange in the
cultured myocardial cells was recently shown to be related
to the arrhythmogenic action of digitalis (30). That ca2t
plays a significant role in the genesis of digitalis-
induced arrhythmias, is also supported by many electro-
physiological studies. Ferrier and Moe (13) suggested
that the transient inward current is a reflection of ca2?t
influx, which contributes significantly to the genesis of
ouabain-induced arrhythmias. Kass et al hypothesized
that, oscillatory release of ca?* from an intracellular
source may alter the conduction of sarcolemmal membrane to
other ions such as Nat, which might cause rhythmic
disturbance (31). It has now been shown that there is a
direct correlation between [ca2t]i overload, oscillatory
potentials and early ischemic cardiac arrhythmias (23).
Similarly in canine cardiac purkinje fibers, Weir et al
(22) have demonstrated that the diastolic oscillations of
membrane potential, induced by cardiotonic steroids, are
always associated with the aequorin ca2* signals and
suggested that Ca2* is exclusively involved in the
ouabain-induced electrical toxicity. Accordingly,
calcium antagonists should prove to be able to reduce or
abolish digitalis-induced rhythmic disturbances.

Calcium channel blockers inhibit calcium influx
through the voltage gated channels (1), an important
source of Ca?* in the beat to beat regulation of the heart
(32,33). Presence of nifedipine during digitalis adminis-
tration may prevent the elevation of [Ca2+]i to a calcium
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overload like state and help maintain the electrical and
the mechanical activity of the heart for a longer period
of time. We, infact, have earlier demonstrated that both
verapamil and nifedipine not only reduce ouabain-induced
mechanical toxicity in the guinea pig heart (24), but
also preserve the functional and structural integrity of
the mitochondria in the toxic hearts (34).

In the present study, nifedipine substantially
increased the dose of ouabain to produce cardiac toxicity
without any significant change in the dose of ouabain
necessary to produce inotropic response or the magnitude
of the inotropic response, except in higher doses. This
suggests that the [Ca?t]i necessary for the inotropic
response of ouabain was not significantly reduced, when
its administration was combined with nifedipine.

The protective effect of nifedipine upon ouabain-
induced cardiac arrhythmias has also been observed in cats
(35). In our experimental model nifedipine reduced the
heart rate and it was facilitated by the administration of
ouabain. Studies in patients and in dogs with rapid
infusion of nifedipine resulted in an increase in the
heart rate due to the reflex elevation of catecholamines
(36,37). The reduction in the heart rate in our model may
be due to the species difference. Slowing of the heart
rate was also observed by Olea and Quevedo in cats (35).

Unlike verapamil and diltiazem, nifedipine does not
delay the atrioventricular conduction (38). The same
observation was made in our experimental model even with
the combination of nifedipine and ouabain. Infact
nifedipine seems to improve the AV conduction although it
is not statistically significant. Facilitation of AV
conduction by nifedipine has been demonstrated in the
isolated AV node preparation of cats (39).
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EFFECT OF ISOPRENALINE OR STRESS ON ADRENALINE-INDUCED
ARRHYTHMIAS IN ALBINO RATS

P. K. DAS and S. BHOWMICK

Department of Pharmacology, Faculty of Medicine, Al-Fateh
University, Tripoli, Libya.

INTRODUCTION

Rona et al. (1) described for the first time that
isoprenaline (ISP) produces infarct-like myocardial lesions in
experimental animals. Since then the ISP model has been widely
used to understand the pathophysiology of myocardial ischemia.
During the subsequent years it has been reported that rat-
myocardium develops relative insensitivity to the necrosis-
inducing effects of ISP after a prior exposure to myocardial
insults (2,3,4,5). Selye et al. (2) showed that 1ligation of
the 1left coronary artery provided resistance against ISP-
induced myocardial necrosis in rat. This resistance was
reported to be maximal after 48 hr after coronary ligation and
then gradually declined, the myocardium regaining sensitivity
3 wk after coronary ligation (3). Balazs et al. (4) found that
myocardial resistance to ISP challenge occurred in rats
pretreated with ISP for 2 consecutive days, and that the
sensitivity had returned 11 wk after the initial treatment.
The development of resistance was found to be dependent on the
initial production of myocardial lesions, and not on the size
of the necrosis (5). In a subsequent study, it was reported
that it took at least 5 days for the myocardial resistance to
develop after a single dose of ISP, and the normal myocardial
sensitivity after multiple doses of ISP did not return even
after 19-20 wk of the initial insult (6). In another study it
has been reported that rats which were pretreated with ISP
have more hypoxic tolerance 14 days after pretreatment with
ISP than after 48 hr (7).

During the recent years there has been a large number of

retrospective and prospective studies to determine the effects
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of physical exercise on the development of coronary heart
disease. The 1literature on this subject has been recently
reviewed by Leon (8). The general consensus of opinion was
that the relative risk of total coronary heart disease for men
engaged in sedentary work was 2 to 2.5 times that of men
engaged in physical work.

It, therefore, appears that exposure of heart to certain
forms of non-fatal challenge, like ISP, myocardial ischemia or
physical exercise, 1induces resistance to the heart to
withstand further insults. One of the dreaded complications of
coronary heart disease is cardiac arrhythmias, and exaggerated
adrenergic activity plays a dominant role in the initiation
and perpetuation of such an event. The present studies were
undertaken to ascertain the effect of stress on the propensity
of the rat heart to adrenaline (AD)-induced arrhythmias. Two
forms of stress were selected - ISP challenge, and physical
exercise. Based on the reports of Joseph et al. (6), the doses
and modes of administration of ISP were so selected as to
certainly produce myocardial necrosis. Swimming was used as a
form of physical exercise, and the rats were subjected to swim-
exercise-stress for a similar period of 3 wk. Our earlier
studies showed that cholinergic system has an important role
in the modulation of cardiac arrhythmias (9,10,11,12). The
role of cholinergic system in the modulation of stress-induced
modifications of AD-arrhythmias was, therefore, also studied.

MATERIALS AND METHODS

Experiments were conducted on adult Wistar strain albino
rats of either sex weighing between 125 - 150 g. All the
experimental animals were kept in identical environmental
conditions including diet and access to water for 4 wk before
using them, and throughout the experimental period. The rats
were subjécted to any of the following 2 types of stress for
21 days.

Isoprenaline-stress: Isoprenaline HC1 (ISP) was
administered sc once daily for 21 days in the dose of either
50 (ISP-50) or 100 (ISP-100) ng/kg.
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Exercise-stress: The rats were subjected to swimming in a
water tank (0.75 m diameter, 0.5 m deep) having a water
temperature of 30 C for 30 min/day for 21 days.

In both the groups concurrent controls were kept. In the
ISP group, the control rats received equivalent volume of
distilled water sc every day for 21 days.

Adrenaline-induced arrhythmias: The rats were
anesthetised with pentobarbitone sod. 35 mg/kg ip on the 22nd
day, and Lead II EKG was monitored. Adrenaline bitartrate (AD)
iv in graded doses was used as an arrhythmogen. The appearance
of a minimum of 10% ventricular extrasystole was considered as
a positive response. The minimum arrhythmogenic dose was
determined in each rat. In a separate group of ISP-100 rats,
atropine sulphate 1 mg/kg ip was administered on the 22nd day,
30 min before the administration of AD. The arrhythmogenic
dose of AD was determined in each of the following
experimental groups:

la. ISP-50, b. ISP-100, c. ISP-100 atropine-pretreated.

2. Exercise-stress.

3. Concurrent Controls for each experimental group.

Ventricular Acetylcholine (ACh): In the following groups
of rats, after ISP-100 treatment for 21 days, ACh from both
the ventricles was extracted (13) on the 22nd day and
biologically assayed (14):

1. ISP-100. 2. Concurrent control.

RESULTS
Effect of  Isoprepnaline pretreatment on  Adrenaline-
arrhythmias.

None of the rats treated with 50 or 100 Fg/kg of ISP sc
daily for 21 days died during the 22 days of observation
period. The effects of ISp pretreatment on AD-induced
arrhythmias have been summarised in Table 1. In the Control
rats, significant arrhythmias were not observed up to 3 Pg/kg
of AD, while the mean arrhythmogenic dose of AD was found to
be about 8 Pg/kg. In contrast to this, ISP pretreatment
markedly increased the arrhythmogenic dose of AD in a dose-



78

dependent manner. In the ISP-50 group, the maximal EDO of AD
was about 8 pg/kg, and the minimal ED100 was 21.00 + 1.9
pg/kg. In the ISP-100 group, the maximal EDO of AD was 12.5
ug/kg, and ED100 was 54.06 + 7.47 pg/kg.

Table 1

Effect  of Isoprenaline (ISP) pretreatment daily for 21 days on
Adienaline—induced arrhythmias on the 22nd "day in albino
rats.

Group n Arrhythmogenic dose P value
of Adrenaline in ug/kg.
(Mean + SEM)

Control 6 8.20 + 0.49

ISP (50 pg/kg)

pretreated 6 21.00 + 1.90 <0.001
Control 16 8.06 + 0.40

ISP (100 pg/kg)

pretreated 16 54.06 + 7.47 <0.001

Effect of Atropine pretreatment on Adrenaline arrhythmias.

In the second set of experiments, the role of cholinergic
system in AD-arrhythmias was studied. Atropine sulphate 1
mg/kg sc was used to block the muscarinic receptors. The
effects of atropine pretreatment on AD-arrhythmias have been
summarised in Table 2.

Atropine pretreatment significantly reduced the
arrhythmogenic dose of AD from the Control value of 8.51 +
0.52 pg/kg to 4.71 + 0.52 pg/kg. In the ISP-100 pretreated
rats, however, atropine treatment markedly reduced the
arrhythmogenic dose of AD from 49.20 + 9.12 to 8.57 + 1.34
Pg/kg.
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Dose-response relationship of AD in different groups of
rats has been shown in Fig 1. It was found that ISP
pretreatment markedly shifted to the right the dose-response
curve of AD. Atropine pretreatment shifted the dose-response
curves of both control as well as ISP-100 rats to the left,
the shift was, however, marked in the ISP-100 rats. But the
arrhythmogenic dose of AD in Atropine-ISP-100 group was higher
than in the Control Atropine group.

Table 2

Effect of Atropine_ (ATR; lmg/kg ip _single dose 30 min)
retreatment on Adrenaline (AD)-induce arrhythmias in
ifferent groups of albino rats.

Group Arrhythmogenic dose of
Adrenaline in ug/kg P value
(Mean + SEM)

n Control n ATR pretreated
Control 8 8.51+0.52 7 4.71 + 0.52 <0.001
I1sp-100% 8 49.20+9.12 7 8.57 + 1.34 <0.001

<0.025°

a:Isoprenaline (100 pg/kg sc daily for 21 days) pretreated.

b: P value in relation to Control Atropine pretreated group.

Effect of Exercise- on t re ine-

The effects of 21 days swimming exercise on the
arrhythmogenic effect of AD has been summarised in Table 3.
The arrhythmogenic dose of AD in the exercise rats was
significantly higher on the 22nd day as compared to that in
the Controls, the values being 8.00 + 0.58 and 19.75 + 3.77
pg/kg in the Control and exercised rats respectively.
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Effect of Isoprenaline pretreatment on Ventricular

Acetylcholine.
In the earlier sets of experiments it was found that ISP

pretreatment for 21 days markedly decreased the arrhythmogenic
effect of AD. This ISP-effect was also found to be markedly
inhibited by atropine pretreatment. It was, therefore,
considered worthwhile to study the effect of ISP treatment on
the myocardial acetylcholine (ACh) content. The data have been
given in Table 4.

Table 3

Effect of Swimming (30 min/dag for 21 days) on Adrenaline-
induced arrhythmias in albino rats.

Group n Arrhythmogenic dose of Adrenaline
in ug/kg (Mean + SEM) P value
Control 6 8.00 + 0.58
Swimming 6 19.75 + 3.717 <0.025
Table 4

Effect of Isoprenaline (100 pg/kg sc daily for 21 day, ISP-
100) pretreatment on ventricular Acetylcholine (ACh) "content
in albino rats.

Group n Ventricular ACh content P value

in pg/g (Mean + SEM)

Control 15 0.508 + 0.012

Isp-100 15 0.636 + 0.013 <0.001

The ventricular ACh content was found to be significantly
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higher in the rats pretreated with ISP 100 pg/kg daily for 21
days as compared to that seen in the Control rats, the values
being 0.508 + 0.012 and 0.636 t+ 0.013 pg/g in the Control and
ISP-100 rats respectively.

DISCUSSION

It has been reported by various workers that rat
myocardium 1loses 1its sensitivity to the necrosis-inducing
effects of ISP after an initial insult of either ISP, coronary
artery 1ligation or strenuous muscular exercise (2,4,6). 1In
humans, there 1is a general consensus of opinion that
indulgence in a certain amount of physical exercise reduces
the chances of developing coronary heart disease (8). Cardiac
arrhythmias are associated with a number of cardiac diseases,
and sometimes these arrhythmias are the cause of a terminal
event, specially so after coronary heart disease. Exaggerated
adrenergic discharge 1is known to be an important cause of
initiation as well as perpetuation of cardiac arrhythmias
associated with several cardiac conditions, viz. coronary
heart disease, thyrotoxicosis, acute stress, during
anesthesia, etc. The present studies were conducted to
investigate whether prior exposure of heart to two different
forms of stress, viz. ISP challenge, and physical exercise,
for a period of 3 wk can lead to the development of myocardial
resistance to catecholamine-induced arrhythmias. It was found
that 3 wk exposure to ISP markedly decreased the
arrhythmogenic effect of AD in a dose-dependent manner. In ISP-
100 rats the increase 1in the ED100 of AD was by 6 times.
Similarly, in the 3 wk exercised rats the arrhythmogenic
activity of AD was markedly inhibited. In amount of AD needed
to produce arrhythmias in exercised rats was 2.5 times that
needed in Control sedentary rats. These results, therefore,
show that exposure of rats to ISP challenge or to physical
exercise protects the heart against AD-arrhythmias.

The mechanism of ISP-induced myocardial resistance has
been studied by a number of workers. It has been shown that
prolonged in vivo infusion of catecholamines results in beta-
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receptor down regulation, and desensitization of cardiac
muscle to exogenous catecholamines (15,16). An internalization
of beta-receptors into sequestered cytosolic vesicles has also
been suggested (17). In studies on human neutrophils,
catecholamine-induced desensitization has been found to be
associated with a reduction in the number of beta-receptors
and a 'relative uncoupling' of remaining receptors (18). Hayes
et al. (19) studying the cardiovascular responses to ISP,
dopamine and tyramine after prolonged infusion of ISP found
that there was a down regqulation of beta-receptors, unmasking
of alpha-mediated cardiovascular responses and depletion of
myocardial stores of norepinephrine. However, an enzymatic
adaptation has also been suggested to be the cause of
development of myocardial resistance. Joseph et al. (6) have
hypothesized that the ISP-induced myocardial resistance may
not be due to alteration in the intensity of pharmacologic
events, but due to an adaptation to ISP-induced hypoxia due to
a shift of LDH-H to LDH-M subunits in the heart enabling it to
adapt to anerobic metabolism.

Our earlier studies had shown that facilitation of in
vivo cholinergic activity by the use of an anti-cholinesterase
agent in dogs 1inhibited the propensity of heart to
arrhythmias in normothermic as well as hypothermic state
(9,10). Recently, the interaction of cholinergic and
adrenergic system 1in cardiac arrhythmias was studied by
subepicardial infusion of interacting agents and development
of wunifocal ventricular arrhythmias in dogs (12). In this self
control study, it was concluded that cholinergic 1innervation
to the ventricular myocardium and Purkinge fibers inhibits the
arrhythmogenic activity of the adrenergic system, and the
blockade of the cholinergic system potentiates
arrhythmogenicity. It was, therefore, hypothesized that the
myocardial resistance to AD-arrhythmias after an 1initial
exposure to ISP could be due to an endogenous facilitation of
cholinergic system. In case the hypothesis is correct, the ISP-
induced resistance would be neutralised by an anti-muscarinic
agent. It was found that ISP-induced myocardial resistance to
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AD-arrhythmias was markedly inhibited by atropine treatment.
In addition, as expected, arrhythmogenicity of AD in Control
rats was also inhibited to some extent. The facilitation of
cholinergic system in ISP-treated rats is further
substantiated by the fact that the myocardial ACh content was
higher in 1ISP-treated rats than that of the Controls. These
data,therefore, show that facilitation of cardiac cholinergic
system plays a significant role in the development of
myocardial resistance in ISP-challenged rats.

Role of physical exercise in the prevention of coronary
heart disease has been a subject of extensive study during the
last more than a decade. The American Heart Association's
Subcommittee on Exercise/Cardiac Rehabilitation (20) has
summarised that 'Exercise training can increase cardiovascular
functional capacity decreasing myocardial oxygen demand for
any given 1levels of physical activity in normal persons as
well as most cardiac patients.' In addition, ‘'evidence
suggests that reqular moderate or vigorous occupational or
leisure-time physical activity may protect against coronary
heart disease, and may improve the likelihood of survival from
a heart attack.' The physiologic sequelae of chronic dynamic
exercise has been reviewed by Hammond and Froelicher (21). The
changes associated with chronic dynamic exercise include
resting bradycardia, decrease in intrinsic heart rate,
'relative' bradycardia at matched absolute work 1loads,
unaltered plasma and myocardial levels of catecholamines with
a reduced circulating catecholamines at matched absolute
submaximal work 1loads, but a similar ISP dose-response
relationship in sedentary versus highly trained atheletes. No
cardiac adrenergic or cholinergic receptor changes was found
in chronic exercise rats (22). It appears that exercise 1leads
to an increase in parasympathetic tone (21). In rats, physical
training may 1lead to an increase in myocardial concentration
of ACh (23). In the present studies, exercise has been found
to reduce markedly the arrhythmogenic activity of AD. The
role of cholinergic system in this modulation needs
investigation similar to that seen in the case of ISP.
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The present studies show that exposure of heart to a
continued 1low-grade stress whether by physical exercise or
chemically mediated overactivity/non-fatal necrosis leads to a
development of myocardial resistance to withstand further
insults. It 1is known that in an acute stress there 1is an
overstimulation of the sympathetics which disproportionately
increases myocardial oxygen consumption (24), and may be
cardiac arrhythmias. The decrease in the catecholamine-induced
arrhythmias may be life-saving in a chronic stress-conditioned
heart. The studies further suggest that facilitation of
cholinergic activity may be one of the mechanisms of
development of myocardial resistance in a stress-conditioned

heart.

SUMMARY

Wistar strain albino rats of either sex weighing 125-150
g were either pretreated with isoprenaline 50(ISP-50) or
100(ISP-100) ug/kg/day sc, or subjected to swimming for 30
min/day for 21 days. On the 22nd day,the rats were
anesthetised with pentobarbitone sod., and EKG was monitored.
The minimal arrhythmogenic ED100 of adrenaline(AD) was
determined in each rat. ISP pretreatment markedly inhibited
the arrhythmogenic activity of AD in a dose-dependent manner.
Arrhythmogenic activity of AD was also markedly reduced in
swim-exercised rats. The effect of ISP-100 pretreatment on AD-
arrhythmias was markedly reduced by atropine sulphate. The
ventricular acetylcholine content of ISP-100 rats was found to
be significantly higher than in the Control rats. The results
show that ISP treatment or exercise for 3 wk protected the
heart against AD-induced arrhythmias. This protection seemed

to be due to facilitated cholinergic activity.
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CLINICAL TRIALS IN HYPERTENSION AND CONGESTIVE HEART FAILURE
C. D. FURBERG, J. A. CUTLER, S. W. MACMAHON AND S. YUSUF

Bowman Gray School of Medicine, Winston-Salem, NC 27103 USA; The
National Heart, Lung, and Blood Institute, Bethesda, MD 20892,usA

In cardiovascular disease, many treatments aim to prevent future
disease complications and/or premature death. This applies both
to asymptomatic conditions such as hypertension and to symptomatic
illnesses such as congestive heart failure (CHF). The main
purpose of this review is to consider the results of randomized
clinical trials in these conditions, and to examine the overall
effects of drug treatment on all-cause mortality. For the
hypertension trials, stroke and coronary heart disease (CHD)
incidence will also be reviewed.

METHODOLOGY

In this overview the results of individual studies have been
combined. Such "pooling" of data from the hypertension trials has
been conducted in order to provide a more stable estimate of
treatment effect by reducing random errors and to increase the
statistical power to detect moderate benefits. Most trials in
hypertension were not of sufficient size or duration to detect
even a 20-25% treatment effect, either for all-cause mortality
and/or cause-specific mortality and morbidity. Treatment benefits
of 10-15% have important public health consequences given the high
prevalence of hypertension in the population. With one recent
exception (1) all CHF trials have been small and of short
duration. A systematic overview of the CHF trial findings was
conducted in order to determine trends and develop hypotheses for
testing in future large-scale prevention trials.

For any overview to be reliable, data should be available from
all trials, published and unpublished. This can sometimes be a
problem since trials with indifferent or unfavorable findings are
more likely to be terminated early, completed but never
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written up, or unsuccessfully submitted for publication. For this
review, every attempt was made to ensure that all randomized
trials were included. It is unlikely that any large hypertension
trial has been missed. The focus of this presentation is on
trials in less severe hypertension involving predominantly primary
prevention. More comprehensive reports have been published
elsewhere (2,3). The authors have previously presented two
overviews of CHF trials (4,5) which include complete references.

The overview is limited to randomized controlled trials, and the
analyses adhere to the intention-to-treat principle. The
procedure for pooling developed by Peto and colleagues (6) was
employed. The definitions of cause-specific mortality and
morbidity (particularly for non-fatal myocardial infarction) were
not the same across all the trials and, thus, these pooled data
ought to be interpreted with some caution.

RESULTS
Trials in less severe hypertension

Seven placebo or "no treatment" control trials and two "referred
care" control studies have been reviewed (Table 1). A large
proportion of the control subjects in the former trials were
placed on active treatment during the average follow-up of 5 1/2
years and, thus, the distinction between the two types of trials
is not sharp. However, the true benefit of treatment is expected
to be underestimated in studies employing referred care controls.

The reviewed trials represent over 43,000 subjects. Their mean
diastolic blood pressure (DBP) at entry was 98.5 mg Hg. The
treatment regimen was similar in the trials. The predominant
drugs used were thiazide or thiazide-like diuretics. The step-up
regimens included rauwolfia drugs, alpha-methyldopa, hydralazine
and/or beta-blockers. The MRC trial (7) evaluated two active
interventions, a thiazide diuretic and propranolol.

At the completion of the follow-up, DBP was 5.5 mm Hg lower in
the treatment group than in the controls. The corresponding
difference for systolic blood pressure was 10.6 mm Hg (data
available from six trials). The blood pressure reduction was
associated with a lower all-cause mortality among actively treated
subjects in six of the nine trials. 1In only one of these,
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Table 1. Randomized treatment trials in less severe hypertension:
Design and blood pressure results

Sample Follow-up Diastolic Blood Pressure
Trial Size Years Baseline Net Changex*
VA (1970) 380 3.8 104 -19
USPHS (1977) 389 6.5-9.0 99 -10
VA-NHLBI (1978) 1,012 1.5 93 -7
Helgeland (1980) 785 5.5 97 -10
ANBP (1980) 3,427 4.0 100 -6
EWPHE (1985) 840 4.7 101 -10
MRC (1985) 17,354 5.5 98 -6
HDFP (1979) 10,940 5.0 101 -5
MRFIT**(1980) 8,012 7.0 96 -4
TOTAL 43,139 5.6 98.5 -5.5

* Difference of mean DBP between treatment and control groups
** Hypertensives only

however, the Hypertension Detection and Follow-Up Trial, (8) did
the difference reach statistical significance. The pooled results
show an 11% lower mortality in the treated group compared to the
controls, a statistically significant difference with a 95%
confidence interval of -19% to -2%.

For the outcome measure of stroke, treatment was remarkably
effective. 1In several individual trials, statistically
significant reductions were observed. The pooled results indicate
a 38% reduction in stroke mortality (95% CI: -53% to -19%) and a
43% benefit for nonfatal stroke (95% CI: -54% to -29%). For
neither CHD mortality nor incidence of nonfatal myocardial
infarction (MI) was there a statistically significant benefit
associated with active treatment. Combining the results yielded a
8% lower CHD mortality rate in subjects from the treatment groups
(95% CI: -21% to +6%) and a 6% lower rate for MI incidence (95%
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CI: -22% to +14%).

Data on the incidence of CHF are only available from four trials
in less severe hypertension. 1In order to provide more complete
picture of the effect of antihypertensive therapy on the CHF
incidence, the findings from three trials in severe hypertension
are also considered and included in Table 2. 1In severe
hypertension, CHF is a common complication -- 16 events among 146
subjects. Treatment had a dramatic benefit and almost abolished
the risk of CHF among the study participants. The incidence of
CHF was intermediate in subjects with less severe hypertension and
signs of end organ damage -- 17 events in 413 subjects. None of
the actively treated subjects developed CHF during the trial. 1In
the group with less severe hypertension without end organ damage,
the incidence of CHF was very low, approximately 2 per 1,000.

Trials in CHF

Nineteen trials of vasodilators have been reviewed. They
include (1) direct-acting nitrates, hydralazine and minoxidil,
(2) neurohumoral antagonists like prazosin, and (3) angiotensin -
converting enzyme (ACE) inhibitors such as captopril and
enalapril. None of the vasodilator trials showed a significant
reduction in mortality, nor did the combined data for all
vasodilators produce any conclusive findings: 170 deaths/742
controls (22.9%) vs. 205 deaths/829 actively treated (24.7%).
However, the combined data from the trials of ACE inhibitors,
24,292 controls (8.2%) vs. 11/292 treated patients (3.8%), and the
direct-acting vasodilators, 132/364 controls (36.3%) vs. 88/277
treated (31.8%), appear promising. The recently published VA
trial (1), by far the largest trial in CHF completed so far,
reported a favorable trend for the combination of hydralazine and
isosorbide dinitrate. Caution is advised in drawing conclusions
from the pooled data regarding treatment efficacy. For example,
non-favorable results in a completed comparison of 300 patients
randomized to digitalis, captopril and placebo or from other
studies could easily alter the picture.

The available information on trials of inotropic agents is
incomplete. Because of the incompleteness and the very small
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Table 2. 1Incidence of CHF in placebo-controlled trials of
hypertension

Events/Number of Patients
Trialx Treatment Control

Severe Hypertension

Hamilton et al. (1964) 1/30 4/31
Wolfe & Lindeman (1966) 0/45 8/42
VA (1967) 0/70 4/73
SUBTOTAL 1/145 16/146

Moderate Hypertension with End Organ Damage

VA (1970) 0/186 11/194
HSCS (1974) 0/233 6/219
SUBTOTAL 0/419 177413

Moderate Hypertension without End Organ Damage

Helgeland (1980) 0/406 1/379
ANBP (1980) 3/1,721 3/1,706
SUBTOTAL 3/2,127 4/2,085

*For references see (2,3)

number of deaths in the available trials, it is difficult to draw
any firm conclusion (5). It is notable that there is not even a
suggestion of favorable effect of inotropic agents on mortality.

DISCUSSION

The results of the nine long-term trials in subjects with less
severe hypertension are consistent with the findings of the trials
in severe hypertension. The major benefit seems to be a reduction
in pressure-related complications such as stroke and CHF. Most of
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the reduction in all-cause mortality can be attributed to this
effect. This conclusion would suggest that the findings reported
here, which mostly relate to diuretic-based therapy, apply to
other antihypertensive agents as well. If the benefits of various
antihypertensives are similar, then other treatment-related
factors such as frequency of adverse effects, impact on quality of
life (9), and cost will become even more important in the decision
as to which drug or drugs to prescribe.

The small, statistically non-significant effects of treatment on
CHD mortality and MI incidence are disappointing. As judged from
prospective epidemiological studies, one would have expected a
greater benefit from a mean reduction in DBP of 5.5 mm Hg.

Whether the explanation lies in certain characteristics of the
drugs evaluated in the nine trials (10) or the duration of the
trials can only be conjectural. Unfortunately, large trials
comparing the various classes of antihypertensive agents are
difficult to conduct. Other issues raised by the trials relate to
retrospective subgroups analyses (3). For example, are there
differences in response to specific drugs between whites and
blacks, smokers and non-smokers, men and women, subjects with and
without ECG abnormalities, as some trials have suggested?

Currently there is no conclusive scientific evidence that any
drug therapy improves survival in CHF. The combined data from
trials of certain vasodilators, including ACE inhibitors, appear
promising. Large, well-designed, long-term trials are required to
establish their effect on mortality in CHF. To date, the limited
published data provide no suggestion of a beneficial
effect of inotropic agents on survival.

SUMMARY

In cardiovascular disease many treatments aim to prevent future
disease complications and/or premature death. This applies both
to asymptomatic conditions such as hypertension (HT) and to
symptomatic illnesses such as congestive heart failure (CHF).
Several large, long-term HT trials have clearly documented a
reduction in "hypertensive" events (CHF, stroke, etc.) with active
treatment. The pooled data from 9 trials in mild-to-moderate HT
(N approximately 43,000) showed an 11% reduction in all-cause
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mortality. Coronary heart disease mortality and non-fatal
myocardial infarction rates were lower in active treatment groups,
but not significantly so. Post-hoc subgroup analyses have raised
questions regarding the effects in subsets of hypertensives. 1In
contrast, the randomized trials in CHF have been small and of
short duration. Pooling of trials evaluating inotropic agents
showed no favorable effect at all on mortality. Vasodilator
therapy might convey some benefit; this is suggested by the
promising pooled results of trials of angiotensin converting
enzyme inhibitors, and suggestive evidence from the combination of
isosorbide dinitrate and hydralazine in the V-HEFT study.

However, larger and long-term trials are needed before we know
with certainty whether this class of drugs prolongs life in CHF
patients.
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INTERACTION OF CALCIUM ENTRY BLOCKERS AND ADRENERGIC SYSTEM
IN HYPERTENSION AND HEART FAILURE

F. FOUAD-TARAZI and R. PEDRINELLI

Department of Heart and Hypertension, Research Institute of The Cleveland
Clinic Foundation, Cleveland, Ohio and Clinica Medica Generale e Terapia,
Universita di Pisa, Pisa, Italy

Intracellular calcium plays a pivotal role in the maintenance of smooth
muscle tone (1). It was not surprising therefore that calcium entry blockers have
met a widespread success in the treatment of hypertension, a disease
characterized by peripheral arteriolar vasoconstriction (2). However, it was soon
found that the antihypertensive action of calcium entry blockers was due not only
to the peripheral vasodilation (3-7) but also to other effects including natriuresis
(8-10) and alteration of autonomic nervous system (11,12). Despite this
multifaceted antihypertensive effect, the ability to reduce peripheral vascular
resistance remained the most widely recognized mediator of blood pressure
control by this class of drugs. Not only peripheral vascular resistance was found
to be reduced during therapy with various CEB, but also forearm blood flow
increased significantly after acute and chronic nifedipine treatment (13). It is the
mechanism by which this decrease in vascular smooth muscle tone is achieved that
needs further explanation.

In addition to its direct regulatory effect on actin-myosin interaction,
intracellular caleium influences smooth muscle contraction indirectly by altering
neural, humoral and other ionie factors (1,10). Because of this diversity of effects
of calecium, it is not surprising that the vasodilator effect of CEB has been
ascribed to their ability to block caleium entry by competing with caleium at the
transmembrane transport system (14); a competitive displacement of Ca++ from
its transmembrane carrier system has been described with resultant interruption
of excitation-contraction coupling. In this respect, the mechanism of the direct
vasodilator effect of CEB is different from that of other known direct
vasodilators. Nitrates, for example, were found to minimize the availability of
free intracellular caleium ions by stimulating biochemical mechanisms of cellular
caleium sequestration or by enlarging the capacity for caleium storage (14).

In addition to their direct regulatory role, CEB were reported to influence
the response of receptor-mediated stimuli, particularly those acting on the a-
adrenergic receptors (15-18). Moreover, it was suggested from the studies of



98

Pedrinelli and Tarazi (19,20) and others (17,18,21-26) that the influence of calcium
on a; and agy adrenergic stimulation differed according to the experimental
conditions. Thus, whereas calcium antagonists exhibited preferential antagonism
of ag-adrenergic mediated pressor responses in vivo, a considerable body of in
vitro evidence appeared to support an equivalent degree of external caleium
mobilization during both a; and ag stimulation. In this respect, experiments by
Pedrinelli and Tarazi (19) have demonstrated that calcium entry blockade by
either nitrendipine or verapamil interfered effectively with pressor responses to
infused norepinephrine when the ag-adrenergic sites were left exposed
(pretreatment with prazosin and propranolol); however, these responses were not
significantly antagonized in the group pretreated with propranolol and yohimbine,
in which presumably only the a-adrenergic receptors were exposed. It was
suggested, therefore, that calcium entry blockade, in the pithed Sprague-Dawley
rat, antagonizes preferentially in vivo ay-mediated adrenergic vasoconstriction.
These conclusions were supported by the findings that nitrendipine was less potent
against the pressor responses evoked by neural stimulation (predominantly o 1
mediated) than against responses to exogenous norepinephrine (predominantly Qg
mediated) (17,27-30).

Contrary to these findings in the "intact" pithed Sprague-Dawley rat,
caleium entry blockade was shown to interfere also with contractile responses to
oy stimulation in some isolated vascular tissues (24-26), and in autoperfused
hindquarters of pithed Sprague-Dawley rats (20) as well as in vitro perfused rat
hindquarters (31). In this context, studies by Pedrinelli and Tarazi (20) have shown
that the calcium entry blocker, nitrendipine, did not produce any differential
effect on the responses of the rat autoperfused hindquarter vascular bed to both
Cirazoline (a selective aj-adrenergic agonist) and B-HT 920 (a selective ag
agonist), (Fig. 1,2). Thus, external calcium appeared important for the
development of adrenergic-mediated vasoconstriction irrespective of the
particular subset of alpha adrenoreceptors involved. Similar findings were also
reported by Llenas and Gassingham (30) using another calcium antagonist,
cinnarizine.

To reconcile these discrepancies between findings in the whole animal and
in an isolated vascular region, several suggestions were presented (20) including
a) a selective activity of a; and a9 stimuli on resistance and capacitance
vessels, b) the adrenergic control of the hindlimb vascular region in the rat is

mainly a function of a adrenoreceptor activation, and ¢) a low receptor reserve
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FIGURE 1: Autoperfused hindquarters of pithed, reserpinized rats.

Perfusion pressure log dose-response curve to B-HT 920 during
vehicle (o) or nitrendipine (A, 3.0 + 0.2 ,g/kg/min; e, 31.3 + 2.3
1g/kg/min) infusion, P < .05 or less nitrendipine (~30 1g/kg/min)
vs vehicle. Means + S.E.M. n = 5-7 animals per group. With

permission from Pedrinelli and Tarazi (20).
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FIGURE 2: Autoperfused hindquarters of pithed, reserpinized rats.

Perfusion pressure log dose-response curves to cirazoline during
vehicle (o) and nitrendipine (o) (33.9 + 1.1 1g/kg/min) infusion.
Means t+ S.E.M.; n = 4-5 animals per group. P < .05 or less
nitrendipine vs vehicle. With permission from Pedrinelli and

Tarazi (20).
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at the hindquarter level, mainly a muscular vascular bed in which local metabolic
regulation prevails over adrenergic tone (32) as compared to the overall vascular
system.

Such studies of differential receptor responses are difficult to perform in
man. However, a simplified pharmacological approach was used in our
laboratory. Results revealed a reduction in a4 responsiveness to agonists in the
presence of nitrendipine (Fig. 3). Our approach consisted of comparing the blood
pressure change induced by sequential injection of phenylephrine and
norepinephrine in the same subject (hypertensive patients) during placebo
treatment then after 2 weeks of nitrendipine therapy. Since phenylephrine is
mostly an a; stimulant while norepinephrine stimulates both a; and ag-
adrenergic receptors, we asssumed that the difference in blood pressure change by
the two drugs will represent the effect of a, receptor stimulation. Under such
conditions, and in a small number of patients, we found that nitrendipine
interfered with oo responsiveness. These data did not allow us to assess the
effect of the compound on a; adrenoceptors; however, the response to physiologic
stimuli such as Valsalva maneuver and cold pressor test was unchanged by
nitrendipine. This is in agreement with the findings of McLeay et al. (12) that the
vasopressor responses to tilt, cold pressor test and hand grip were not altered by
nifedipine therapy compared to the pretreatment phase. The sparing of aq
receptors in the intact organism explains the normal vascular response to head-up
posture in patients treated with CEB; orthostatic hypotension is not one of the
recognized side effects of treatment with caleium entry blockade.

Reflex adrenergic stimulation has been indeed well documented during
treatment with both nifedipine and nitrendipine; hyperkinetic circulation
documented by symptoms and hemodynamic indices (5,33,34) occurred in many of
our treated patients; the hemodynamic change was dose-dependent in at least one
subject (Table 1). The increase in heart rate accompanying this hyperkinetic
circulation could be explained by several factors at the level of the central
nervous system, sinoatrial node, or sinoaortic baroreflex. There was no
experimental evidence that CEB modulate directly central nervous mechanisms or
sinoatrial node function. On the other hand, McLeay et al. (12) have reported
resetting and increased sensitivity of the sinoaortic baroreflex after chronic
nifedipine therapy; they have shown a shift to the left as well as a significant
increase in the slope of the baroreflex regression line (response to IV
phenylephrine). These changes were attributed to the relaxing effect of the
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TABLE 1

NITRENDIPINE THERAPY FOR HYPERTENSION:
HYPERKINETIC CIRCULATION IN ONE PATIENT

Control 2 wk 1 mo
MAP (mmHg) 140 114 117
HR (bpm) 68 89 90
€O (1/min/m2) 2.01 2.76 3.99
TPR (U. m2) 70 41 29
MTT (sec) 10 8.8 6.1
EF (%) 45 61 59
Weight (kg) 123.3 123.8 123.6
TBV (m1/cm) 31.6 31.6 35.1
CPVI (m1/m2) 335 405 405
Cv (%) 44.5 44,5 45.8

MAP = mean arterial pressure; HR = heart rate; CO = cardiac
output; TPR = total peripheral resistance; MTT = mean transit
time; EF = ejection fraction; TBV = total blood volume;

CPVI = cardiopulmonary volume index; CV = cell volume;

wk = week; mo = month.
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caleium entry blocker on the smooth muscles in the carotid sinus and aortic arch,
thus favoring the functional characteristics of the pressure receptors located in
these areas (12,36). Thus, peripheral vasodilation will be counteracted by reflex
sympathetic stimulation and vagal withdrawal. This nonadrenergic (vagal
withdrawal) component explains experimental findings in the conscious dog; the
increase in heart rate in animals receiving nifedipine, diltiazem or Verapamil was
only partly inhibited by beta blockade (12), indicating that a nonadrenergic
mechanism was contributing to the response (37). Irrespective of its mechanisms,
this increased baroreceptor sensitivity is of clinical significance; presumably, it
will result in improved buffering of transient increases in blood pressure.

It is important to mention that several studies were not in agreement with
the above findings; in contrast, heart rate changes during CEB therapy were
reported to be not significant (4,12). Obviously, changes in heart rate differ in the
individual patient depending on the duration of treatment, the age of the patient
and the functional state of baroreceptors. Moreover, Tarazi et al. (7) have shown
that there is a relative balance between the venodilator and arteriolar dilator
effects of nitrendipine relative to the dose used. Thus, small doses of nitrendipine
produced no increase in cardiac output despite the reduction in systemic
resistance and peripheral arteriolar dilation, a pattern similar to that produced by
antihypertensive agents with combined arteriolar and venodilator effect (38). On
the other hand, large doses of nitrendipine (3 mg/kg) produced the hemodynamic
pattern expected for potent and predominantly arteriolar vasodilators including
fall in blood pressure and peripheral resistance and marked reflex increase in
heart rate and cardiac output (38,39).

In summary, in vivo preferential Qg postsynaptic antagonism by calcium
entry blockers plays a role in their antihypertensive effects without interfering
with neurogenic vasopressor responses or baroreceptor mediated reflexes. Thus,
orthostatic hypotension does not complicate treatment with CEB. Moreover,
tachycardia and absence of cardiac depresssion after calecium blockers may be
attributed to baroreceptor-mediated sympathetic discharge counteracting the
possible negative chronotropic and inotropic effects of the drugs (11). It is not
sure, however, if these negative effects of CEB operate in vivo since Kazda et al.
(40) and others (11,41) have reported that oral therapeutic doses of nifedipine,
diltiazem or lidoflazine produce free plasma concentrations which are at least 10
times below those required to depresss myocardial contractility in vitro. Of
importance, in this respect, are the observations during antianginal therapy, that
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combination of caleium blockers with beta blockers did not unmask negative

inotropic effects in vivo (42a-c) as measured by LV dP/dt and ejection fraction.

Calecium entry blockers were used indeed for treatment of CHF. However,
observations applicable to a normal functioning heart are not necessarily true in
the case of the failing heart because of altered compensatory mechanisms; it is
well known, for example, that baroreceptor reflexes are blunted in heart failure
(43). Thus, Fifer et al. (44) demonstrated that in the absence of reflex
sympathetic stimulation, sublingual administration of nifedipine decreased peak
positive left ventricular dP/dt in heart failure patients despite the reduction in
blood pressure and the increase in LV end diastolic pressure. On the other hand,
equihypotensive doses of nitroprusside did not produce any depression of this
index. The lack of reflex sympathetic stimulation in this study was manifested by
the absence of significant changes in heart rate or catecholamine levels and was
attributed to the well known blunted baroreceptor reflexes in heart failure
patients (43). Similarly, Elkayam et al. (45) showed that oral nifedipine given to
patients with chronic severe congestive heart failure failed to increase stroke
volume despite marked reduction in systemic vascular resistance. Thus, the
intrinsic negative inotropic activity of the CEB was unmasked when reflex
sympathetic stimulation did not occur in response to the decrease in systemic
arterial pressure. However, the effect of CEB on myocardial performance in the
failing heart remains controversial. In fact, beneficial effects of nifedipine and
other CEB on cardiac function have been demonstrated in some studies in heart
failure patients. Thus, Prida et al. (46) showed that stroke volume increased and
pulmonary wedge pressure decreased during nifedipine treatment for CHF. Also,
Miller et al. (47) reported persistent decrease in pulmonary wedge pressure and
left ventricular volume during nifedipine therapy; the occurrence of these changes
in the absence of evidence of venodilation was attributed to a beneficial effect of
nifedipine on LV relaxation. Such beneficial effects of CEB in heart failure have
been supported by several other studies (48-50). One particular subset of patients
in whom nifedipine seemed particularly beneficial were the hypertensives with
congestive heart failure (51). Finally, another beneficial effect of CEB could be
related to their role in the coronary circulation; increased resting coronary venous
flow was shown by Tweddel and Hutton (52) in heart failure patients treated with
felodipine, and by Kobayashi and Tarazi (53) in hypertensive rats chronically
treated with nitrendipine. Still appropriate to the heart failure population is the

reported observation that Ca-antagonistic compounds counteract glycoside-5
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induced coronary vasoconstriction (14,54). This beneficial effect was not
described for other coronary vasodilators which do not significantly interfere with
excitation-contraction coupling (14). Such combination therapy is therefore of
therapeutic significance and is particularly suitable where the beneficial positive-
inotropic glycoside effect on the myocardium is needed whereas the undesired
coronary vascoconstriction is abolished (14).

In conclusion, the interaction of calcium entry blockers and adrenergic
nervous system occurs at different levels of the system, and influence the
hemodynamic and clinical response in both hypertension and congestive heart
failure. Preferential antagonism of ag-adrenergic constriction in vivo adds to the

direct vasodilating effect of calcium entry blockade. The effects on the heart
represent, however, the complex balance between the changes in peripheral and in
coronary circulation and the direct negative inotropic effect of the drug.
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PRAZOSIN THERAPY IN CHRONIC CONGESTIVE HEART FAILURE
D. T. MASON, M. C. CHAN, G. LEE

Western Heart Institute, St. Mary's Hospital and Medical Center,
450 Stanyan Street, San Francisco, California, U.S.A.

INTRODUCTION

Management of congestive heart failure is based on recognition of
the specific underlying cardiac disease, understanding of the patho-
physiology involved, exclusion of extracardiac factors perpetuating
cardiovascular dysfunction, and thorough knowledge of medical and surgical
therapy. Although most patients respond favorably to conventional treat-
ment consisting of digitalis and diuretics, relatively refractory heart
failure may develop in advanced myocardial heart disease (the specific,
idiopathic, and ischemic cardiomyopathies) unamenable to operative
intervention. ' The most important recent advance in the medical therapy
for such patients with acute and chronic pump dysfunction has been the
application of systemic vasodilator drugs to reduce excessive left
ventricular afterload, thereby improving lowered cardiac output and
decreasing elevated pulmonary venous pressure.

The cardiac output delivered from the intact heart is governed by
integration of four principal determinants: 1) preload (ventricular
end-diastolic volume), 2) contractility (variable force of ventricular
contraction independent of loading), 3) impedance (instantaneous aortic
pressure-flow ratio), and 4) heart rate (1). The two principal factors
requlating afterload (ejection tension) of the left ventricle are its
radius and systolic pressure, respectively related to chamber volume
(preload) and aortic impedance (controlled by arterial compliance and
by total peripheral vascular resistance of the systemic arterioles) (1).
Since both preload and impedance are increased in heart failure, intra-
myocardial wall tension (afterload), a principal determinant of myocardial
energetics, is also elevated in the failing heart, thereby raising cardiac

oxygen requirements (1).
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The cardiac output of the normal heart is principally governed by
systemic venous return (directly related to venous tone), with the left
ventricle operating on the steep ascending limb of its function curve
(Fig. 1), aortic impedance being of little importance (2). 1In contrast,
in the presence of left ventricular dysfunction, arterial resistance is
elevated and cardiac output becomes very dependent on outflow impedance
(Fig. 1), venous return having minimal influence with the ventricle
operating at the apex of its depressed function curve (2). The profoundly
heightened sympathetic activity in response to lowered cardiac output is
excessively operative as an inherent reflex compensatory mechanism
attempting to maintain cardiocirculatory integrity in the heart failure
state (2). Because of this, systemic vascular resistance is greater than
necessary to sustain arterial pressure, with the result that cardiac
output is further decreased, thus evoking a deleterious cycle in which
pump function is progressively depressed (2). In addition, systemic
venoconstriction is above that required to enhance venous return to the
failing ventricle on its flattened function curve characteristic of
decreased contractility, thus exacerbating pulmonary edema and excessively
increasing myocardial oxygen demand (2). Importantly, systemic vaso-
dilator therapeutic reduction of both impedance and preload interrupts this
harmful sequence by partially counteracting adrenergic overstimulation,
thereby augmenting cardiac output, diminishing pulmonary congestion and

improving myocardial energetics.

RESULTS AND DISCUSSION

Vasodilator Spectrum.

The vasodilators produce disparate modifications of cardiac function,
depending on their differing alterations of preload versus impedance (1).
Non-intravenous nitrates principally cause venodilation (decrease left
ventricular filling pressure) (3). In contrast, intravenous nitroprusside
(4) and oral prazosin (5) produce relatively balanced venous and arterial
dilation (decrease left ventricular filling pressure and increase cardiac
output), provided left ventricular end-diastolic pressure is maintained
at its upper limits of normal (6). The vasodilator spectrum of hemodynamic
profiles is completed by oral hydralazine which predominantly effects

arteriolar dilation (increases cardiac output).
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Fig. 1. Relationship of left ventricular preload (LVEDP) and aortic
impedance (TSVR) to cardiac output (CO) in a normal and a failing left
ventricle. In the normal heart (point N), CO is principally regulated by
changes in preload (left-to-right ascending broken line relating LVEDP to
CO); alterations in impedance are of minor importance (right-to-left
horizontal broken line relating TSVR to CO). In contrast, in the failing
heart (point F) with congestive heart failure (CHF), CO is principally
regulated by changes in impedance (right-to-left ascending unbroken line
relating TSVR to CO); alterations in preload are of minor importance
(depressed left-to-right horizontal line relating LVEDP to CO). In the
failing heart, the pure arteriolodilator, hydralazine, raises lowered CO
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markedly with mild decline of elevated LVEDP (vertical arrow from point
F); the balanced arteriolovenous dilator, prazosin, raises lowered CO and
decreases elevated LVEDP (diagonal arrow from point F); and the pure
venodilator, sublingual nitroglycerin, decreases elevated LVEDP markedly
with little or no improvement of lowered CO (horizontal arrow from

point F). (Reprinted with permission from reference 2.)

Ambulatory Prazosin Therapy.

Concerning the long-term management of advanced congestive heart
failure, orally administered prazosin affords chronic efficacy for
several months with addition of this vasodilator to the standard regimen
of digitalis and diuretics (7). Thus, balanced peripheral arterial and
venous relaxation (nitroprusside-like effect) of a single dose of
prazosin (8) enhances lowered cardiac output (improves fatigue) by
decreasing total systemic vascular resistance (impedance), to a similar
extent and duration (six to eight hours) as the agent reduces excessive
left ventricular filling pressure (preload) (relieves pulmonary congestion
and dyspnea) by decreasing venous tone (Fig. 2). Concordantly, myocardial
energetics are improved by decline of elevated left ventricular afterload
(a preload-impedance product). Prolonged administration of prazosin (2
to 7 mg three or four times daily; average, 20 mg/day) provides increased
treadmill exercise tolerance, improves New York Heart Association symptomatic
classification of dyspnea and fatigue, and causes elevation of reduced
scintigraphic and echocardiographic left ventricular ejection fractions (7).
These prolonged salutary effects have been demonstrated by serial testing
to be sustained for more than 12 months of continued ambulatory prazosin
therapy in patients with chronic coronary heart disease (9).

Subacute Attenuation. Rapid attenuation of the favorable acute

hemodynamic effects of prazosin has been observed in some congestive heart
failure patients. To delineate the importance of this subacute phenomenon,
we performed serial cardiocirculatory measurements during constant dose

(5 mg four times daily) continuous oral therapy (10). The acute vaso-
relaxant actions were blunted during the brief subacute period in three of
the nine patients tested with congestive heart failure; however, within a
few days of maintained prazosin administration, there was spontaneous
complete restoration of the marked initial vasodilator efficacy (Fig. 3).
Thus, while subacute hemodynamic prazosin attenuation occurs in a minority
of heart failure patients, it is a temporary phenomenon (related to peripheral
vascular alpha receptor blockade) without impact on the success of sustained

ambulatory vasodilator therapy with this agent (10).
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Fig. 2. Comparative effects of nitroprusside (NP) and prazosin on left
ventricular (LV) filling pressure (A) and concomitantly on cardiac index

(B) in a single patient serving as his own control, with severe congestive
heart failure due to chronic coronary heart disease. The actions of NP
were initially observed, then the infusion discontinued (diagonal broken
lines), and a 4 mg oral dose of prazosin next given. (Reprinted with
permission from Mason, D.T., Awan, N.A., Lee, G. and DeMaria, A.N. In:
Advances in Heart Disease, Vol. 3 (E4d. D. T. Mason), Grune & Stratton, Inc.,
New York, 1980, pp. 403-446.)

Chronic Tolerance. With prazosin treatment of congestive heart

failure for more than three months, late tolerance of the drug may occur
in up to one-third of patients (9). This chronic phenomenon (different
from subacute attenuation) may take place with long-term use of any of
the vasodilator agents (10), and appears to be related to accompanying
salt and water retention including the vascular wall itself (11), neces-
sitating increased diuretic requirements of furosemide and especially the
aldosterone antagonist, spironolactone. Prazosin late tolerance can be

circumvented, with full responsiveness of the drug reestablished (Fig. 4),
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Fig. 3. Sequential hemodynamic cardiocirculatory actions of prazosin (P2)
during continuous ambulatory vasodilator therapy (5 mg four times daily) of
severe chronic congestive heart failure (CHF). The initial (Acute) modest
lowering of systemic blood pressure (BP, panel A), substantial decline of left
ventricular filling pressure (LVFP, panel B) and considerable elevation of
cardiac index (CI, panel C) were attenuated at 4 days (Subacute) but were
spontaneously restored within 30 days (Late) during uninterrupted oral PZ
therapy of CHF. (Reprinted with permission from reference 10.)

by discontinuation of the therapy for a few weeks or by temporary sub-
stitution of an alternate vasodilator, such as high-dose hydralazine (75 to
100 mg three or four times daily) plus oral nitrates (isosorbide dinitrate 20

to 40 mg four times daily) (9).
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Fig. 4. Effects of chronic prazosin therapy on the New York Heart Association
(NYHA) functional classification in the six of sixteen chronic heart failure
patients developing PZ-vasodilator late tolerance to chronic PZ dosage of

16 mg daily. C = pre-chronic PZ therapy; 3 mo. = 3 months of chronic PZ
therapy; 12 mo. = 12 months of chronic PZ therapy. (Reprinted with
permission from reference 9.)

AVERAGE NYHA FUNCTIONAL CLASSIFICATION

Captopril.

Since the renin-angiotensin-aldosterone system is activated in chronic
congestive heart failure, the therapeutic efficacy of the oral angiotensin-
converting enzyme inhibitor, captopril, has been evaluated in patients with
normotensive cardiac dysfunction. Captopril causes nearly balanced systemic
venous and arterial relaxation, resulting in marked decline in elevated left
ventricular preload and moderate elevation of depressed cardiac output (12).
Furthermore, the beneficial cardiocirculatory actions of chronically
administered oral captopril (12.5 to 25 mg three times daily) provide
prolonged improvement of ventricular function and clinical status in

refractory congestive heart failure (13). In addition, long-term therapy
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with the agent tends to decrease rather than increase diuretic requirements
due to prevention of secondary hyperaldosteronism.
Conclusions.

The physiologic approach to medical treatment of chronic congestive
heart failure is based on improving the four principal determinants of
cardiac function (preload, afterload, contractility, and heart rate) to
allow the depressed contractile force of the failing pump to deliver
normal cardiac output without excessive filling pressure. Management
centers on correcting three important aspects of the congestive heart
failure state: 1) impaired myocardial contractility, 2) excessive cardiac
workload, and 3) body salt and water retention. In the ambulatory management
of chronic refractory congestive heart failure, it is now our policy (14)
to initially augment the therapeutic regimen with captopril when digitalis
and diuretics alone are insufficient and then add conventional vasodilators
(prazosin, hydralazine and nitrates) and finally the new oral cardiotonics
(beta-adrenergic agonists and milrinone) (Fig. 5). 1In chronic congestive
heart failure intractable to these outpatient measures, relatively
sustained benefit may be provided by short periods of in-hospital
intravenous therapy by dobutamine or dopamine with nitroprusside or

by amrinone.

SUMMARY

In the long-term management of advanced congestive heart failure (CHF),
orally administered prazosin (PZ) affords chronic efficacy for several
months with addition of this vasodilator to the standard regimen of digitalis
and diuretics. Thus, balanced peripheral arterial and venous relaxation
of a single PZ dose enhances decreased cardiac output by decreasing total
systemic vascular resistance to a similar extent and duration (6-8 hours)
as the agent reduces excessive left ventricular (LV) filling pressure by
decreasing venous tone. Concordantly, myocardial energetics are improved
by decline of elevated LV afterload. Prolonged PZ administration (2-7 mg,
3-4 times daily; average 20 mg/day) provides increased treadmill exercise
tolerance, improves NYHA symptomatic class, and causes elevation of reduced
scintigraphic and echo LV ejection fraction. These prolonged salutary
effects have been demonstrated by serial testing to be sustained for more

than 12 months of continued ambulatory PZ therapy in chronic cardiomyopathy.
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Fig. 5. Relationship between cardiac output (CO) and left ventricular end-
diastolic pressure (LVEDP) in a normal subject (left curve) and a patient
with congestive heart failure (CHF) (right curve). Point A indicates
operation of the dysfunctioning left ventricle in CHF. Intermediate curve (1)
shows improved relationships between CO and LVEDP after administration of
hydralazine (point E); nitroprusside, prazosin, or combined hydralazine and
nitrates to above LVEDP of 12 mm Hg (point B); and nitroprusside to below
LVEDP of 12 mm Hg (point C) with addition of dextran (point B). Enhanced
CO and reduced LVEDP following administration of phentolamine are shown

by point F. Note that improvements from point A on lowest ventricular
function curve to point B on intermediate function curve (1) after admini-
stration of nitroprusside, prazosin, or hydralazine and nitrates and to
point F after phentolamine are not the result of increased contractility;
rather, they are due to enhanced relationship between CO and LVEDP as the
result of reduction of impedance to left ventricular ejection produced by
these vasodilators. Point D on CHF curve is LVEDP after diuretic or nitrate
therapy. Intermediate curve (2) demonstrates improvement in CO and decrease
of LVEDP achieved with combined intravenous nitroprusside and dopamine or
dobutamine therapy, or with combined oral prazosin and pirbuterol admini-
stration (point G). Horizontal broken line indicates lower limit of normal
for CO and vertical broken line indicates upper limit of normal of LVEDP.
Congestion indicates pulmonary congestion. (Reprinted with permission

from reference 2.)



118

With PZ treatment of CHF for more than 3 months, late tolerance of the
drug may occur in up to one-third of patients. This phenomenon may take
place with long-term use of any of the conventional vasodilator agents,
and appears related to accompanying salt and water retention including the
vascular wall itself, necessitating increased diuretic requirements and
aldosterone antagonism. Prazosin late tolerance can be circumvented,
with full responsiveness of the drug reestablished, by discontinuation of
PZ therapy for a few weeks or by temporary substitution of an alternate
vasodilator.
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INFLUENCES OF A LONG-TERM TREATMENT WITH ANTIHYPERTENSIVE
DRUGS ON LEFT VENTRICULAR MYOSIN ISOENZYME PATTERN IN
SPONTANEOUSLY HYPERTENSIVE RATS

N. TAKEDA, M. KANEMURA, K. NOMA, T. OHKUBO, M. NAGANO

Department of Internal Medicine, Aoto Hospital, Jikei
University, Tokyo, Japan

INTRODUCTION

Rat's left ventricular myosin is separated into three
isoenzymes by pyrophosphate gel electrophoresis (1-3),i.e.
VM-1,2,3, which have greater electrophoretic mobility and
ATPase activity in order. Thyroid hormone's administration
and endurance swimming training can induce the shift of
ventricular myosin isoenzyme pattern towards VM-1. Aging,
chronic pressure overload and thyreostatic treatment, on
the other hand, can shift the pattern towards VM-3 (4-12).
The shift of myosin isoenzyme pattern towards VM-3 in
pressure overloaded myocardium is thought to be an adapta-
tional process to keep force development efficient with
low oxygen and energy utilization (13,14). In spontaneously
hypertensive rats (SHR) the concentration of VM-3 isomyosin
in 1left ventricle 1is higher than that of age-matched
normotensive rats. The aim of the present study is to
examine to what extent alters myosin isoenzyme pattern

with some antihypertensive drugs.

MATERIALS AND METHODS

20-22 week-o0ld SHR were divided into 5 groups: control
without treatment, groups treated with bunitrolol, verapa-
mil, hydralazine and captopril. Bunitrolol and verapamil
were administered 30-40 mg/kg/day, hydralazine and captopril
were administered 80-90 mg/kg/day and 50-60 mg/kg/day
respectively for 8-10 weeks (per os). Systolic blood pres-
sure and heart rate were measured at tail by rat tail
manometer-tachometer system (Natsume KN-210-1). Polyacryl-
amide gel electrophoresis in the presence of pyrophosphate
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was carried out as described elsewhere (1-3). The gel
contained 3.8% acrylamide and 0.12% N,N'-methylene bisacryl-
amide. Electrophoresis buffer was 20 mM Na4P207 (pH 8.8)
in the presence of 10% glycerol. Native myosin of 1left
ventricle was extracted with a solution consisting of 100
mM Na4P207 (pH 8.8), 5 mM 1,4-dithiothritol, 5 wug/ml
leupeptin. Electrophoresis was carried out for 30h at 2 C

and a voltage gradient of 13.3 V/cm.

RESULTS

As is shown in Table 1, heart weight to body weight
ratios of the groups treated with bunitrolol and captopril
were significantly smaller than that of non-treated control.
The ratio of the group treated with verapamil was also
smaller than that of control, although not significant in
statistics. In contrast, the ratio of the groups treated

with hydralazine was not different from that of control.

Table 1 Comparisons of body weight and heart weight

Body weight | Heart weight | 122t Weight oo

@ (mg) Body weight
Control 364.2 1372.2 3.77
(n=6) * 143 + 1103 +0.18
Bunitrolol 360.0 1243.9 3.45**
=1 + 344 + 166.1 +0.17
Verapanmil 354.4 1259.5 3.56°
(n=8) * 35.5 + 138.6 +0.22
Hydralazine 330.0* 1223.0 3.7
(n=2) + 00 * 354 0.1
Captopril 335.0* 1032.0** 3.08***
(n=2) + 11 * 56.6 +0.10

means£8D, 2 :P<0.1, *:P<0.05, **:P<0.01, ***:P<0.005

Heart rates of all treated groups except hydralazine-treated
group were not different from that of non-treated control,
but hydralazine-treated group showed significantly higher
heart rate than control (Fig. 1). Blood pressure of hydra-
lazine-treated group was considerably lower than that of
control, and this was also seen in captopril-treated group.
Blood pressure of the group treated with verapamil was
slightly but significantly lower than that of control, but
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Fig.1l Influence of anti- Fig.2 Influence of anti-
hypertensive drugs on hypertensive drugs on
heart rate blood pressure
VM-l VM-2 VM3
| VM-1 m-2 VM-3
(%)
Control 15.9 8.0 56.2
(n=6) 18 +19 +29
Bunitrolol 21.5**  30.5° 48.0***
(n=1) 28 15 +29
Verapamil 170 293 539
(n=8) +37 + 28 + 6.2
Hydralazine 20.7* 30.1 49.3*
(1=2) 15 201 14
' 394+ 328* 219+ Fig.3 Left ventricular
Captopril £35 *14 18 myosin isoenzyme patterns
w=2) revealed by pyrophosphate

means£SD, *: P<0.05, **: P<0.005. ***: P<0.001 gel electrophoresis
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there was no significant difference in blood pressure
between bunitrolol-treated group and control (Fig. 2).

Fig. 3 shows the comparison of left ventricular myosin
isoenzyme pattern. In bunitrolol-treated and hydralazine-
treated group myosin isoenzyme pattern was shifted towards
VM-1 as compared to control and this was more remarkable
in captopril-treated group. In verapamil-treated group
myosin isoenzyme pattern was not significantly different
from that of control, although slightly shifted towards
VM-1.

DISCUSSION

In the present study four antihypertensive drugs were
used. Bunitrolol has a beta-blocking effect with a small
effect of alpha-blockade, verapamil 1is calcium channel
blocker, hydralazine dilates peripheral arterial smooth
muscle and stimulates indirectly adrenergic activity and
captopril inhibits the angiotensin-converting enzyme. In
bunitrolol-treated group blood pressure was not different
from that of control after 8-10 weeks' treatment, but
heart weight to body weight ratio was significantly smaller
than that of control. In ccntrast, blood pressure in
hydralazine-treated group was considerably reduced by treat-
ment as compared to non-treated control, heart weight to
body weight ratio was, however, not different from that of
control. These results cocincide with those of other authors
(15-17), suggesting that adrenergic system may also be
related with cardiac hypertrophy. Left ventricular myosin
isoenzyme patterrr of bunitrolol-treated group shifted
towards VM-1, inspite of nc significant change of blood
pressure. Verapamil-treated group shcwed little alteration
in myosin isoenzyme pattern, although blocd pressure was
reduced by treatment. This might be because the reduction
of blood pressure was not sufficient to induce significant
alterations in myosin isoenzyme pattern. Captopril-treated
and hydralazine-treated groups showed remarkable reduction
of blood pressure in the same degree. Left ventricular

myosin isoenzyme pattern of captopril-treated group shifted
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remarkably towards VM-1, but the pattern of hydralazine-
treated group did not shift so remarkably towards VM-1 as
that of captopril-treated group, although the shift was
similar to that of bunitrolol-treated group. From these
results it may be said that not only cardiac pressure
overloads but also other factors, adrenergic system, for
example, play a role in alteration of 1left ventricular

myosin isoenzyme pattern in SHR.

SUMMARY

20-22 week-o0ld SHR were treated with antihypertensive
drugs and alterations in blood pressure, heart weight and
left ventricular myosin isoenzyme pattern were examined.
Rats were divided into 5 groups: control SHR without
treatment, groups treated with Dbunitrolol, verapamil,
hydralazine and captopril. Bunitrolol and verapamil were
administered 30-40 mg/kg/day, hydralazine and captopril
were administered 80-90 mg/kg/day and 50-60 mg/kg/day
respectively for 8-10 weeks (per os). All treated groups
except bunitrolol-treated group showed lower blood pressure
than non-treated control SHR. Heart weight to body weight
ratios of the groups treated with bunitrolol and captopril
were smaller than that of control. Left ventricular myosin
isoenzyme pattern revealed by pyrophosphate gel electro-
phoresis was shifted towards VM-1 1in the groups treated
with bunitrolol, hydralazine and captopril. It is concluded
that not only cardiac pressure overloads but also other
factors, adrenergic system, for example, may play a role
in cardiac hypertrophy and alterations of left ventricular

myosin isoenzyme pattern in SHR.
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ENHANCED ACTION OF NIFEDIPINE UPON VASCULAR SMOOTH MUSCLE FROM
HYPERTENSIVE RATS

H.E. Cingolani, G.J. Rinaldi, E. Amado Cattaneo and A. Mattiazzi

Centro de Investigaciones Cardiovasculares, Facultad de Cien-
cias Médicas de La Plata, 1900 La Plata, Argentina

INTRODUCTION
Calcium channel blockers are compounds that seem to be
more active in lowering arterial pressure in hypertensive per-
sons than in normotensives (1,2). Actually, a lack of effect
of nifedipine (NIF) upon blood pressure in normotensive humans
has been reported (3). Experiments from Buhler et al (1) and
from our own laboratory (2) show that the extent of the de-
crease in arterial pressure is directly related to the pre-
treatment level of arterial pressure. The reason for the en-
hanced action of these drugs in hypertension (4,5) is still
unknown, and it is atractive not only because of their thera-
peutic advantages but also because of the possibility of modi-
fying the mechanism causing the hypertensive state.
The experiments we are going to present were designed to
answer the following questions:
1) Is NIF active on blood pressure levels of normotensive hu-
mans?.
2) Does the hypotensive action of NIF depend on pretreatment
blood pressure?.
3) Is the hypotensive action related to the etiology of hyper-
tension?.
4) Can we explain this effect by its vasodilator properties
through the calcium influx blockage?.

MATERIALS AND METHODS
Fifteen normotensive volunteers ages between 19 and 33
years and eleven patients with essential hypertension were

studied before and after a sublingual dose of NIF, 20 mg. Blood
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pressure, heart rate, forearm blood flow and forearm vascular
resistance were calculated as described elsewhere (2).

Male Wistar rats weighing 150-200 g were used for control
(NR) and for the production of experimental hypertension. Nor-
motensive (WKY) and hypertensive (SHR) rats were obtained from
an offspring of the Okamoto-Aoki strain (5). Hypertensive rats
by deoxycorticosterone acetate (DOCA) and renal hypertensive
rats (2K-1C and 1K-1C) were obtained as described elsewhere
(5,6). A local strain obtained by crossing SHR with NR was
also used (L-SHR), in order to obtain a lower level of arterial
pressure, similar to that of 2K-1C and 1K-1C. Systolic blood
pressures of the different experimental groups appear in Table
1.

Table 1. Systolic blood pressure in the different groups.

NR WKY SHR DOCA L-SHR 2K-1C 1K-1C
126 141 203 164 168 167 176
t2 6 £10 +5 %2 * 4 +9
(10) (6) (4) (6) (40) (8) (6)

Mean + SEM with number of animals between parentheses. Ab-
breviations as in Methods.

Concentration-response curves to NIF and nitroglycerin
were performed in aortic rings studied under isometric condi-
tions and precontracted by high K (35 mM), as described (5-9).

Calcium influx was studied by the lanthanum method de-
scribed by Karaki and Weiss (10,11) with minor modifications.

Chemically skinned aortic smooth muscle was prepared fol-
lowing the procedure described by Ruegg and Paul (12).

RESULTS

Fig. 1 shows that after 30 min of the administration of
NIF to normotensive humans, mean arterial blood pressure fell
8 * 2 mmHg, heart rate increased 10 * 2 beats/min, forearm
blood flow increased 1.5 * 0.2 ml/min . 100 ml and forearm

vascular resistance decreased by 22 + 9 %.
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Fig. 1. Hemodynamic effects of NIF 20 mg sublingual in 15 nor-
motensive volunteers. Forearm blood flow (F) and heart rate
(HR) increased after NIF, while mean arterial pressure (P) and
calculated forearm vascular resistance (R) decreased. *: P <
0.05 with respect to control values. Note that all measure-
ments are expressed as % of change from control values. (Re-
printed with permission from Ref. 2).

Fig. 2 shows the correlation between pretreatment diastol-
ic blood pressure after 20 mg of NIF. The higher the pretreat-
ment level of arterial pressure, the greater was the decrease
in pressure after NIF. The correlation coefficient was -0.64.

Fig. 3 shows a typical experiment in which a single dose
of NIF 10713 M relaxes the high K-contracted ring from an SHR
aorta, but fails to relax the WKY ring.

Fig. 4 depicts concentration-response curves to the relax-
ant effect of NIF in aortic smooth muscle from normotensive and
hypertensive rats contracted by high K. Rings from any of the
hypertensive rats relax much more than rings from normotensive
rats at any of the concentrations employed. Within the differ-
ent hypertensive groups, a greater shift to the left of the
concentration response curve was evident in SHR. Active tension

after exposure to high K was similar in all groups (inset).
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Fig. 2. Fall in diastolic blood pressure after 20 mg NIF sub-
lingual (ADP) plotted as a function of pretreatment levels of
diastolic blood pressure (PDP). Data from 15 normotensive and
11 hypertensive patients. Note that the higher the PDP, the
greater was the decrease in diastolic blood pressure after NIF.
(Reprinted with permission from Ref. 2).

Fig. 5 shows the EC50 (concentration necessary to relax
by 50% the previous contracture) for NIF plotted as a function
of the systolic blood pressure of normotensive and hyperten-
sive rats. EC50 seems to be a function of the blood pressure
of the group and independent of the method by which hyperten-
sion was produced. Note that groups with similar blood pres-
sure, like L-SHR and 2K-1C, have also similar EC50.

Fig. 6 depicts concentration-relaxation curves to nitro-
glycerin in WKY, L-SHR, 2K-1C and 1K-1C. Both the contractile
response to high K (inset) and the relaxant response to nitro-

glycerin were not different in the group studied.
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Fig. 3. Typical experiment showing the effect of a single dose
of nifedipine (NIF) 10-13 M on KCl-contracted aortic rings from
WKY and SHR rats. NIF had no effect on WKY, but produced signif-
icant relaxation in SHR (Reprinted with permission from ref. 5).

Fig. 4. Relaxant effect of nifedipine (NIF) on KCl-contracted
aortas from DOCA, NR, 2K-1C and SHR rats. Note that a much
lower concentration of NIF was necessary to relax any of the
rings from hypertensive rats as compared with NR rats. Inset:
active tension before exposure to NIF was similar in all groups.
Horizontal bars represent 1 SEM above and below mean; P <0.05
with respect to control (Reprinted with permission from ref. 5).
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Fig. 5. Mean systolic blood pressure (SBP) of NR, DOCA, 2K-1C,
1K-1C, L-SHR and SHR rats plotted as a function of the EC50 for
the relaxant effect of nifedipine (NIF) for each group. Note
that the higher the SBP, the lower the EC50 for NIF. Bars re-
present 1 SEM above and below mean (Reprinted with permission
from ref. 5).
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Fig. 6. Relaxant effect of nitroglycerin (NTG) in KCl-contracted
aortic rings from NR, 1K-1C, 2K-1C and SHR rats. Note that the
relaxant effect of NTG was similar in all groups. Inset: Active
tension before exposure to NTG, showing no differences between
groups. Horizontal bars represent 1 SEM above and below mean.
(Reprinted with permission from ref. 5).
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Fig. 7. Calcium influx blockage and relaxation measured in WKY
and SHR. In both groups K-PSS augments significantly the cal-
cium influx (first open bar with respect to cross-hatched bar).
In WKY the effect of NIF from 10-10 to 1078 M on calcium influx
(open bars) is accompanied by mechanical relaxation (broken
line). On the contrary, in SHR the mechanical effect is not ac-
companied by calcium influx blockage at concentrations of NIF
of 10-10 and 10-9 M. NIF 10-8 M promotes calcium influx block-
age with the muscle already relaxed. **P <0.05 with respect to
KCl 35 mM.

Fig. 7 shows the effects of NIF upon calcium fluxes (bars)
and high K-induced contracture (broken lines). Basal influx
(cross-hatched bars) is significantly increased by exposure to
high K in both WKY and SHR (first open bar). In WKY, exposure
to NIF 10-10, 10-9 and 10~8 M produced ca2+ influx blockage
and graded relaxation of the contracture. In SHR relaxation
was 100% with any of the concentrations of NIF, but ca2+ in-
o-10

flux blockage was significant only with the 1 M concentra-

tion. Then, in SHR, the mechanical effect of NIF was not re-

lated to its effect upon ca’*

influx.

Fig. 8 shows the effect of NIF 10-10 M on chemically
skinned arteries from WKY and SHR, contracted by exposure to
pCa 6. NIF elicits significant relaxation in SHR but not in

WKY.
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Fig. 8. Effect of NIF 10-10 M on chemically skinned aortic
smooth muscle. A contraction was induced by exposure to pCa=

6 (cross hatched bar). NIF 10~10M relaxes SHR arteries but not
WKY arteries. *: P <0.05 with respect to its own control.

DISCUSSION

The data presented here show modest but statistically
significant effects of NIF upon forearm blood flow of normo-
tensive human beings. This effect results in a slight decrease
in arterial pressure. The hypotensive action seems to be a
function of pretreatment levels of arterial pressure, the ef-
fect being greater when the pretreatment arterial pressure is
higher. These data are consistent with previous observations
(1,23).

The calcium channels are the binding sites for dihydro-
pyridines and their mechanism of action to produce relaxation
in vascular smooth muscle seems to be the blockage of calcium
influx through the voltage-operated channels. A greater sen-
sitivity of aortic smooth muscle from hypertensive rats was
detected, whereas no differences in sensitivity to other vaso-
dilator (nitroglycerin) were found.

A shift to the left in concentration-response curves was

detected in hypertensive smooth muscle. The shift is signifi-
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cant with any of the hypertensive models used (SHR, DOCA, 2K-1C
and 1K-1C). The greatest shift, however, was detected between
normotensive rats and SHR. This finding could be related to the
mechanism involved in the pathogenesis of hypertension or could
be a simple consequence of the higher level of arterial pres-
sure in the last experimental group. Fig. 5 shows that the
sensitivity to the relaxant effect of NIF seems to be correlated
with the arterial pressure of the animal and independent of the
way used to produce hypertension. L-SHR and 2K-1C rats, with
similar blood pressure are having similar EC50 (concentration
necessary to relax by 50 % the precontracted rings) in spite

of the etiology of hypertension being different.

The term "calcium antagonist" was coined after Fleckenstein
(13) . However, the term "calcium entry blockers" was proposed
lately based on the involved correlation between calcium in-
flux blockage and relaxation (14,15). This correlation was also
detected in our experiments with aortic rings from normoten-
sive rats. If we assume this mechanism as valid, an enhanced
relaxation should be accompanied by a greater calcium influx
blockage. However, a lack of correlation between calcium in-
flux blockage and relaxation was detected in hypertensive smooth
muscle. A dose of nifedipine of 10710 M elicited a complete
relaxation in the SHR without significant effect in calcium
influx blockage. Furthermore, increasing the concentration of

-9 and 10'8M,a calcium influx blockage under

the compound to 10
the completely relaxed state was detected. These data are con-
sistent with a mechanism other than calcium influx blockage
producing relaxation in hypertensive smooth muscle.

If the greater sensitivity of hypertensive smooth muscle
to nifedipine is not followed by a greater calcium influx
blockage (actually no calcium influx blockage was detected at
concentrations producing 100 % of relaxation) other mechanisms
should be considered. A greater calcium efflux promoted by the
compound in the hypertensive smooth muscle could account for
the enhanced relaxation. In normal smooth muscle a lack of ef-
fect of nifedipine upon calcium efflux was previously reported
(16) and we were unable to detect changes in hypertensive
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aortic smooth muscle (data not shown).

Our data are consistent then with the hypothesis that
nifedipine produces smooth muscle relaxation in hypertensive
smooth muscle through mechanisms other than calcium influx
blockage, and consistent also with the possibility that this
pharmacological intervention results in a diminished formation
of the Ca2+-calmodulin-MLCK complex. The diminished formation
could be the result of a binding of the drug to calmodulin
(17), a decrease in affinity of the ca?t-caM complex for the
light chain kinase, an increase in phosphatase activity (18)
or a direct action of the drug upon the MLCK. In connection
with this, the binding of dihydropyridines to calmodulin has
been reported but at doses higher than 10~10 M (19-21). If
the binding of dihydropyridines to calmodulin could play a
role in the mechanism of relaxation, we would predict a greater
effect if a deficit in calmodulin exists. A decrease in calmo-
dulin concentration in smooth muscle from hypertensives was
reported (22) and could explain the differences in pharmaco-
logical sensitivity to the compound if we accept an anticalmo-
dulin effect of the drug. In any case, in the light of the
present results, it seems reasonable to re-examine the mecha-
nism responsible for the vasodilator effect of NIF in hyperten-
sion, and to consider the possibility that the term "calcium
influx blocker" for NIF should be challenged at least in hyper-

tension.

SUMMARY
The data presented by us in normotensive human beings
show slight but statistically significant decrease in arterial
pressure after 20 mg of NIF. The same dose produced an effect
related to the pretreatment level of arterial pressure in hyper-
tensives: the higher the pressure, the greater the effect.
Aortic smooth muscle from rats made hypertensive by dif-
ferent methods were compared in their sensitivity to the re-
laxant effect of nifedipine (NIF) with vascular smooth muscle
from normotensive rats.

The relaxant effect of NIF was much more pronounced in
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hypertensive than in normotensive rats, while the relaxation
produced by nitroglycerin (NTG) was similar. The increased sen-
sitivity seems to be related to the level of arterial pressure
and independent of the etiology of the hypertension. Rats with
spontaneous hypertension have EC50's not different to those

of rats with renal hypertension when arterial pressure levels
were similar.

Whereas the relaxant effect of NIF in normotensive rats
seems to be correlated with its effect upon calcium channel
blockage, this was not the case in hypertensive rats. The re-
laxant effect of NIF was dissociated from its effect upon cal-
cium influx blockage in hypertensive rats. NIF 1010 M relaxed
the hypertensive smooth muscle by 100 % without producing cal-
cium influx blockage. Chemically skinned aortic fibers from
hypertensive rats were more sensitive to the relaxant effect
of NIF.

Our data suggest that at least in hypertension NIF can
produce smooth muscle relaxation by a mechanism other than

calcium influx blockage.
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AJMALOON A UNIQUE HERBAL POLYPHARMACEUTICAL POSSESSING
BOTH HYPOTENSIVE AND CADMIUM LOWERING PROPERTY.

R.B.ARORA, B. BHATIA, S.U. KHAN, S. ROY, N.I. ANSARI,
& S.A. TAMANNA

Institute of History of Medicine & Medical Research
& Majeedia Hospital,New Delhi-110062 (INDIA).

INTRODUCTION

The role of Cardiovascular diseases, in mortality
statistics has 1long been firmly established. However,
after improvement of treatment for essential hypertension
the mortality due to cardiac & renal failure has decreas-
ed which were once the major causes for death due to
hypertension. Although the principal causes of mortality
are cerebral & myocardial infarction due to associated
atherosclerosis (1), Epidemiological studies show essential
hypertension is most commonly prevalent among the age
group of 40-60 yrs in both sexes.

Regarding the pathogenesis of hypertension a number
of theories has been proposed. A new concept of the
role of trace elements is in consideration now-a-days.
Trace elements which can be associated with the patho-
genesis of hypertension are Cadmium, Lead, Mercury &
Sodium as pressors and Zinc, Copper, Magnesium, Potassium
and Selenium as depressors on the basis of animal experi-
ments and epidemiological studies (2).

Elements particularly essential trace elements
play both curative & preventive roles in combating disea-
ses. The curative features displayed by iron in anemia,
iodine in goitre and fluorine for dental caries are
CGlinical examples. Elements such as cadmium, mercury,
lead and thallium are known as inherently toxic as they
impair health in minute concentrations (3).

Regarding the pathogenesis of hypertension, Cadmium

has been given a special emphasis as a possible factor
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for hypertension and arteriosclerotic diseases (4,5,6,7,8,
9,10). Cadmium in small amounts when injected parenterally
or orally induces hypertension (10,11,12,13) in experi-
mental animals. Talwar et al (14) recently reported
that a biphasic response induced by Cadmium, in rats,
i.e. an initial fall followed by sustained rise in blood
pressure was antagonised by Zinc sulphate. However the
rise in blood pressure in reserpinised rats due to cadmium
injected intravenously was not statistically significant
(15) which supported that cadmium induced hypertension
was associated with rise in plasma noradrenaline level
(16) and gave a ground for development of newer catechola-
mine depleting drugs for hypertension.

Recently it was shown that serum cadmium concen-
trations were significantly higher and serum zinc levels
were lower in hypertensives (17). This finding is in
support to an earlier observation that plasma cadmium/
zinc ratio was significantly greater in hypertension
and there was a significant positive co-relation between
plasma cadmium/zinc ratio and arterial blood pressure
(18).

The present study was conducted with a view to
vindicate the above observations and to develop a new
effective and safe drug from Rauvolfia serpentina which
will not possess the dangerous side effects of reserpine
(19,20,21,22,23).

MATERIALS AND METHODS :

The drug used for clinical trial, code named as
Ajmaloon is a herbal polypharmaceutical derived from
the combination of alcoholic extract of Rauvolfia serpen-
tina (Roots) as main active ingredient and other toxicity
corrective herbs

Each tablet of Ajmaloon weighs 500 mg and had the

following herbal ingredients :- (see next page) (Table 1)
Ajmaloon is developed by Hakim Abdul Hameed.
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(Table 1)

BOTANICAL NAME PARTS USED PROPERTY QUANTITY

1. Zea mays Styles Diuretic (24) 50 mg.

2. Cicer arietinum Seed coat Diuretic (24) 50 mg 4

3. Juniperus Berries (0il) Diuretic (24) 1 mg.
communis

4., Rauvolfia Root Anti- 6.2 mg.
serpentina Alcoholic mxt. hypertensive

5. Hordeum vulgare Grains Demulcent (24) 25 mg.

The drug was standardized phytochemically, using
various physical & chemical parameters and estimation
of total alkaloids for determining the various organic
constituents. Elementological standardization of the
drug was done for essential & toxic elements viz As,
Na,K,Ca,Mg, Co, Ni, as they play some role in cardiovas-
cular diseases. Biological standardization was also
done by comparing Ajmaloon with reserpine by lethal
activity in mice and hypotensive activity in dogs (25).
Toxicity

Acute toxicity studies of the drug in animals
revealed no serious adverse effects except ptosis. No
mortality occured during 24hrs to 4-6 weeks at dose
level of 25.6 g/kg,about forty times the therapeutic
dose in hypertensive patients. An institutional review
board was formed consisting of physicians, pharmacists,
jurists, consumer organizations representatives for
approving the clinical trial or to recognize any ethical
objection (26). It 1is evident that before a drug can
be used to treat patients, elementary safety evaluation
was done in healthy human volunteers starting with single
dose and progressively increasing doses. The volunteers
were screened c¢linically, biochemically & pathologically
before and after treatment with the drug. Clinically
slight fall in Blood pressure was observed although
statistically insignificant, otherwise the pathological
& biochemical changes were within normal limits.

Clinical trial

170 patients of essential hypertension between
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the ages of 40-60 yrs visiting Hamdard Clinic at Asaf
Ali Road of both the sexes were selected. 127 patients
were treated with drug and 43 with Placebo. Placebo
treated patients were having diastolic pressure of the
range 90-105. A detailed investigational proforma includ-
ing the patients personal, diet, Jjob and history of
residential area was recorded. Detailed clinical Electo-
cardiographic, fundoscopic and relevent pathological,
biochemical & elementological investigations were conduct-
ed. Fundoscopy was done as a routine to classify the
grade of hypertension. Blood pressure was checked everyday
and a proper record was maintained.

The dose of the drug ranged between 500 mg to
3 gm daily in divided doses according to the level of
diastolic pressure as per table given below (Table 2).

(Table 2)

BLOOD PRESSURE PATIENTS D OS E S

Diastolic B.P. > 120 - 6 tablets daily 2 TDS
" B.P. << 120 >100 4 tablets daily 2 BD
" B.P. < 100 > 90 2 tablets daily 1 BD
" B.P. << 90 > 80 1 tablet daily.

All the patients were kept on salt restricted
diet maximum upto 5 gms. Elemental analysis of 75 hyper-
tensives & 60 normotensives were performed by flame
atomic absorption spectrophotometer with (Perkin elmer
303) apparatus for =zinc. Flameless AAS (Perkin Elmer
306) with graphite furnace HGA 400 was used for the
analysis of Cadmium (27,28,29). Serum of hypertensives

were analysed before and after treatment with Ajmaloon.

RESULTS

The effect of drug Ajmaloon in lowering hypertension
has been found highly significant (P«<{0.001). It was
observed that medicine has very good effect in mild
& moderate hypertensives within the Ist month, as the
Blood pressure was reduced appreciably. However, conti-

nuous use of the drug over a reasonable period of 6
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months is able to control the blood pressure even in

severe hypertensives (For details see Fig.1&2).

AJMALOON

v v
Interrupted Treatment Continuous treatment
(Typical case) (Typical case)

Hg.
N
o
o

in m.m.
.
-
~
o

Blood Pressure
o

] . o L] . ° . [} o .

1 2 3 4 5 1 2 3 4 5

duration of treatment duration of treatment
(months) (months)
Fig.1 Effect of Ajmaloon in typical hypertensive

patient.
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Fig.2 Benefit in diastolic blood pressure of hypertensives

by administration of Ajmaloon.
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Serum cadmium & zinc levels were analysed in 75
hypertensives. It was found that in hypertensive patients
the cadmium level was 38.9% higher and zinc 1level was
25% 1lower when compared with 60 normotensives. Another
observation on these serum inorganic elemental levels
showed that drug Ajmaloon tries to normalise the serum
cadmium level but the serum zinc 1levels were unchanged
(see Fig.3). However long term stutides on a large number
of patients are mandatory before a categorical statement
can be made.

M norvoTENS TVE AJMALOON TREATED
D uyrerTENSIVE [C] pracEBO TREATED
=
)
—~ £
\ A
g . 1.12 . .0038
v O .0036
, 1.04 § -0034
9] . .
i oo
S 080 _§ .0030
v Toloo g 0028
g 0 S .0026
R "0.64 S oo
g 050 g .0022
"I M .0020
& -0.40 & -
60 75 50 50 25 25 60 75 50 50

Fig.3 Comparison of Zinc and Cadmium level of normoteqsives
and hypertensives before and after administration of Ajmaloon
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DISCUSSION

A new concept of medical elementology i.e. the
role of trace elements on human health makes it important
for the physicians, to the consideration of trace elements
deficiencies & excesses 1in the various causes of patho-
logical disease in humans. Among the numerous trace
elements currently 15 are thought to be essential for
human beings - Arsenic, Chromium, Cobalt, Copper, Iodine,
Fluorine, Iron, Manganese, Molybdenum, Nickel, Selenium,
Silicon, Tin, Vanadium, Zinc (30).

Elements such as Cadmium, Mercury, Lead &Thallium
are known as inherently toxic since they impair health
even at minute concentration (30). Cadmium has received
considerable attention in terms of its relationship to
hypertension (31,32). Relationship of experimental hyper-
tension due to cadmium intake and human disease have
been reviewed 1in 1literature (33,34). Metals 1like =zinc
in the form of =zinc chelate & zinc sulphate have been
shown to reverse Cadmium induced hypertension (35,20)
which is in support to the earlier observation of dis-
appearance of cadmium from rat plasma following intravenous
injection of zinc (36) and possible explanation was dis-
placement of albumin cadmium by excess =zinc. A further
review suggests that Cadmium administration can give
rise to severe symptoms of zinc deficiency (37,38) and
recently an interaction between the macro-molecules of
cadmium & zinc has been suggested (39).

This created an incentive for our «clinical work
on the role of cadmium & =zinc in human hypertension.
Our purpose is not to persuade a role of Cadmium as the
data are too inconclusive, rather we are trying to convince
you that this field warrants further work. At present
Cadmium has no known biological effects in man except
for its well recognized toxic effects which are associated
with extensive and easily demonstrable exposure. Literature
reveals that human beings who had significant long term

low-level cadmium exposure had shown a considerable accu-
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mulation of cadmium in the body. Chronic effects of cadmium
exposure in humans have been well documented in last
two decades. long term exposure to cadmium leads to the
development of 1lung insufficiency, osteomalacia, anaemia
& hypertension (40).

The severe form of chronic cadmium poisoning in
the itai-itai disease which is characterized by osteomala-
cia and prevalent among elderly women in 2zinzu river
area of Toyama, due to prolonged oral intake of cadmium,
are also suffering from severe renal dysfunction (41)
and enteropathy (42). Cadmium toxicity has become an
occupational hazard in the industries manufacturing alka-
line batteries with nickel and cadmium electrodes (43,44,45
46). Hypertensive individuals have been reported to have
more renal cadmium than normotensive subjects. It has
been also shown that known hypertensive patients excrete
upto 40 times as much cadmium in their urine as do the
normal controls (47).

In one of our recent studies we have shown that
serum cadmium concentrations were significantly higher
while serum zinc levels were significantly lower in hyper-
tensive individuals (48,49) when compared to normal control
group. Although the mechanism by which cadmium induces
hypertension remains unclear, 4 potential pressure effects
(50,51) have been observed : (a) Sodium retention (50,51)
(b) increased peripheral resistance (52) (c) hyperreninemia
(53) (d) increased cardiact output (52). Recently action
of cadmium as an antinatriuretic and a pressure agent
has been demonstrated (54). Experimental studies on animals
also suggest that protein and carbohydrates have syner-
gestic effect on cadmium induced hypertension while calcium
has preventive role against this induction (55,56). In

the present work it has been observed that serum cadmium

levels are higher & serum zinc levels are lower in hyper-
tensives in comparison to normal controls of the same
age group. Cadmium & zinc interaction is due to competitive

inhibition of zinc uptake process by cadmium as revealed
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by intestinal kinetic studies on experimental animals
(57,58). Cadmium 1is concentrated in the kidney where
it is bound to specific protein, metallothionein. Zinc
and other metals are also bound to metallothionein which
has no known function, however, cadmium is bound more
tightly than zinc and can displace it. The incorporation
of cadmium increases the half life of the metallothionein
molecule and cadmium =zinc ratio (59). This exposure to
cadmium may affect zinc homestasis through metallothionein.
A number of allopathic drugs have been developed; however,
in view of their toxicity the need for developing the
new drugs has never waned.

Reserpine, an alkaloid extracted from Rauvolfia
serpentina has been in use as an antihypertensive agent,
for past many years for moderately severe hypertension
but one of its serious side effects viz mental depression
leading to suicidal tendencies by some patients is the
main draw back of the use of the drug (19,20,21,22,23).
In this present paper Ajmaloon, a herbal polypharmaceutical
developed from the combination of Alcoholic extract of
Rauvolfia serpentina (roots) as main ingredient and Zea
mays (styles), Cicer arietinum (Seed Coat), Juniperus
communis (Berries), Hordeum vulgare (Grains) as toxicity
corrective herbs was tried in the hypertensive individuals
and its efficacy was found to be statistically significant
by double blind clinical trials.

The greatest drawback in the present antihyper-
tensive drug profile is in the intermediate area between
mild & powerful antihypertensive agents. One can confirm
that Ajmaloon will emerge as a unique herbal polypharma-
ceutical for mild & moderate hypertension and is devoid
of serious side effects of Reserpine i.e. mental depression.

The mechanism of action of Ajmaloon is still under
study but efforts have been made to tune its beneficial
effect as one of normalising the deranged serum elemental
concentration. Ajmaloon tends to decrease the elevated

serum cadmium levels in hypertensive individuals but
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is unable to elevate the decreased level of serum zinc
in the same individuals. However a 1long term study on
large number of patients is necessary before a categorical

statement can be made.

SUMMARY

Cadmium and zinc levels were estimated in 60 normo-
tensive and 75 hypertensive individuals. It was observed
that in individuals with moderate & severe hypertension
having diastolic blood pressure above 110 mm Hg the Serum
cadmium levels were 30 to 40% higher than normal values
of 0.0017 to 0.0033 mg/lit while the serum zinc level
appeared to be 25% lower than normal controls of 0.84
to 1.43 mg/litre. Ajmaloon having Rauvolfia serpentina,
Zea mays, Cicer arietinum, Juniperus communis and hordeum
vulgare as its major ingredients, effectively lowered
the raised blood pressure (p <: 0.001) even in moderate
hypertensives. Action starts in 24-48 hrs & reaches its
peak in 5-7 days. It also tends to lower the raised serum
cadmium levels.

Cadmium has been implicated unequivocally in patho-
physiology of hypertension in both clinical and experi-
mental situations. Ajmaloon thus occupies a unique position
since it is an effective & safe hypotensive agent possess-

ing also cadmium lowering activity.
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PATHOPHYSIOLOGY AND TREATMENT OF DECREASED CARDIAC OUTPUT
COMPLICATING PULMONARY HYPERTENSION

R. M. PREWITT and J. DUCAS

Departments of Medicine, Section of Cardiology, University
of Manitoba, Winnipeg, Manitoba

A decrease 1in cardiac output due to increased right
ventricular (RV) afterload may complicate several clinical
conditions such as ARDS and pulmonary embolism (1, 2).

A recent canine study 1investigated treatment of shock
in a canine model of pulmonary embolism (3). Autologous

blood clots were injected over approximately 25 minutes, and

when mean BP had fallen to 70 mmHg (shock}, dogs were
treated according to prior randomization. Four groups of
six dogs were studied. One group served as controls.

Another group was treated with volume expansion, a third
with isoproterenol and the final group with norepinephrine
(NE) .

As per experimental design, blood clot emboli

decreased mean CO to <. 8 1/min and decreased mean BP to 70

mmHg prior to onset of therapy. In controls and in dogs
treated with volume or 1isoproterenol, hemodynamic state
continued to deteriorate, and all dogs died within ten
minutes. In contrast, all six dogs treated with NE

demonstrated marked hemodynamic improvement and remained
stable during one hour of continuous infusion.

Table {1 1illustrates hemodynamic effects of pulmonary
emboli and NE, Note the marked deterioration in RV function
as afterload increased. NE increased BP, and CO increased
from an unmeasurable value to 2.3 1l/min. Corresponding to
the increase 1in CO, RVEDP decreased. These changes signal
an improvement in RV pump performance, due to a direct
inotropic effect and/or 1increased contractility due to

increased BP and improved RV perfusion (4).
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Table 1. HEMODYNAMIC EFFECTS OF NORADRENALINE TREATMENT*

BASELINE TREATMENT 15 MIN 60 MIN

co (L min™ 1) 3.5¢1.5 - 2.3:0.7  2.3+0.3
BP (mmHg) 14022 71+2 112:25  106+16
RVEDP (mmHg) 0.7+0.8 10+1 545 543
PAP (miHg) _ 1343 62+11 5547 5046
PVR (mmHg'L l*min) 2.50.7 - 288 31+18

* Values are mean +SD

Table 2. HEMODYNAMIC EFFECTS OF EMBOLIZATION, NORADRENALINE AND
METHOXAMINE

TIME
BASELINE EMBOLIZATION NORADRENALINE CONTROL METHOXAMINE

00

L/min 4.8¢1.4  1.0£0.3" 2.040.5%  1.240.4  1.1:0.3
BP

mmHg 14410 64+13% 122+5% 68+18 121:10%
PAP

mHg 16.24¢1.6 47.8+16.5°  52.116.6 38.3¢9.1 37.9:10.4
RVEDP .

mmHg 4.4$2.0 10.7:4.3 8.0:3.1  8.4%3.2 12.8+4.0
PVR -1 + +

miHg L 'min  1.5:0.6 4417 24412 2811 28+15
RVCPP . . .
mmHg 132410 35411 93+10 48417 9417

* p < 0.05 vs previous baseline
+p < 0,01 vs previous baseline
x p < 0.001 vs previous baseline
RVCPP = Right ventricular coronary perfusion pressure
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A recent study by Ducas et al (5) was designed to
determine which of the above mechanisms best explained the
improvement in RV performance. In an attempt to separate
direct inotropic effects from indirect effects due to
increased BP and improved RV perfusion, acute hemodynamic
effects of NE and methoxamine were compared in the same
dogs. RV afterload was increased via injection of small
(80-120 u) glass beads to decrease BP to approximately 65
mmHg. In this model, this was the 1lowest BP where
hemodynamic stability was maintained. Mean results are
illustrated in Table 2. HNote that embolization dramatically
decreased CO, BP and RV coronary perfusion pressure. KE
doubled BP and CO and almost tripled RV coronary perfusion
pressure. Note that PVR, calculated as PVR = PAP - LVEDP/CO
decreased with NE. In contrast, despite a similar
improvement in BP and RV coronary perfusion pressure, CO did
not change with methoxamine

These results suggest that noradrenaline improved RV
pump performance primarily via a direct i1notropic effect

While it 1is possible that the failure for RV function
to improved with methoxamine was due to an increase 1in
coronary vascular resistance, offsetting the increase 1in
coronary perfusion pressure, previous work does not support
this possibility (6).

The results of this study compliment those of VlahaKes
et al (4). In that study, RV function in the setting of
marKed systemic hypotension was improved by infusion of an
antagonist (phenylephrine). The authors attributed the
increased RV function to the improvement in BP and RV
coronary perfusion pressure reversing RV ischemia. However,
in that study, BP was much lower during RV failure (48 mmHg)
than in the study of Ducas et al in which an o agonist had
no effect on RV function. Accordingly, the more pronounced
level of hypotension prior to treatment probably explains

the increase 1in CO which occurred with phenylephrine,
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whereas direct 1notropic effects were necessary to improve
CO and RV function without frank shock.

While isoproterenol was ineffective in treatment of
shock due to acute pulmonary emboli (3), can isoproterenol
improve RV performance 1in the setting of pulmonary
hypertension without frank circulation instability?

To test this hypothesis, a recent study compared acute
cardiopulmonary effects of NE and isoproterenol in a canine
model of increased RV afterload and decreased CO (7). In
six anesthgtized dogs, autologous blood clots were injected
over approximately two hours to 1ncrease RV afterlcad and
decrease CO 407%. Mean results are 1llustrated in Table 3.
Note that while both drugs increased SV, only isoproterenol
increased CO. Corresponding to the 1increase in flow, RV
filling pressure and PVR decreased with isoproterenol.

Zapol et al reported beneficial hemodynamic effects of
isoproterenol in patients with ARDS and pulmonary
hypertension (1). In another study, Snider et al
investigated effects of isoproterenol in patients with ARDS
and mild pulmonary hypertension (8). Isoproterenol
increased CO and caused a small decrease in PVR.

Accordingly, when a moderate decrease in CO complicates
an increase 1n RV afterload, isoproterenol may be an
excellent drug to increase CO and improve RV function

In a variety of conditions vasodilators are used to
decrease systemic and pulmonary vascular resistance and
increase CO.

A recent study compared acute cardiopulmonary effects
of nitroprusside (NP) and hydralazine i1n a canine model of
pulmonary hypertension and decreased CO (9). Mean results
are lillustrated 1in Table 4. Note that while bothh drugs
decreased ventricular filling pressures and systemic
vascular resistance, only hydralazine decreased PVR and
increased CO. Note that PAP and BP did not change with

hydralazine, and that while the mean value for arterial 02
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Table 3. HEMODYNAMIC EFFECTS OF INOTROPIC AGENTS IN PULMONARY
HYPERTENSION

co SV PAP RVEDP BP PVR_1
L/min .ml/beats mmHg mmHg  mmHg mmHg'L ~'min

CONTROL 1

842, 4415 9+4 93116, 3410

1.320.3, +
ISOPROTERENOL ~ 3.0%0.8 15+4 499 53 71£11 16+4
CONTROL 2 1.2#0.4  7.5#£3.5 406 94 84+18, 33+10
NORADRENALINE  1.4%0.5 12+5* 45+11  8#5 11720 32+14
CONTROL 4 1.24¢0.4  7.4%2.5  42%5 94 90+18 34412

*=p <0.01, + =p < 0.025, # = p < 0.05
Comparing control 1 to isoproterenol
Comparing control 3 to noradrenaline

Table 4. HEMODYNAMIC EFFECTS OF INCREASED PVR AND VASOACTIVE DRUGS

co PAP RVEDP BP SVR -1 PVR -1
L/min mmHg mmHg mmHg mmHg'l “"min mmHg'1l ~“min

BASEL INE 3.0¢1.3 1432 3+2  139#21  53#20 343

CONTROL 1 1.6£0.78 47¢5B 637 144%32  93t26° 31¢17B
NITROPRUSSIDE 1,8:2.2 4425  4x2MD 97:18B  63+25B,C 30430
CONTROL 2 1.5+0.6 4315 5+3 134126 94+8 29+15
HYDRALAZINE ~ 2,7:1.5A 4246  4+3%D133:31  55419B,C 18+12B

Statistical comparisons: Ap < .05 parameters vs control; Bp < .01
parameters vs control; Cp < .05 comparing differences from control;
D not significant, comparing differences from control
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tension decreased with nitroprusside, 1t 1ncreased with
hydralazine. Similar results are reported when hydralazine
is given to patients with primary and secondary pulmonary
hypertension, with and without RV dysfunction (10, 11).

Accordingly, while hydralazine may be useful to
decrease RV afterload and increase CO0 when a low output
state complicates an acute increase in RV afterload, extreme
care should be taken to ensure that excessive falls in BP
and RV perfusion do not occur. Conceivably, HNE, which
probably does not increase PVR (see section on the flow
resistive characteristics of the pulmonary vasculature),
could be wused in conjunction with a vasodilator 1i1f the
latter is felt to be indicated

THE FLOW RESISTIVE CHARACTERISTICS OF THE PULMONARY
VASCULATURE

To this point, this review has focused on
pathophysiology and treatment on RV dysfunction complicating
acute changes in afterload. The genesis for RV dysfunction
in this setting, occurs as a function of alterations in the
pulmonary vascular bed, and the physiological mechanisms
responsible for the alterations in pulmonary hemodynamics
have only recently been investigated. Conventionally, PVR,
calculated as mean PAP - LVEDP < CO is assumed to reflect
the flow resistive properties of the pulmonary vasculature.
This approach forces one to makKe assumptions on the vascular
effects of the drug on the basis of single pressure-flow (P-
Q@) measurements before and during therapy. When this data
is used to define a ‘"resistance," as derived from
Poiseuille’s Law, it 1s implied that the relationship
between pressure and flow in the pulmonary circulation is
linear, and that flow begins (Zone III) when the upstream
pressure (PAP) exceeds the apparent downstream (LVEDP or LA)
pressure (12,13). Several studies employing Lisolated lobe
or lung preparations have demonstrated that at physiologic
rates of flow, the pulmonary P-Q relationship, which defines

the incremental resistance, be described Dby a linear
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relationship (12-15). However, the pressure intercept
(effective outflow pressure), obtained by l1near
extrapolation of the P-Q 1lilne to zero flow, has been
reported to exceed the apparent downstream pressure (i4,15).

Accordingly 1n the setting of pulmonary hypertension,
such as following pulmonary emboli, elevation in the PAP may
be related to an 1increase in mean outflow pressure, an
1ncrease in incremental resistance or a combination of these
two factors. Similarly, vasoactive compounds may produce
alterations in pulmonary hemodynamics, by altering these
factors eilther separately or 1in combination

A recent canine study 1nvestigated pulmonary vascular
effects of pulmonary emboli and hydralazine (16). To define
the vascular P-Q relationship, multiple PAP-Q coordinates
were obtained by opening systemic A-V fistulae fitted with
variable resistors.

As 1n the study by Lee et al (9), hydralazine
approximately doubled CO, decreased calculated PVR and did
not affect PAP. Effects of pulmonary emboli and hydralazine
on pulmonary P-Q characteristics in four dogs are
illustrated in Figure 1, Note that while emboli 1increased
incremental resistance, the predominant explanation for the
increase in PAP was the large increase in outflow pressure.
Further, note that the predominant effect of hydralazine was
not to alter incremental resistance, but to decrease outflow
pressure (mean change, 24/). To test the hypothesis that
the extrapolated pressure intercept reflects the effective
downstream or outflow pressure, in four dogs, left atrial
pressure was progressively raised, by 1inflating a left
atrial balloon at constant CO, see Figure (. Before
embolization, increases 1in left atrial (LA) pressure over a
given range (approximately 8 to 17 mmHG) caused similar
changes in PAP, indicating LA pressure approximated the
effective outflow pressure. In contrast, after

embolization, changes in LA pressure over the same range had
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FIGURE 1

On the left
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(Preceding page)

the coordinates for PA and CO have been plotted

for four dogs. The lines drawn are from linear regression.
On the right, for each dog, the relationship Dbetween PA
pressure and LA pressure at constant cardiac output are
plotted. The lines drawn are from a visual best fit. The
dashed line 1ndicates the slope of the line of 1dentity.
See text for further discussion.
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FIGURE 2
The PA-CO coordinates for three dogs post emboli are
plotted prior to noradrenaline (NE) (x) during NE (o), and

time control-TC after NE infusion (®). For each dog,
analysis of covariance revealed no differences in slope or
intercept.
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absent to travial effects on PAP. Accordingly, as signaled
by the change in extrapolated pressure intercept,
embolization resulted 1in a marked i1ncrease in the effective
outflow pressure

Another recent canine study investigated effects of
pulmonary emboli and NE on P-Q characteristics (17). P-Q
characteristics were defined as described above (16).
Emboli increased mean incremental resistance from 1.9 to 5.5
mmHg/1l/min and caused a marKed upward shift in the
extrapolated pressure intercept, from 8.1 to 28.3 mmHg
Both Dbefore and after emboli NE produced significant
increases in CO and BP. Also, as seen 1in the studies of
Molloy et al (3) and Ducas et al (5), HNE decreased
traditionally calculated PVR. However, as 1llustrated in
Figure 2, NE did not alter 1ncremental resistance or
outflow pressure

These findings further emphasize the utility of NE for
treatment of low output states due to increased RV
afterload. That 1s the beneficial 1inotropic and pressor
effects which 1improve RV function, CO and BP are not
associated with deleterious pulmonary vascular effects, so
that the increase 1n PAP with NE is due to the corresponding
change 1in flow.
SUMMARY

when shock complicates an acute 1ncrease 1n RV

afterload, initial therapy should be directed toward
restoration of an adequate BP (RV coronary perfusion
pressure) and CO. Current results i1ndicate that NE may be

an excellent agent for acute resuscitation and short-term
maintenance of hemodynamic stability.

In the absence of shock, when a moderate decrease 1in CO
complicates pulmonary embolism, 1soproterenol, hydralazine
or other vasodilators, may be employed to 1improve flow.
However, these agents may decrease BP so careful monitoring

is requaired.
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Recent canine studies 1indicate that an increase in

vascular outflow pressure 1is the predominant mechanism

explaining the

increase in PAP and apparent increase in PVR

complicating pulmonary embolism. Accordingly, in addition

to decreasing vascular resistance,

toward decreasing outflow pressure
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INTRODUCTION

Calcium antagonists have been increasingly used in the
last decade both as valuable cardiovascular drugs and as tools
to investigate the pharmacology of slow channels of many
excitable cells, Although very different in chemical struc-
ture, all these compounds reduce rather specifically the Ca
influx through the voltage dependent Ca channels in cardiac
and vascular smooth muscle cells, which results in negative
inotropic, chronotropic and dromotropic as well as vasodi-
lating properties of these drugs. Thus, calcium antagonists
are successfully used for the treatment of coronary heart
disease, arrhytmias and systemic hypertension (1, 2).

Much less is known about the effect of these substances
on pulmonary circulation, It has been shown that acute
administration of calcium channel antagonists such as
verapamil and nifedipine inhibits the pulmonary pressure
response to alveolar hypoxia in isolated lungs (3, 4), intact
animals (5) and human subjects (6). This suggests that
membrane depolarization and Ca influx through voltage
sensitive Ca channels are components of an as yet unexplained
mechanism of hypoxic pulmonary vasoconstriction. The results
with longlasting administration of calcium antagonists in
chronically hypoxic subjects are, however, still controversial.
Whereas some observations suggest that repeated administration
of verapamil and diltiazem prevented right ventricular
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hypertrophy in hypoxic animals (7, 8), other experiments
failed to show any protective effect (9).

The present survey summarizes some of our results
concerning the effect of preventive and therapeutic treatment
of cardiopulmonary changes induced in rats by high altitude
hypoxia, simulated in a barochamber. Since recent evidence
suggests significant age-related differences in the cardio-
vascular sensitivity to interventions affecting transsarco-
lemal Ca fluxes (10, 11, 12), particular attention was paid
to the effect of calcium antagonists on the developing
cardiopulmonary system.

RESULTS AND DISCUSSION
Preventive and therapeutic pharmacologicel treatment in
adult rats

Exposure of experimental animals to chronic high altitude
hypoxia may both stimulate favourable cardiopulmonary accli-
matization and impose stress, the magnitude of which depends

upon the intensity and duration of the hypoxic stimulus. Our
previous results have shown that intermittent high altitude
hypoxia (IHA, barochamber, stepwise up to 7000 m, 8 h/day,
5 days a week) can induce pulmonary hypertension and right
ventricular hypertrophy in a relatively short time.
Purthermore, at the beginning of the precess of acclimati-
zation focal myocardial necroses can be observed, localized
predominantly in the right ventricular myocardium (13,14).
It is interesting to note that such primarily affected
myocardial tissue is significantly more resistant to acute
anoxia in vitro or to isoprenaline-induced necrotic lesions
(15, 16).

Calcium antagonists were used in order to estimate the
possibilities of pharmacological reduction of IHA induced
cardiopulmonary changes. In the first part of our study
verapamil was administered from the beginning of hypoxia
before each of the 24 exposures (17). Preventive administra-
tion of the calcium antagonist (8 mg.kg’l) did not affect
right ventricular systemic pressure and right ventricular
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weight in the sea level group (Fig. 1), nor did it affect
the left ventricular weight and hematocrit values even in
rats exposed to IHA. This latter finding agrees with the
observation of Davidson et al. (7) and suggests that the
hypoxic stimulus was the same in verapamil treated and
non-treated animals. Administration of verapamil to IHA
exposed animals significantly reduced - but did not norma-
lize - the degree of pulmonary hypertension and right
ventricular hypertrophy (Fig. 1) and partially prevented

the development of hypertensive changes in the pulmonary
vasculature (Fig. 2). Furthermore, verapamil reduced signi-
ficantly the incidence of necrotic lesions in the myocardium
(Table 1) and diminished the positive sign of acclimatization,
i.e. cardiac resistance to acute anoxia, as judged from the
decreased recovery of isotonic contractions of isolated
right ventricle.

Table 1. The effect of verapamil on myocardial lesions
(IHA - 8 hr/day, 24 exposures)

n  Without patho-  Focal Disseminated
logical changes myofibrosis myofibrosis
Controls 10 100 % 0 0
Hypoxia 10 0 10 % 90 %
Hypoxia
+
verapamil 10 80 % 20 % 0

These results are consistent with the hypothesis that
calcium antagonists inhibit the pulmonary pressure response
to alveolar hypoxia in vitro (3, 4). This hypothesis was
recently supported by the fact that a structural analogue of
nifedipine, BAY K 8644, which promotes Ca influx through
voltage dependent Ca channels, potentiates hypoxic vaso-
constriction in isolated lungs (18). The degree of protective
effect depends probably on the relation between the dose,
and intensity and duration of hypoxic exposure. The reduction
of right ventricular hypertrophy in chronically hypoxic,
verapamil or diltiazem treated animals was also observed by
Davidson et al. (7) end Reeves et al., (19); the hemodynamic
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INTERMITTENT HYPOXIA

EFFECT of Ca-ANTAGONIST (verapamil)

RV-systolic pressure RV-weight
mm Hg mg §
40r 3
sta tevel 5 nicH aumiTupe 2800 sea tever HIGH ALTITUDE
300 240}
20/ 200}
i 160 7 7
NS ' 'Ns
O controls
2 verapamil
Fig. 1

Effect of preventive administration of verapamil on the right
ventricular systolic pressure and right ventricular weight
in "sea level" and "high altitude" exposed adult animals,
(Reprinted from ref. 22 with permission.)

INTERMITTENT HYPOXIA

EFFECT of Ca ANTAGONIST (verapamil)
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Fig. 2

Average percentage medial thickness (m/d %) of the distal
pulmonary arteries in "sea level" and verapamil treated and
non-treated"high altitude”" adult animals.

(Data from ref. 17.)
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as well as morphometric changes were, however, not investi-
gated. Similarly, Kentera et al. (8) have shown that verapamil
even in drinking water significantly reduced the degree of
hypoxic pulmonary hypertension and right ventricular hyper-
trophy in rats.

The mechanism of IHA-induced myocardial changes is
complex: in addition to the effect of hypoxia and stress,
connected with the stay of animals in a hypobaric chamber
(right and left ventricle) the influence of increased work
load (right ventricle) cannot be excluded. According to
Fleckenstein (20) an intracellular Ca overload followed by
high energy phosphate defficiency and Ca impairment of
mitochondria proved to be the decisive pathogenetic factor
in the etiology of myocardiasl fibre necrosis, produced under
various circumstances., Protective effect of verapamil on the
hypoxic heart muscle can be accounted for in terms of its
sparing effect on the rate of depletion of the endogenous
ATP and CP reserves (21). In the case of right ventricular
myocardium the protective effect of verapamil may at least
partly be explained by a decreased work load due to the
significantly reduced hypoxic pulmonary hypertension. Our
results thus support the hypothesis that the trensmembrane
influx of extracellular calcium is an important component of
both the mechanism of hypoxic pulmonary vasoconstriction and
the IHA induced myocardial lesions.

In the second experimental situation, calcium antagonists
verapamil (8 mg.kg'l) and nifedipine (8 mg.kg'l) were used
therapeutically in pulmonary hypertension and right ventri-
cular hypertrophy already developed (22). Untreated animals

were exposed to IHA, 8 hr/day, for 24 exposures. The rats
were then exposed to another 20 exposures for 4 hr/day and
simultaneously treated with the calcium antagonist. The
degree of pulmonary hypertension as well as right ventricular
hypertrophy was, however, not influenced by the administration
of different drugs (Fig. 3).

It may therefore be concluded that, whereas preventive
administration of calcium antagonists significantly reduced
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INTERMITTENT HYPOXIA.
EFFECT OF ADALAT AND VERAPAMIL
mm Hg
50t RV -systolic pressure

+
40+

Fig. 3

Effect of therapeutic administra-
tion of verapamil and adalat on
the right ventricular systolic
pressure and right to left ventri-
cular ratio.

RV/LV H = hypoxia exposed non treated
animals; H+A = hypoxia exposed
and adalat treated animals;

H+V = hypoxia exposed and vera-
pamil treated animals.

(Reprinted from ref. 22 with
permission.)
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the development of IHA-induced cardiopulmonary changes,
therapeutic treatment was without any effect. On the basis

of our observation it is difficult to decide what is respon-
sible for such a striking difference in the action of calcium
antagonists. For explanation of this finding, possible diffe-
rences in calcium dependent smooth muscle tone in the pulmo-
nary circulation under different hypoxic load should be taken
into consideration. Nevertheless, our experimental data are
in good agreement with the heretofore unconvincing results

of chronic administration of calcium antagonists in patients
with hypoxic pulmonary hypertension.

Calcium antagonists and ontogenetic development

To follow the ontogenetic differences in cardiac sensi-
tivity to verapamil, mortality rate and the intensity of
negative inotropic response of the isolated perfused heart

were studied in rats during their postnatal development.

lMortality of verapamil treated animals was age-dependent
(Table 2). Whereas the first death was observed in 90-day-old
rats when a huge dose of 100 mg.kg'l of verapamil had been
injected, with decreasing age the mortality rate significantly
increased. In newborn rats 25 % mortality was still observed
after 2.5 mg.kg'l of verapamil.

Table 2, Mortality rate after verapamil treatment
(Reprinted from ref. 12 with permission)

Verapamil n Mortality rate (%)
(mg.kggi) Age (days)
3 15 30 90
0.5 10 0 0 0 0
1.0 10 0 0 0 0
2.5 8 25 0 0 0
5.0 10 60 0 0 0
Te5 10 90 80 0 0
10,0 8 100 75 0 0
25,0 10 100 100 0 0
50,0 10 100 100 90 0
100.0 8 100 100 100 12.5




172

Similerly, significant age-related differences in
contractile response can be observed., The sensitivity to

verapamil increases with decreasing age of rats (from the
60th to 15th day of postnatal life) as judged from the values
of the left ventricular pressure amplitude and maximum rate
of pressure development ( +(dP/dt) max) (Fig. 4). The values
of ID50 (concentration of the drug that reduced +(dP/dt) max
to 50 % of control, Table 3) demonstrate significant diffe-
rences even between 45-day-old and 60-day-old animals.

Table 3. Concentrations of verapamil that reduced
+(dP/dt) max to 50 % of control - IDgp;
isolated perfused rat heart

Age (days) n +(dP/dt) max
15 6 4.36 + 0.42 x 1078
30 8 7.25 ¥ 0,61 x 10-7
45 8 1.72 ¥ 0.36 x 10-7
60 9 3.46 ¥ 0.70 x 10

Comparable age-related negative inotropic effect was
described in the dog (verapamil, ref. 23) and rabbit heart
(verapamil, nifedipine, diltiazem, ref., 10). Recent evidence
both from our laboratory (12) and others (11) obtained on
isolated immerse preparations demonstrates that these age-
-related differences can be attributed to direct myocardial
effects and are independent of differences in innervation,
myocardial blood flow, heart rate, vascular responses or
pharmacokinetics. For explanation of these findings structu-
ral and functional developmental changes of systems respon-
sible for myocardial calcium handling have to be considered.
It has been shown that sarcoplasmic reticulum of immature
heart is not fully developed (24) and Ca-induced release of
Ca from sarcoplasmic reticulum is thus much less exXpressed
(25), The immature heart depends, therefore, to a great
extent upon transsarcolemal calcium influx. However, as
follows from our results, the changes in the cardiac sensi-
tivity to verapamil were observed even at the time (the 45th
day) when structural and functional development of sarco-
plasmic reticulum was already completed (26, 27). This
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suggests that alternative or additional age-related diffe-
rences in the mechanism of negative inotropic action of
verapamil cannot be excluded.

The ontogenetic difference in the sensitivity to calcium
antagonists is the self-evident limitting factor for the use
of these drugs in young subjects. In order to estimate the
effect of calcium antagonists on the development of IHA-
induced cardiopulmonary changes in young rats, the dose was
determined according to the above mortality rate. The animals
were exposed to the simulated high altitude from the 5th day
of postnatal life, stepwise up to 7000 m, 8 hr/day, 5 days
a week, Up to the 1llth day they received verapamil in a dose
of 25 mg.kg L, then 5.0 mg.kg~t and from the 22nd day
T.5 mg.kg"l, before each of 24 IHA exposures.

It was found that, similarly as in adults, IHA-induced
significant pulmonary hypertension and right ventricular
hypertrophy (Fig. 5). The administration of verapamil did
not affect right ventricular systolic pressure and right
ventricular weight in the sea level group; in contrast to
adults, preventive administration of verapamil did not
influence right ventricular pressure even in IHA exposed
animals; right ventricular systolic pressure was reduced
only insignificantly. On the other hand, verapamil markedly
increased heart rate, both in sea level and IHA exposed
animals (Fig. 6); such increase was not observed in adult
animals.

The effect of calcium antagonists on the development
of IHA-induced pulmonary hypertension and right ventricular
hypertrophy was significantly less expressed as compared
with adults. Unfortunately, there are not comparsble data
in the literature, since calcium antagonists have not been
used as long-term vasodilators in neonates. Redding et al.
(28) were the only authors to study the acute hemodynemic
effects of nifedipine in unanesthetized piglets to test the
hypothesis that nifedipine attenuates pulmonary vasoconstric-
tion associated with alveolar hypoxia in newborn animals.
They found that nifedipine lowers total pulmonary resistance
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during hypoxia in association with an increase in cardiac
output, but not with a reduction in pulmonary artery pressure
in this age group. The rise in heart rate, observed in our
experiments, indicates that similar mechanism may operate
also after repeated administration of calcium antagonists

in chronically hypoxic rats.

It may be assumed that significant ontogenetic diffe-
rences exist in cardiovascular sensitivity to verapamil both
in "in vivo" and "in vitro" conditions and after acute or
repeated administration of this substance. We thus stress
the possible negative consequences of clinical use of calcium
antagonists in the youngest age groupe.

SUMMARY

Calcium antagonists were used in order to estimate the
possibilities of the pharmacological reduction of intermittent
high altitude (IHA)-induced cardiopulmonary changes in young
and adult rats. Wistar male rats were acclimatized for
8 hr/day, stepwise up to 7000 m in a barochamber., Preventive
administration of verapamil (before each of 24 IHA exposures)
to adult animals significantly reduced the development of
pulmonary hypertension, right ventricular hypertrophy, hyper-
tensive vascular changes and cardiac necroses. Therapeutic
treatment with verapamil and/or nifedipine (started when IHA-
induced changes were already developed) was, however, without
any effect., The sensitivity to verapamil (mortality rate,
negative inotropic response) is age-dependent: it decreases
with increasing age of animals. The protective effect of
verapamil on IHA-induced changes was in rats acclimatized
from the 5th day of postnatal life significantly less
expressed as compared with adults. On the other hand,
verapamil markedly increased heart rate both in sea level
and hypoxic animals; such increase was not observed in
adults., It may be assumed, that significant ontogenetic
differences exist in cardiovascular sensitivity to verapamil,
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EFFECT OF CRYSTALLOID CARDIOPLEGIA AND DILTIAZEM ON THE CARDIAC
FUNCTION AND SOME BIOCHEMICAL PARAMETERS DURING HYPOTHERMIC CARDIAC
ARREST USING CARDIOPULMONARY BYPASS

Kailash Prasad, Baikunth Bharadwaj

Department of Physiology, and Cardiovascular Surgery, College of
Medicine, University of Saskatchewan, Saskatoon, Saskatchewan, Canada

INTRODUCTIUN

Cardiac surgery requires a still and relaxed heart on which to
operate. Functional recovery of the heart after operation depends upon
the functional survival of the myocardium during cardiac arrest. Many
technical modifications have been made to protect the myocardium from
ischemic injury. Currently cold crystalloid cardioplegia with various
modifications are being used for cardiac arrest (1-6). The period of
ischemia is often quite damaging to the heart and can severely impair
the cardiac function even after restoration of coronary flow (7-8).

Ischemia nas been reported to increase the tissue cat’ (9-10). A
massive increase 1in intracellular Ca++ has been demonstrated upon
reperfusion of ischemic myocardium (11-13). Impairment of functional
integrity of sarcolemma early during ischemic injury is accompanied by
a marked inward Ca'' influx (14). A high level of intracellular ca™t
is known to produce cell death by activating a number of energy
consuming reactions notably those of cardiac contractile proteins and
of mitochondria (15). A decline in intracellular ATP during ischemia
would produce contracture and would also impair the mechanism that
pumps out Ca++, thus accentuating the problem. A calcium channel
blocker would, therefore, be helpful in reducing the intracellular Ca++
and its deleterious effects on the myocardium during ischemic cardiac
arrest.

Many other factors may be involved in the left ventricular failure
and cardiac contracture. Sarcoplasmic reticular system plays an
important role in the muscle contraction and relaxation. The ability
of sarcoplasmic reticulum for Ca++ binding and uptake might be affected
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due to ischemia or ischemia related release of chemicals and enzymes.
A failure of relaxation would produce a decrease in contractility, and
contracture. Sarcolemmal Na+-K+-ATPase has been implicated in the
pathogenesis of heart failure (16-19). Myocardial infarction is
accompanied by an elevated serum MBCK (20,21).

Tne present investigation was undertaken to assess (i) the
functional recovery of the heart after ischemic cardiac arrest with
cold crystalloid cardioplegia with and without diltiazem (Ca++ channel
blocker); (ii) the changes in the serum MBCK, sarcolemmal and
sarcoplasmic reticular ATPase; and Ca++ binding and uptake by
sarcoplasmic reticulum after ischemic cardiac arrest by cold
crystalloid cardioplegia with and without diltiazem; (iii) if the
functional recovery are related to the changes in biochemical
parameters measured.

METHODS
Hemodynamic Measurements

Healthy, adult mongrel dogs of either sex weighing between 20 and
32 kg were anesthetized with pentothal soidum (25 mg/kg intravenously).
A satisfactory plane of anesthesia was maintained with halothane via a
closed-cuff endotracheal tube. A 7 French gauge Cournard (Cordis GF)
catheter was positioned at the aortic arch through the femoral artery
to record aortic pressure. The same catheter was pushed into the left
ventricle to record left ventricular pressure. A catheter was
positioned into the right atrium through external jugular vein to
record the right atrial pressure. A Swan-Ganz balloon-tiped flow
directed catheter was positioned into the pulmonary artery to record
the pulmonary arterial wedge pressure and to determine the cardiac
output by thermodilution technique. The first derivative of the left
ventricular pressure was recorded with a differentiating device coupled
to left ventricular pressure at a frequency response of 100 Hz.
Aortic, right atrial, left ventricular, and the dp/dt of the left
ventricular pressure and lead II ECG were recorded simultaneously on a
Beckman R411 dynograph recorder. The pressures were recorded with an
Ailtech microdot pressure transducer. The ratio of (dp/dt)/IIP was
used as one index of myocardial contractility because it is not
affected by preload and by a small change in the heart rate (22,23).
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The dp/dt is affected not only by contractility but also by preload,
afterload and heart rate (23). The left ventricular work index (LVWI),
total systemic vascular resistance (TSVR) and cardiac index (CI) were
calculated by previously described methods (17,24). For cardiac index
the body surface area of the dog was determined according to the method
of Ettinger and Suter (25).

Extra-corporeal circulation

The dogs were then placed on total cardiopulmonary bypass using
Harvey oxygenator gassed with 95% 02 and 5% COZ' The system was primed
with a solution of the following composition: Ringer lactate: 35
ml/kg; heparin sodium: 125 U/kg; potassium chloride: 1 mEq/kg; sodium
bicarbonate: 1 mEq/kg; 20% solution of mannitol: 2 ml/kg; 5% dextrose
in distilled water: 5 ml/kg. After initiation of complete
cardiopulmonary bypass with left ventricle decompressed, the systemic
temperature was lowered to 22 to 24 %c. The ascending aorta was then
clamped to render the heart ischemic. Immediately following clamping
200 ml of cold cardioplegic solution of the following composition:
Normosol R (pH 7.4), 500 ml; potassium chloride, 20 mEq: procaine HCI
2%, 50 ml; insulin, 20 units; dextrose 50%, 34 ml; sodium bicarbonate
24mEq at 4% was injected in the aortic root using pressure of 120 to
140 mmHg. Reinjection of 100 ml of cold cardioplegia in the aortic
root were repeated at 15, 30, 45 and 60 minutes of cross clamping of
aorta. Pericardial sac was filled with cold normal saline and the
myocardial temperature was maintained at 16 to 18°c. Total-body
perfusion was maintained at a minimal flow rate of 100 ml/kg/min. At
the end of one hour, the corss clamp was removed to restore perfusion
and rewarming started. Difibrillation was started when the cardiac
muscle temperature rose close to 34°C. After one half hour of
reperfusion and rewarming, cardiopulmonary bypass was discontinued.
The hemodynamic stability was achieved through transfusion of the left
over blood and perfusion fluid in the extracorporeal system (mean right
atrial pressure maintained at 7-10 mmHg. At the end of one hour off
bypass all the hemodynamic measurements were made.

CK and MBCK Measurement
The method for measurement of CK and MBCK were the same as

described earlier by Prasad et al (26). Two milliliters of blood was
collected in a test tube containing 0.1 ml EGTA (20 moles solution)
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and was centrifuged to collect plasma. N-acetyl cystine was added in
the amount of 0.1 ml of 1 mM solution per ml of plasma as a reducing
agent. Creatine kinase-isoenzymes were separated wusing column
chromatograpny method of Mercer (27). The ion exchanger was prepared
for column packing by mixing, twenty-five gram of DEAE Sephadex A50-100
in one liter of buffer #l. This buffer contained Tris-hydrochloride
(U.U5M/1, pH 8.0) and sodium chloride (100 mM/1).

Tne mini-column consisted of a 12.5 cm Pasteur pipette. A 3 mm
glass bead was placed at the top of the pipette taper. The column was
filled with Sephadex to a height of 6 cm above the glass bead. The
columns were washed with 2 mls of buffer #1. A plasma sample of 0.5 ml
containing CK enzyme was applied to the top of the column and the
effluent collected was discarded. The column was then washed with 5 ml
of buffer #1 and the effluent collected in a test tube kept in ice
bath, eacnh containing 0.5 ml of EGTA (0.5 M). This fraction is MM
fraction of CK. The columns were then washed with buffer #2 which
contains 0.05 M Tris buffer pH 8.0 containing 50 mM EGTA and 150 mM
NaCl. The eluate collected is MB fraction of CK. The CK and MBCK
determination was made wusing Worthington statzyme CPK-N-1 kit
(Worthnington Diagnostic System Inc., Freehold, N.J. 07728).

Sarcolemmal Na'-K'-ATPase Measurement

The method of measurement of sarcolemmal Na*-K'-ATPase was similar
to that reported earlier by Prasad et al (18). Samples from left
ventricle were taken and frozen quickly for estimation of Mg++
dependent Na+-K+-ATPase activity. The ATPase activity in the presence
of 10'3 M/L ouabain in the assay medium was substracted from that in
the absence of ouabain in the assay medium to obtain the Mg++ dependent
Na+-K+-ATPase, ouabain sensitive portion of ATPase activity.
Sarcoplasmic Ca++-ATPase, Ca++-binding and uptake

Sarcoplasmic Ca++-ATPase activity was determined by the method of
Sulakhe et al, (28). Ca++-bind1ng and Ca++-uptake by sarcoplasmic
reticulum were determined using millipore filtration technique
described by Narayanan (29).

The animals were divided into three experimental groups:

Group I: Sham Control

Eight dogs were included in this group. The chest was opened and
the dogs were placed on cardiopulmonary bypass for 3 hours. The aorta
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was not cross clamped.

Group II: Cold Crystalloid Cardioplegia

Nine dogs were included in this group. Two hundred mls of cold
crystalloid cardioplegia was injected in the aortic root immediately
after cross clamping of aorta. Reinjection of 100 ml of cold
cardioplegia was repeated at 15, 30, 45 and 60 minutes. External

cooling of the heart was done by keeping the heart immersed in cold
saline. Myocardial temperature was maintained at 16 to 18°¢C during
aortic cross clamping.
Group III: Cold Crystalloid Cardioplegia Containing Diltiazem
Nine dogs were in this group. Diltiazem in the dose of 150 mg/kg
was used. Half of the dose was given in bolus form intravenously 20

minutes before clamping the aorta. The other half dose was added to
the cold crystalloid cardioplegia (600 ml1). The rest of the procedures
were the same as with cold crystalloid cardioplegia group.

Groups II and III were put on total cardiopulmonary bypass for 30
minutes and then the aorta was cross clamped for one hour. The cross
clamp was removed and the dog was on bypass for 30 minutes. Thereafter
the dogs were taken off the bypass for one hour. The hemodynamic
measurements were made before opening the chest (pre.op), before going
on pump (pre-pump) and at the end of 1 hr off pump. The blood samples
for CK, and MBCK were collected before opening the chest (Sl)’ before
going on bypass (52), 5 minutes after declamping the aorta (S3), 30
minutes off bypass (S4) and 60 minutes off bypass (SS)'

Statistical analysis was made using the Student Paired "t" test
and the probability (p) was deemed significant when less than 0.05.

RESULTS
Cardiac Function

Pre-operative hemodynamic values for sham bypass, and cold
crystalloid with and without diltiazem are summarized in Table I.
Index of myocardial contractility (dp/dt/IIP), cardiac index, LVWI were
lower in the sham bypass group than those in the other two groups.
However, tne values for LVEDP were higher in sham bypass as compared to
those 1n other two groups. The hemodynamic parameters for the groups
of cold crystalloid with or without diltiazem were similar. Because of
the variability in certain hemodynamic parameters, the results for
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TABLE 1
THE PRE-OPERATIVE AND PRE-PUMP HEMODYNAMIC PARAMETERS

IN THE GROUPS OF SHAM BYPASS, COLD CRYSTALLOID CARDIOPLEGIA
WITH AND WITHOUT DILTIAZEM.

Sham Bypass Cold Cold
Crystalloid Crystalloid
Cardioplegia Cardioplegia

& Diltiazem

PRE-OPERATIVE VALUES

(dp/dt)/IIP (sec™?) 105 + 9.2 174 + 33.6 212 + 34.2
C1 (L/min/m? 2.72 + 0.19 4.8 + 0.69 4.53 + 0.72
TSWR 5

(dynesesececm™) 2071 + 246 1902 + 311 2067 + 384
LWI (kg-m/min/m®)  6.29 + 0.65 8.68 + 0.88 9.32 + 2.0
LVEDP (mm Hg) 20.0 + 3.06  12.89 + 2.11 7.86 + 2.26
MAP (mm Hg) 130.8 + 8.6 107.1 + 4.2 110.8 + 6.74

PRE-PUMP_VALUES

(dp/at)/IIP (sec™?) 80.67 + 12.64  203.0 + 42.0 185 + 30
Cl (L/min/m?) 2.69 + 0.31 4.77 + 0.53 4.51 + 0.51
TSWR 5

(dynesesececm ) 1863 + 540 1707 + 172.8 1659 + 263
LWWI (kg-m/min/m®)  4.17 + 0.43 7.87 + 0.99 9.50 + 1.57
LVEDP (mm Hg) 15.67 + 3.8 11.4 + 2.5 10.5 + 3.4
MAP (mm Hg) 93.8 + 6.7 113.5 + 7.68  114.6 + 10.0

Tne values are mean + standard error. (dp/dt)/IIP - index of left
ventricular contractility; CI - cardiac index; TSVR - total systemic
vascular resistance; LWI - left ventricular work index; LVEDP - left
ventricular end-diastolic pressure; MAP - mean aortic pressure.
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post-pump nhave been expressed as percentage of the pre-pump and
pre-operative value.

The reperfusion hemodynamic parameters were compared with those of
pre-punp and pre-operative period. The results are summarized in Table
IT and III. Wnen the reperfusion hemodynamic parameters were compared
witn those of pre-operative values, there were no significant changes
in index of myocardial contractility, LVEDP and TSVR for the sham
bypass (SB) group. However, there was a marked decrease in the post
perfusion CI, LVWI and MAP. When the reperfusion parameters were
compared with those of pre-pump values, a marked decrease in the LVWI
and MAP was observed in the sham group. The other parameters were
unaffected in this group. It appears that sham bypass in general
produced a marked decrease in the MAP and LVWI.

TABLE I1

HEMODYNAMICS AFTER ONE AND A HALF HOURS OF REPERFUSION
FOLLOWING ONE HOUR OF ISCHEMIC CARDIAC ARREST.
THE RESULTS ARE EXPRESSED AS % OF PRE-OPERATION VALUES

Sham Bypass Cold Cold
Crystalloid Crystalloid
Cardioplegia Cardioplegia

& Diltiazem

(ap/at)/11P 112.7 + 50.9  82.17 + 16.2" 130.7 + 23.7*
cI 70.6 + 7.7 46.74 + 216" 56.3 + 6.0""
TSWR 83.0 + 25.3 80.0 + 7.3 92.8 + 13.8
LVKI 32.2 + 6.4 38.8 + 6.5 43.7 + 4.18
MAP 48.0 + 12.3 55.9 + 9.5 56.4 + 8.4

LVEDP 108.3 + 25.6  156.0 + 39.2  187.0 + 79.0

The values are mean + standard error. (dp/dt)/IIP - index of
myocardial contractiTity; CI - cardiac index; TSVR - total systemic
vascular resistance; MAP - mean aortic pressure; LVEDP - left
ventricular end-diastolic pressure.

*

+ P<0.05; Snam Bypass vs Cold Crystalloid with and without diltiazem.

P<0.05; Cold Crystalloid vs Cold Crystalloid with diltiazem.
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Total systemic vascular resistance, LVWI, MAP and LVEDP of cold
crystalloid cardioplegic (CCC) group were similar to those of SB group
when these values were compared to pre-operative values. However,
there was a significant decrease in the cardiac index and a tendency
for a decrease 1in the index of myocardial contracility. When the
reperfusion hemodynamic parameters were expressed as percentage of
prepump values, there was a marked decrease in the CI, TSVR and MAP as
compared to the SB group. The value of the index of myocardial
contractility, LVWI and LVEDP in CCC group were similar to those in SB
group.

TABLE III
HEMODYNAMICS AFTER ONE AND A HALF HOURS OF REPERFUSION

FOLLOWING ONE HOUR OF ISCHEMIC CARDIAC ARREST.
THE RESULTS ARE EXPRESSED AS % OF PRE-PUMP VALUES.

Sham Bypass Cold Cold
Crystalloid Crystalloid
Cardioplegia Cardioplegia
& Diltiazem

(dp/dt) /1P 126,0 + 34.4  103.0 + 15.8"  145.3 + 38.0"
cI 78.5 + 14.9  51.1+ 4.5 51,9 + 4.8
TSWR 138.6 + 24.5  69.3 +7.9"  103.7 + 28.7"
LI 52.9 + 15.1  47.6 + 11.3 41.0 + 9.2

MAP 67.8 + 15.4  45.9 + 6.1 53.2 + 12.3
LVEDP 141.7 + 46,4 97.5 + 20.3  114.4 + 43.8

Tne values are mean + standard error. (dp/dt)/IIP - index of
myocardial contractility; CI - cardiac index; TSVR - total systemic
vascular resistance; MAP - mean aortic pressres; LVEDP - left
ventricular end-diastolic pressure.

*
+ P<0.05; Sham Bypass vs Cold Crystalloid with and without diltiazem.
P<0.05; Cold Crystalloid vs Cold Crystalloid with diltiazem.

It was observed that all the parameters in the group of cold
crystalloid with diltiazem (CCCD) were similar to the SB group except
that CI was significantly lower in the CCCD group. It was also
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observed that the index of myocardial contractility and cardiac index
were slightly greater in the CCCD group than in the CCC group. The
values for index of myocardial contractility, TSVR, LVWI, MAP and LVEDP
in CCCD group were similar to those is SB group. However, the CI in
CCCD group was still significantly lower than that in the SB group.
There was a tendency for an increase in the index of myocardial
contractility with CCCD group as compared to CCC group.

The hemodynamic data suggest that cold crystalloid cardioplegia
with diltiazem may be slightly better than cold crystalloid
cardioplegia alone because hemodynamic parameters were better preserved
with the former intervention.

Serum CK and MBCK
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FIGURE 1. Total serum CK activity FIGURE 2. Serum MBCK activity
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The results of the serial measurements of the serum CK in the
three groups of animals are summarized in Fig. 1. Total CK increased
progressively throughout the experiment in the sham bypass group.
However, this enzyme increased after 30 minutes of reperfusion in the
cold crystaloid cardioplegic groups with and without diltiazem and
tnese increases were progressive till the end of the protocol. There
were no significant differences in the CK values of the three groups at
tne end of 1 1/2 nours of reperfusion after one hour of ischemic
cardiac arrest.

Altnough the values of serum MBCK was highest in the cold
crystalloid group and lowest in the sham bypass group at the end of 1
1/2 nours of reperfusion, these values were not significantly different
from each other.
ng+ accumulation, binding and ca™" ATPase
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bypass
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Figure 3 shows Ca++ binding and uptake by cardiac sarcoplasmic
reticulum from dogs with sham bypass; and cold crystalloid cardioplegia
with and without diltiazem. There were no significant differences in
the Ca*t binding by sarcoplasmic reticulum from the three groups. The
rate of binding was similar in all the groups. Binding was highest at
1 minute. The Ca++ accumulation by sarcoplasmic reticulum from dogs
with cold crystalloid cardioplegia was considerably less (39.6%) than
tnat from dogs with sham bypass. Membrane from group with cold
crystalloid plus diltiazem showed lower (55%) Ca** accumulation than
from groups with sham bypass. However there were no significant
differences in the Ca++ accumulation by the sarcoplasmic reticulum from
the groups with cold drystalloid cardioplegia and cold crystalloid
cardioplegia with diltiazem. The rate of ca*t accumulation by sham
bypass group was greater than that by crystalloid cardioplegia with or
without dilitazem at all levels of incubation (Fig. 4).

FIGURE 5. Effect of sham prass, cold crystalloid and cold crystalloid
with diltiazem on the Ca ATPase activity of caqgiq& sarcoplasmic
reticulum (left hand side) and on the sarcolemmal Na -K -ATPase (right
nand side). The results are expressed as mean + S.E. g<0.05, sham
bypass vs cold crystalloid with or without diltiazem. P<0.05 cold
crystalloid vs cold crystalloid plus diltiazem.
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Since the Mg++ dependent, Ca'" stimulated ATPase of sarcoplasmic
reticulum energizes the active transport of Ca++ across the membrane,
the ca*t ATPase activities of the three groups were also determined.
Ca't stimulated ATPase of the membrane fraction from these groups (sham
bypass, cold crystalloid cardioplegia, and cold crystalloid cardio-
plegia plus diltiazem) were not significantly different from each other
(Fig. 5).

Sarcolemmal Na'-K'-ATPase

An increase in the sarcolemmal Mg++-dependent-Na+-K+-ATPase has
been shown to be associated with a decrease in the myocardial
contractility and vice-versa. It was therefore, decided to determine
the cardiac sarcolemmal Na+-K+-ATPase in these three groups of animal.
The basal Mg''-ATPase activities were 19.30 + 3.1 (S.E.), 15.3 + 2.69
(S.E.) and 14.29 + 4.52 (S.E.) in groups of sham bypass, cold
crystalloid cardioplegia and cold crystalloid cardioplegia plus
diltiazem respectively. These values were not significantly different
from each other. The Na'-K'-ATPase activity of sarcolemmal fraction
from group of cold crystalloid cardioplegia with and without dilitazem
were higher than that of sham bypass group (Fig. 5). The Na*-k*-ATPase
activity of diltiazem was greater than that of cold crystalloid group.

DISCUSSION

The results of the present study show that the pre-operative and
pre-pump hemodynamic values in the three groups were very similar
except that index of cardiac contractility (dp/dt/IIP) and CI were
lower in the bypass group. Because of this variability in some of the
nemodynamic parameters, the post-bypass reperfusion hemodynamic values
have been expressed as percentage of either pre-operative or pre-pump
values. Since the sham bypass alone had deleterious effects on some of
the nemodynamic parameter (CI, LVWI and MAP) as shown in Tables II and
III, the post-bypass reperfusion hemodynamic values with different
interventions have been compared with those of sham bypass group.

The effect of various interventions on the hemodynamic recovery
following 1 1/2 nour of reperfusion after one hour of ischemic cardiac
arrest suggested that cold crystalloid cardioplegia with diltiazem had
better protective effect on the myocardial contractility and cardiac
index than cold crystalloid cardioplegia alone. The protective effect
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of calcium channel blockers on the recovery of left ventricular
function (dp/dt and CI) after ischemic cardiac arrest have also been
shown by other investigators (30,31). These investigators used dp/dt
as index of myocardial contractility. Since this parameter is affected
not only by contractility but also by preload, afterload and heart
rate, this parameter may not be the true index of myocardial
contractility. The index of myocardial contractility (dp/dt/I1IP) used
in the present study is not affected by pre-load and hence is a better
index of contractility than dp/dt. This index of contractility was
better preserved with cold crystalloid plus diltiazem than with cold
crystalloid alone.

Calcium binding by, and Ca++-ATPase of sarcoplasmic reticulum was
not affected by the reperfusion for 1 1/2 hours following one hour of
ischemic cardiac arrest with the two cardioplegic solutions (cold
crystalloid cardioplegia with and without diltiazem). However, the
ca*t uptake by sarcoplasmic reticulum is markedly reduced in the group
of cold crystalloid cardioplegia. Cold crystalloid with diltiazem
produced a partial restoration of ca't uptake by the sarcoplasmic
reticulum towards the control value (sham bypass).

The role of sarcoplasmic reticulum in process of cardiac
relaxation is well established (32). Although it is known that
availability of intracellular ca’t  is essential for cardiac
contraction, the source of Ca++ is not well established. The cell
membrane depolarization probably serves as a trigger not only for the
displacement of ca"™ across sarcolemma but also for the displacement of
Ca++ from intracellular binding sites including the sarcoplasmic
reticulum and release of these ions into the myoplasm. Conditions
which result in an increased amount of Ca'' being accumulated in
sarcoplasmic reticulum probably result in additional catt being
available for release during subsequent depolarization.

The present results show that the decrease in the contractility
index and cardiac function which accompanies cold crystalloid
cardioplegia is associated with a decrease in the Ca++ uptake by the
sarcoplasmic reticulum. Also the improvement in the index of cardiac
contractility with cold crystalloid plus diltiazem was associated with
a tendency for an increase in the ca*tt uptake by the sarcoplasmic

reticulum. No results are available on the catt uptake and binding by



192

sarcoplasmic reticulum and catt -ATPase of sarcoplasmic reticulum in a
bypass setting similar to that in the present studies. Both increases,
decreases and no changes in these parameters in failing and
nypertrophied heart have been reported (33-36). Myocardial ischemia
induced in dogs by coronary artery ligation has resulted in a decrease
in the Ca++ uptake by sarcoplasmic reticulum (37). A decrease in the
catt uptake by sarcoplasmic reticulum in the failing heart without any
change in the ca**-ATPase of sarcoplasmic reticulum may be because of
the uncoupling of these two events.

Sarcolemmal Na+-K+—ATPase increased with both the cold crystalloid
without diltiazem and with diltiazem. These findings are consistent
with those in failing heart (16-19). Since there was an improvement in
the index of myocardial contractility with diltiazem, one would have
expected a decrease in the sarcolemmal Na'-K*-ATPase. However, the
results show that there was a significant increase in sarcolemmal
Na* -k -ATPase with cold crystalloid plus diltiazem when these values
were compared to those of cold crystalloid group.

The serum creatine kinase in dog pre-operatively was found to be
similar to those reported by Knob and Seidl (38) and Ahmed et al, (39).
In the present investigation six of 26 dogs did not show MBCK in the
serum pre-operatively. The remaining 20 dogs had a very small amount
of MBCK (1.92 to 7.72 units/1) in the serum pre-operatively. Our
results are contrary to that of Knob and Seidl (38) and Klein et al
(40) who could not detect any MBCK in the blood of healthy dogs.
Although there was a progressive increase in the total CK and MBCK in
all the three groups, the increases were more with cold crystalloid
without and with diltiazem. Furthermore the increases in these enzymes
were less with crystalloid plus diltiazem than with cold crystalloid
alone, although the differences were not significant between these two
groups.

These results suggest that cold crystalloid with diltiazem
cardioplegia is better than cold crystalloid cardioplegia in protecting
the cardiac function, and certain biochemical changes during ischemic
cardiac arrest using cardiopulmonary bypass.
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EFFECTS OF VERAPAMIL. ON METABOLISM AND FUNCTION OF HEARTS
FROM NORMAL AND HYPERTHYROID RATS.

M.E. HESS, N. HAUGAARD AND A. TORBATI

Department of Pharmacology, University of Pennsylvania, School of Medicine,
Philadelphia, PA., U.S.A.

INTRODUCTION

That thyroid hormones sensitize the heart and other organs to the metabolic
effects of catecholamines is generally accepted. A possible important factor in
mediating this hypersensitivety is the intracellular concentration of caleium
ions. Hartley and McNeill (1) studied the effect of caleium on cardiac metabolism
and myocardial contraction in isolated, perfused hearts from hyperthyroid rats a
decade ago. They reported that pretreatment of rats with triiodothyronine did not
enhance the elevation in cardiac phosphorylase a activity produced by
progressively increasing doses of caleium ions in the fluid perfusing the isolated

rat hearts.

Although a positive role for thyroxine to increase the phosphorylase
activating effect of caleium was not established by the experiments of Hartley
and MeNeill (1), we considered it worthwhile to initiate a study to determine the
effect of caleium deprivation on cardiac metabolism in hearts from hyperthyroid
rats. A major impetus for this investigation was our finding that the glycogen
content in animals pretreated with thyroxine is significantly lower than normal.
Therefore, of special interest was the action of a slow-channel caleium blocking
drug, verapamil, on glycogen metabolism and contractile force in hearts from
normal and thyrotoxie rats in the presence and absence of isoproterenol.

METHODS

Hearts from normal and hyperthyroid rats weighing 200-250g were used in
these experiments. Hyperthyroidism was produced by injecting thyroxine
intramuscularly, 250 nug/rat, for five days. Rats were sacrificed by decapitation,
the hearts removed immediately and placed on a Langendorff perfusion
apparatus. Measurements of heart rate and force of contraction were made with
a force-displacement transducer attached to the apex of the heart. Signals from
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the transducer were recorded on a Hewlett-Packard oscillograph. In those
experiments in which isoproterenol was given, the drug was infused at a rate of
0.5 ml/minute for two minutes. The total dose of the amine was 0.05, 0.1 or
1.0ug. Control hearts were infused with an equal volume of 0.9% NaCl. Effluent

fluid from the heart was collected at appropriate intervals for measurements of
lactate production.

At the end of each experiment the heart was frozen with Wollenberger tongs
precooled in liquid nitrogen. The hearts were stored in liquid nitrogen until
assayed for tissue glycogen content (2,3) and glucose-6-phosphate (4).

RESULTS

As would be predicted, administration of isoproterenol to perfused hearts
from euthyroid rats caused a dose-dependent increase in lactate production (Fig.
1). It is apparent from results given in Fig. 1 that lactate production by hearts
from hyperthyroid animals, even in the absence of isoproterenol, is significantly
higher than that from hearts of normal rats. In response to increasing doses of the
catecholamine, the output of lactate from hearts of animals pretreated with
thyroxine is enormously inereased over normal (Fig.1).

HYPERTHYROID

LACTATE PRODUCTION, umols/2 MINUTES

OTZ 014 Of6 08 10
ISOPROTERENOL, pgrams

Fig. 1. Lactate production by isolated, perfused hearts from normal and
hyperthyroid rats after administration of isoproternol.
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Lactate production in hearts stimulated by 1ug isoproterenol in the presence
and absence of verapamil is shown in Fig. 2. Again it is evident that the lactate
produced by hearts from hyperthyroid rats under all eircumstances is significantly
greater than that by hearts from control animals. Inclusion of verapamil in the
perfusion fluid had no significant effect on lactate production either in hearts
from euthroid or thyroxine-treated rats. Stimulation of the production of lactate
by isoproterenol was also unaffected by verapamil in hearts from the two groups
of animals. (Fig.2).

281 NORMAL

@
g 2.2} [Jwo soeorenenar
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PLUS VERAPAML  PLUS VERAPAMIL
(0.025,g/mi (0.025 ug/mi)

T 3D

Fig. 2. Effect of isoproternol on lactate production by isolated, perfused hearts
from normal and hyperthyroid rats in the presence and absence of verapamil.

As mentioned previously, glycogen content in hearts from rats pretreated
with thyroxine is approximately 55% of that measured in hearts from normal
animals (Fig.3). Only after a large dose of isoproterenol (1ug) were glycogen
levels decreased in hearts from euthyroid rats. In hearts from hyperthyroid rats,
where the glycogen content was initially very low, even the highest dose of
isoproterenol failed to cause a further reduction in the amount of glycogen in

these hearts (Fig.3).
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Fig. 3. Glycogen content in isolated, perfused hearts from normal and
hyperthyroid rats after administration of isoproterenol.

The decrease in cardiac glycogen produced by the large dose of isoproterenol
given to hearts from control rats was still present with verapamil in the perfusion
medium (Fig. 4). Similarly, verapamil had no effect on glycogen content in the
absence or presence of isoproterenol (1ug) in hearts from hyperthyroid animals
(Fig. 4).
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Fig. 4. Effect of isoproterenol on glycogen content of isolated, perfused hearts
from normal and hyperthyroid rats in the presence and absence of verapamil.
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Hyperthyroidism per se caused an elevation in the concentration of cardiac
glucose-6-phosphate, which was not further increased by infusion of isoproterenol
(Fig. 5). Administration of the amine to hearts from normal rats produced a
significant rise in glucose-6-phosphate (Fig.5), which was not attenuated by

verapamil.
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Fig. 5. Effect of isoproterenol on glucose-6-phosphate content of isolated,
perfused hearts from normal and hyperthyroid rats in the presence and absence of
verapamil.

Isometric force of contraction was measured in response to isoproterenol,
verapamil and isoproterenol after verapamil. The results of these measurements
are given in Fig. 6. Parenthetically, it should be noted that the force of
contraction of the heart in the absence of any drug was of equal magnitude in
hearts from euthyroid and hyperthyroid rats. This observation is in agreement
with the earlier work reported by Hartley and MeNeill (1). As can be seen, in Fig.
6 verapamil caused an equal depression of contractile force in hearts from both

groups of rats.
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Fig. 6. Isometric force of contraction in response to isoproterenol and/or
verapamil in hearts from normal and hyperthyroid rats.

A suprising finding was the difference in isometric force of contraction seen
in hearts from normal versus hyperthyroid animals when isoproterenol was given
alone or to hearts depressed by verapamil. In the former case, isoproterenol
caused a marked increase in force of contraction with or without verapamil in the
perfusion fluid, while in hearts from thyroxine-treated rats, the increase in
contractile force was considerably less (Fig. 6). Apparently, perfused hearts from
hyperthyroid animals are less able to respond to catecholamine-induced
stimulation and verapamil is more effective than in hearts from normal rats in

limiting the inotropic effect of isoproterenol.

DISCUSSION

Alterations in cardiac glycogen have been shown to be characteristic of
several endocrinopathies. For example in experimental diabetes, the
concentration of glycogen in the heart is abnormally high (3,5,6). Results reported
in this paper showed that in hyperthyroid rats, myocardial glycogen content was
approximately half that found in hearts of normal animals. Since caleium ions are
intimately involved in regulating carbohydrate metabolism, it is logical to
investigate the effect of slow channel calcium antagonists (caleium entry

blockers) on thyroxine-induced changes in cardiac metabolism. Early work by
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Nayler et al. (7) demonstrated that in intact dogs thyroid hormone does indeed
enhance the ability of sarcoplasmic reticulum to accumulate calcium. One can
assume that in order for the sarcoplasmic reticulum to take up more calcium,
increased caleium ions must be present in the eytoplasm, presumably through the
action of thyroxine. By decreasing the entry of calcium into the cell with
verapamil, the number of calcium ions available to be taken up by the
sarcoplasmie reticulum and subsequently released during depolarization would be
substantially reduced. Such an interruption in the supply of calcium, would inhibit
the conversion of phosphorylase b to a by phosphorylase b kinase, a caleium-
dependent enzyme. A reduction in glycogenolysis after verapamil should then be
expected to raise the depleted concentration of cardiac glycogen in hearts of
hyperthyroid rats. This was the rationale for conducting these experiments.

Because lactate production was increased in hearts from euthyroid and
hyperthyroid rats by infusion of doses of isoproterenol which did not diminish
myoecardial glycogen, we feel that the outpouring of lactate in these experiments
was due to an increase in glycolysis rather than enhanced glycogenolysis. When
the largest dose of isoproterenol (1ug) was used, glycogen content in normal
hearts was reduced, but the presence of verapamil in the perfusion fluid did not
prevent this catecholamine-induced decrease in cardiac glycogen. The failure of
verapamil to counteract the glycogenolytic action of isoproterenol is not without
precedence, since Watanobe and Besch(8) found that an anolog of verapamil, D600,
did not inhibit stimulation of adenylate cyclase activity or production of eyclic
AMP caused by injection of epinephrine into perfused guinea pig hearts.

In hearts from hyperthyroid animals in which ecardiac glycogen was
decreased as a result of chronic treatment with thyroxine, perfusion with medium
containing verapamil did not restore glycogen levels to normal. It may be that
calcium entry must be inhibited for a longer period of time in order for the
restoration of normal concentrations of heart glycogen to occur. Of interest is
the observation that infusion of a large amount of isoproterenol (111g) into hearts
from thyroxine-treated rats caused no further reduction in these glycogen-
depleted hearts. This would imply that the concentration of cardiae glycogen can
be decreased to a certain critical level by thyroxine, beyond which it does not fall
even when the heart is exposed to high concentrations of known glycogenolytic

drugs.



202

Unlike hearts in situ in hyperthyroid animals, isolated, perfused rat hearts
from thyroxine-treated animals did not exhibit any greater basal contractile force
than isolated, perfused hearts from normal animals. While hearts from euthyroid
and hyperthyroid rats were equally vulnerable to the negative inotropic effect of
verapamil, the positive inotropic response to isoproterenol alone and in the
presence of the calecium-blocking drug was quite different in the two groups of
hearts. With hearts from hyperthyroid rats the increase in contractile force
produced by the catecholamine in the presence or absence of verapamil was
significantly less than that generated when isoproterenol was infused into normal
hearts with or without verapamil in the perfusion fluid. A reasonable explanation
for the decreased contractile response to isoproterenol in hearts from thyroxine-
treated rats is their lower-than-normal content of glycogen. In other words,
glycogen stores were sufficient to permit normal, basal contractile force, but
insufficient to allow the heart to respond fully to the positive inotropic action of

isoproterenol.

SUMMARY

Lactate production by the isolated, perfused rat heart is markedly increased
by the hyperthyroid state. Isoproterenol stimulates the output of lactate to a
greater extent in hearts from hyperthyroid rats as compared to that produced by
hearts from euthyroid animals. Verapamil does not inhibit formation of lactate
induced by isoproterenol either in hearts from normal or hyperthyroid rats.

In hyperthyroid rats, cardiac glycogen content is significantly lower than
normal and is not further reduced by a dose of isoproterenol (1ug) which

effectively decreases the amount of glycogen in hearts from euthyroid animals.

Verapamil fails to affect the stimulatory action of isoproterenol on lactate
output or glucose-6-phosphate production in hearts from normal or hyperthyroid

rats.

In hearts from either group of animals, verapamil causes an equal reduction
of isometric force of contraction (IFC). The inotropic response to isoproterenol
either in the presence or absence of verapamil is significantly less in hearts from

thyroxine-treated animals than in hearts from normal rats.
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REGULATION OF BETA-ADRENERGIC PATHWAYS IN THE HEART
C.J. LIMAS and C. LIMAS

Department of Medicine (Cardiovascular Division) and Laboratory Medicine
and Pathology, University of Minnesota School of Medicine, Minneapolis,
Minnesota 55455

Beta-adrenergic pathways are affected by several physiologic and patho-
logic processes involving the heart 1-29 (Table 1).
Table 1: Effect of hypertrophy and other pathologic conditions on cardiac
g-adrenoceptors and isoproterenol stimulate adenyl ate cyclase.
g-Adrenoceptor

Bmax Kp Adenyl ate Cyclase
Hypertrophy
Isoproterenol 1 Decreased Unchanged Decreased
Norepinephrine2 Increased Unchanged Increased
Rortic constrictiond  Increased Unchanged ———-
4 Increased Increased Unchanged
Thyroxined-8 Increased Increased Increased
SHRs9-14 Decreased Increased  Decreased
Salt-DOCALS Decreased Increased
Renal Hypertensionl?,16 pecreased Increased  Decreased
17 Unchanged Increased -
18  Increased Increased  Decreased
Dah119 Increased Unchanged  Increased
Exercise20 Decreased Unchanged
21 Unchanged Unchanged
Ischemia23,24 Increased Increased  Decreased
25 Increased Unchanged _—--
Diabetes26 Decreased Unchanged
Heart Failure
Humans27 Decreased Unchanged Decreased
Guinea-pigs28 Increased Unchanged -——--

009529 Increased Increased -—-
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In general, changes in g-receptor nunbers/affinities are accompanied by
concordant changes in inotropic responsiveness to g-agonists. There is a
clinical correlate of these observations since a decline in functional
g-receptors is a regular feature of the failing heart27 and contributes to
the inotropic impairment in this syndrome. In addition, this decline
Timits the effectiveness of inotropic drugs acting through g-receptor sti-
mul ation. There is, thus, considerable incentive for studying the control
of g-receptor nunber and their functional coupling to adenylate cyclase in
the heart. The following is a brief selective overview of the potential
mechanisms involved.

Since g-receptors are glycoproteins embedded in the cell membrane
bﬂayer,30 their apparent nunber and degree of coupling to adenyl ate
cyclase may be modulated by altering the physical state of the membrane in
their microenviromment. There are indeed several reports of agonist
binding modul ation by fatty acids3l or phospholipid-active compounds.32
In addition, phospholipid methylation, which increases the fluidity of the
membrane and is altered in cardiac hypertrophy,33 enhances the number of

membrane-bound g-receptors in the heart.34
Changes in their rate of synthesis is an obvious site for regulating

the nunber of cellular receptors. Relatively little is known, however,
about the contribution of altered synthetic rate to the reported changes in
membrane-bound g-receptors during physiologic and pathologic conditions.
Pitha and colleagues35:36 have used the irreversible alkylating beta-
blocker bromoacetyl al prenololmenthane (BAAM) to study the rate of
g-receptor reappearance (which reflects de novo synthesis). After a single
BAAM injection, complete recovery of cardiac g-receptors occurs within 7
days. Aging significantly prolongs the time required for complete recovery
indicating an age-dependency of g-receptor synthesis in the heart.36
Comparable data for pathologic conditions affecting the myocardiun are not
available. We have recently examined whether the decline in cardiac
g-receptors in spontaneously hypertensive rats (SHRs) is due to defective
receptor synthesis. After a single intraperitoneal injection of BAAM,
g-receptors on cardiac myocytes decreased by about 50% in both SHRs and
WKYs (Figure 1). The rate of reappearance was actually faster in SHRs with
compl ete recovery by the sixth postinjection day compared to 7-8 days in
WKYs (Figure 2). A similar difference was noted between the two experimen-
tal groups in the recovery of the ability of isoproterenol to stimul ate
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cyclic AMP but this recovery 1agged behind the reappearance of g-receptors
in both hypertensive and normotensive animals (Figure 3).

04 SHRs

oA WKYs

0,0 Controls

OA 1-day post BAAM

N
A

N
o
I

@

Bound/Free x1073
o
I
@

0o

H

1 1 |
20 40 60 80 100
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Figure 1: Scatchard plot of [3H]CGP-12177 binding to cardiac myocytes
from SHRs (0,A). Myocyte suspension of control (0,0) or BAAM-
injected (A,A) animals were incubated with varying concentra-
tions (1-20 nM) [3H]CGP=12177 for 16 hours at 4°C prior to
filtration and counting.
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Figure 2: Time course of cardiac beta-receptor recovery following BAAM.
SHRs (o) and WKYs (o) were injected with 35 mg/kg I.P. BAAM
and sacrificed at varying intervals thereafter. Cardiac beta-
receptors were assayed in myocyte suspensions using 6 nM
[3H]CGP-12177. Results are given as mean + SE for 4-7 animals
in each group. In the Tower panel cardiac beta-receptors are
expressed as percent of controls (vehicle only injected animals).
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Isoproterenol-Stimulated Cyclic
AMP Production
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Isoproterenol-induced cyclic AMP production by cardiac myocytes

of SHRs (o) and WKYs (0). Myocyte suspensions were incubated

at 37°C for 10 minutes in the presence of 0.1 mM isobutylmethylxan-
thine and the indicated concentrations of (-) isoproterenol.
Results represent mean + SE for four separate experiments.
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It would appear from these results that reappearance of membrane-bound
beta-receptors precedes the recovery of functional adenylate cyclase (or
coupling of the receptors to the adenylate cyclase). Similar observations
have recently been made in other cell systems.37 BAAM may provide us with
a tool to study the mechanisms for establishing effective coupling between
beta-receptors and components of the adenylate cyclase complex. Although
differences in establishing such coupling are not evident in the myocardium
SHRs and WKYs, it is conceivable that, in other models of hypertrophy,
enhanced rates of beta-receptor synthesis may not be translated into
equivalent nunbers of functional receptor-adenylate cyclase units.

Once synthesized and inserted into the plasma membrane, g-receptors
still participate in intracellular traffic as a consequence of their
interactions with agonists. There is accunulating evidence that receptors
shuttle between the plasna membrane and an intracellular site. Although
this reversible cycling may occur in the absence of agonist binding, for
g-receptors it is usually associated with the process of homologous desen-
sitization i.e. decreased magnitude of agonist-mediated physiologic respon-
ses following exposure of the receptors to their agonists. This
desensitization is associated with a 1oss of membrane-bound g-receptors
and/or adenyl ate cyclase activity. Two mechanisms have been proposed for
"desensitization" to agonist effects:38-41 (a) "down" regulation which
results in an apparent loss of detectable receptors, and (b) "uncoupl ing"
of the g-receptor from the adenylate cyclase manifested as unchanged number
of g-receptors associated with diminished cyclic AMP generation. The two
mechanisms are not mutually exclusive and, in some cells, uncoupl ing of the
g-receptors temporally precedes their "loss" following prolonged exposure
to isoproterenol.

Relatively 1ittle is known about the process of desensitization in the
normal and diseased myocardiun. Marsh et al42 and Bobik et a143 have
observed that, in cultured chick heart cells, decreased inotropic respon-
siveness after a short preincubation with this agonist was due to
uncoupl ing of the g-receptor from the adenylate cyclase. This contrasts
with the decline in cardiac g-receptors noted after in vivo isoproterenol
administrationl.

Using isolated cardiac myocytes, we have recently noted a rapid decline
in the numbers of cardiac g-receptors after in vitro incubation of cardiac
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myocytes with (-) isoproterenol44. This decline was reversible upon ago-
nist removal (85% of the "lost" B-receptors reappear within 20 minutes).
The recovery of the g-receptors is energy-dependent and requires intact
microtuwul e assembly. The mechanism of the isoproterenol-induced "down"
regul ation was studied following in vivo administration of a single (-)
isoproterenol dose in rats.45 A decline in the number of g-receptors on
cardiac membranes was associated with a parallel increase in cytosolic
binding sites. This redistribution of g-receptors was prevented by the in
vivo administration of colchicine and vinblastine, but not lunicolchicine.
None of these compounds affected the numbers of g-receptors when added
directly to the assay mediun. Receptor redistribution was a consequence of
the isoproterenol-g-receptor interaction since it was prevented by alpreno-
Tol pretreatment. In contrast, no redistribution of adenyl ate cyclase was
induced by isoproterenol. Similar results have recently been reported for
cultured heart cells.46

These results suggest that isoproterenol-induced desensitization
involves the translocation of cardiac g-receptors to the cytosol where they
may be further processed. This translocation appears to depend on intact
microtubul e assembly. The subcellular structures into which internalized
cardiac g-receptors are associated have not been unequivocally identified
yet. In other cell systems, "down" regulation is associated with
sequestration of the g-receptors in a vesicular fraction devoid of plasma
membrane markers and occupying a 1ow-density position on sucrose gradients.
Whether this fraction indeed represents an intracellular structure in
intact cells or a specialization of the plasma membrane has not been
conclusively proven.

A novel mechanisn of heterologous g-receptor desensitization has
recently been studied, i.e., phorbol ester- and diacylglycerol-mediated.47
Phorbol esters have been the focus of intense investigation because of
their growth-promoting properties. It has become apparent, however, that
they have additional important effects including the modification of
hormone-receptor interactions, such as the transferrin, insulin, epidermal
growth factor and g-adrenergic receptors. It is thought that phorbol
esters exert their effects by binding to cellular receptors which copurify
with and may be identical to the Ca2t/phospholipid protein kinase (protein
kinase C). According to current concepts, phorbol esters substitute for
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unsaturated diacylglycerols, the endogenous activator of protein kinase C,
in lowering the Ca2t requirements of the enzyme. Both phorbol esters and
unsaturated diacylglycerols can be used, therefore, as probe of the biolo-
gical role of protein kinase C.

We have recently described the presence of specific phorbol ester
receptors on rat cardiac myocytes.48 In addition, protein kinase C is pre-
sent in the myocardiun and may play an important role in the regulation of
cardiac function.

We have recently shown?7 that biologically active phorbols and the
synthetic diacylglycerol 1-oleyl-2-acetyl diglycerol (0OADG) promote desen-
sitization of the g-receptors which is microtubul e-dependent and involves
g-receptor internalization.

Incubation of enzymatically dissociated rat cardiac myocytes in vitro
with OADG, phorbol dibutyrate or TPA (but not the inactive 4a-phorbol or
4q-phorbol-12,13-dibutyrate) resulted in a time-and concentration-dependent
loss of B-receptors detectable with [3HICGP-12177. There was a small addi-
tive effect when preincubation with either phorbol dibutyrate or OADG was
carried out in the presence of isoproterenol, suggesting separate sites of
action.

Both OADG- and phorbol dibutyrate-mediated 1oss of cardiac g-receptors
was largely prevented by colchicine but not the inactive analog, tri-
methyl colchicinic acid. This points to a requirement for intact microtu-
bule assembly. The mechanism of the g-receptor 1oss was then investigated
by lysing control and phorbol dibutyrate- or OADG-pretreated cells and
separating the membrane and cytosolic fractions. Following a one-hour
158,000 xg centrifugation of the cytosol, a vesicular fraction devoid of
plasma membrane markers was isolated. Both phorbol dibutyrate and OADG
induced a redistribution of the g-receptor from the cell membrane to the
vesicular fraction without a significant change in the total g-receptor
nunbers. These results are consistent with internalization of the
g-receptor as a result of phorbol dibutyrate-or OADG-pretreatment.

Since diacylglycerols which activate protein kinase C derive from
receptor-linked phosphoinositide hydro]ysis,“8 we exanined the effects of
carbachol, a muscarinic agonist.49 Carbachol induces a time- and
concentration-dependent decline of g-receptors on isolated cardiac myocy-
tes. Scatchard plot of the binding data reveals that carbachol induces a
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decline in receptor affinity as well as the total receptor numbers.
Gallamine, which blocks binding to the Mj-receptor does not affect
carbachol-induced desensitization. Similarly, oxotremorine, which binds
preferentially to the My receptor, does not influence g-receptor numnbers
or affinities. These results suggest that the effect of carbachol on the
g-receptors is mediated through the M; receptor which has been shown to
promote phosphoinositide hydrolysis and diacylglycerol generatiomd5, It is
likely, therefore, that the M; receptor-linked desensitization of the
g-receptors is mediated through the activation of protein kinase C.

It is interesting that both homologous and heterologous desensitization
are associated, least initially, with a redistribution of g-receptors bet-
ween the plasna membrane and the vesicular fraction. Several processes
lTeading to cardiac hypertrophy and the clinical syndrome of heart failure
have the potential of activating the desensitization pathways. For
example, activation of the sympathetic nervous system, reflected in higher
plasma norepinephrine levels, accompanies the induction of some hypertrophy
models (such as the spontaneously hypertensive rat) as well as the develop-
ment to heart failure.50,51 It is notable that these models are con-
sistently characterized by a decline in membrane-bound g-receptors. It has
not been determined, however, whether this decline is part of a redistribu-
tion of the g-receptor such as seen during short-term exposure to
B-agonists. It is conceivable that post-receptor defects may follow
g-receptor desensitization and further alter the functional effectiveness
of g-receptor-cyclase-protein kinase pathways. We have recently examined
this issue in the spontaneously hypertensive rat. The cellular distribu-
tion of the g-receptors was exanined by two methods: a) acid elution of
membrane-bound receptors, and b) differential centrifugation to separate
the plasna membrane from the vesicular fraction. Both approaches gave com-
parable results: about 30% of all g-receptors of normotensive animals were
recovered in the vesicular fraction. In contrast, about 45% of total
receptors of SHRs were in the vesicular fraction. The total number of
cellular g-receptors did not differ significantly in the two experimental
groups. This pattern is consistent with chronic desensitization secondary
to sympathetic nervous system activation. However, these changes in
g-receptors were associated with mirror-image changes in cardiac
a-receptors i.e. increase in membrane-bound and a corresponding decline in



214

a-receptors recovered in the vesicular fraction. It is not possible, on
the basis of available evidence, to ascribe these changes to increased
norepinephrine levels. It may be necessary to invoke a different mechanism
for the redistribution of a-receptors. Since both a- and g-adrenoceptors
swserve inotropism (albeit through different pathways), the increase in
a-receptors may be viewed as a compensatory response. The mechanisn(s)
mediating this response, however, remain unclear. Kunos and
co]]eagues52’53 have suggested that, under certain experimental conditions,
a- and g-receptors interconvert through pathways which may involve products
of arachidonate metabolisn. Whether these observations are relevant to the
reciprocol changes in a- and g-adrenoceptors in the myocardium of SHRs is
not known. It is clear, however, that such reciprocal changes are not a
universal feature of cardiac hypertrophy since renovascular hypertension is
associated with lower a- and g-adrenoceptors in cardiac membranes.15
Hyperthyroidism, on the other hand, is characterized by reciprocal changes
in membrane-bound adrenoceptors.57 It is evident that the functional
implications of changes in g-adrenoceptors will have to be evaul ated within
the context of changes in other receptor systems as well as other biochemi-
cal adaptations to the process of cardiac hypertrophy. Furthermore, patho-
logic conditions involving the heart may introduce additional mechanisms
for modifying g-adrenoceptor function. There is evidence, for example,
that alloimmune I gG may impair ligand binding to g-receptors.’ Immune
mechanisns seem to play an important role in Chagas' cardiomyopathy.55
Similarly, a high percentage of patients with idiopathic cardiomyopathy
have serun factor(s) inhibiting [3H]dihydroalprenolol binding to cardiac
myocytes.5 Further studies are needed to elucidate the precise role of
hunoral and cellular immunity in promoting g-receptor changes in heart

disease.
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INVOLVEMENT OF B,-ADRENERGIC RECEPTORS IN THE POTENTIATION
OF THE CHRONOTRO&IC ACTION OF ISOPRENAL INE EVOKED IN
ROCKER-CULTURED NEONATAL RAT HEART CELLS BY PYRUVATE AND
L(+)-LACTATE

G. WALLUKAT AND A. WOLLENBERGER

Central Institute for Cardiovascular Research, Academy of
Sciences of the GDR, Berlin-Buch, German Democratic Republic

INTRODUCTION

Some time ago we reported (1) that cells from the ventricles
of newborn rats, cultured as monolayers on the bottom of flasks
that were continuously agitated on a rocking tray for insuring an
adequate supply of oxygen (2) had a lower lactate content than
did their counterparts in stationary (immobile) culture. The lowered
lactate level was associated with subsensitivity to B-adrenergic
stimulation in terms of chronotropic responsiveness. Prior exposure
of the rocked cells to L(+)-lactate (1-10 mM) or pyruvate (1 mM)
for a minimum of 45-60 min led to a potentiation of the chronotropic
response to the B-adrenergic agonist isoprenaline by several orders
of magnitude (3), causing the cells at 3 mM L(+)-lactate and 1 mM
pyruvate to become even supersensitive to this catecholamine. The
potentiation was abolished by low concentrations of propranolol,
indicating involvement of B-adrenergic receptors in this phenomenon.
In the following we present data indicating that the receptors involved
in the potentiation are of the 02 subtype and we present evidence
suggesting that treatment with pyruvate and lactate makes these
receptors, which otherwise appear to be inaccessible to isoprenaline,

available for activation by this B agonist.

METHODS AND MATERIALS

Cell culture and counting of beats. As in the earlier experiments

(1) trypsin-dissociated cells from the heart ventricles of 1 to 2 day-
-old Wistar rats were cultured at 37 °C for 8 days (unless stated
otherwise) as monolayers on the 17 cm2 bottom of 45 ml Miller
flasks containing 3 ml of Halle SM 20-l medium equilibrated with air

and supplemented with 10 per cent heat-inactivated calf serum,
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0.1 mU insulin/ml, and 2 pM fluorodeoxyuridine, the latter to
prevent proliferation of non-muscle cells, The flasks were attached
in an incubator to a metal tray on which they were continuously
and gently rocked back and forth at an angle of iy 30° twice a
min. Medium was renewed at the end of the first, fourth, and
seventh day. On the eigth day the cell monolayer was washed with
serum-free culture medium (which contains 11 mM glucose) and
incubated at 37 °C in 1 ml of this medium with continued rocking
for 2 hours without or with added lactate or pyruvate. The flasks
were then transferred to the heated stage of an inverted microscope
where 10 small circular fields of the cell layer were observed at
372 0.3 °% through the perforations of a metal template. The
number of beats of a selected isolated myocardial cell or synchron-
ously beating group of cells was counted for 15 sec, beginning

3 min after addition, with vigourous mixing, of 10 pl of serum-free
medium (control beating rate) and thereafter of 10 pl of a solution
in this medium (0.5 mM ascorbic acid present) of the agent or agents
to be tested. Three to five culture flasks, corresponding to 30-50
fields, were used to determine the effect of a given agent. Control
beating rates on the eigth day averaged 136.4 hy 6.6 per min (mean
: S.E.. n = 130). Concentration-response curves were obtained by
cumulative addition of the agents. Tachyphylaxis was not observed
except at very high concentrations of agonists considered irrele-
vant to the experiment.

Results are expressed as means 2 standard errors, the latter
being pictured as vertical bars in the figures. EC50 values were
determined from computer-fitted concentration-response curves by
non-linear least square regression analysis.

Preparation of serum gamma globulin fraction. This protein

fraction was precipitated at 5 °C in 1.8 ml blood serum samples
by ammonium sulfate at 40 % saturation. washed repeatedly, dissolved
in dialysis buffer (154 mM NaCl, 10 mM sodium phosphate, pH 7.2)
and dialyzed for 36-48 hours at 5 OC against 5 x 1 | of this buffer.
Aliquots were precipitated with antihuman gamma globulin. The super-
natant was lyophylized and taken up in distilled water.

Treatment with trypsin. The washed cell monolayer was incubated

at 37 °C for 3 min with 1 ml of a 0 1 % solution of crude trypsin
in serum-free medium. The reaction was stopped by excess trypsin
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inhibitor .

Materials. The following compounds were received as kind gifts:
Lithium D(-)-lactate from Boehringer Mannheim GmbH, (:)-isoprenaline
(isoproterenol) sulfate from VEB Berlin-Chemie, (-)-propranolol hydro-
chloride from VEB Isis-Chemie Zwickau, clenbuterol from Dr. Karl
Thomae GmbH, prenalterol hydrochloride from Hdssle Pharmaceuticals
ICI 118,551 from Dr. J.D. Fitzgerald, Imperial Chemical Industries
Ltd., acebutolol from Bayer AG, CGP 12227 from Prof. M. Staehelin,
and phenoxybenzamine hydrochloride from Smith Kline and French
Laboratories. Sodium L(+)-lactate and sodium pyruvate were purcha-
sed from Boehringer Mannheim GmbH, antihuman gamma globulin from
Staatliches Institut fir Immunprdparate und -medien Berlin, trypsin
(crude preparation) from Leidholdt Biochemica, dithiothreitol from
Calbiochem-Behring, and soja bean trypsin inhibitor from Serva
Feinbiochemica. All other chemicals were commercial products of

highest purity grade.

RESULTS

Sensitization by pyruvate and L(+)-lactate to the chronotropic

action of isoprenaline. Figs. 1 and 2 are presented to recall (3)

the increase in sensitivity to the chronotropic action of isoprenaline
evoked in rocker-cultured neonatal rat heart myocytes by preincu-
bation with pyruvate and with L(+)-lactate. The resulting concentration-
-response relationship is in both cases atypical in that it is not
described by the usual sigmoid graph, but by long drawn-out curves
extending over 8 log concentration units, due to a major leftward
shift of the foot of the original concentration - response curves
without change in the position of the maxima. Obviously the new
curves are of composite nature, representing a complex stimulus-
-response relationship.

As demonstrated in Fig. 1 for the pyruvate-treated cultures,
the curve obtained after pyruvate treatment can be resolved into
2 components by subtracting from it the control curve. The differ-
ence curve (inset) then represents the pyruvate-induced component
of the chronotropic response to isoprenaline. The EC50 values and
confidence intervals for the positive chronotropic action of (:)-iso-

prenaline under control conditions and for the pyruvate-induced
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part of its action were
determined to be

6.7 (6.4-7.1) x 10°
and 5.4 (4.9-6.0) x
10- M M, respectively.

60

0= 12 8
40 - - -10

1mM Pyruvate
4N

s
d
L A S
T 2 om0 ¥ o8 7 s 5 4 3 the sensitivity of the
Isoprenaline, log molar concentration

[

Judging from these EC50
values pyruvate treat-

ment may be credited

Increase in number of beats/min

with having increased

rocker-cultured myo-

Fig. 1. Effect of pretreatment with 1 mM cardial cells to iso-
pyruvate on the chronotropic response of
rocker-cultured neonatal rat ventricle cells
to isoprenaline. Four-day cultures; mean 10.000-fold.
beating rate: 168/min. Inset: Pyruvate-
-induced component of the chronotropic
response, obtained by subtracting the sitivity to isoprenaline
control curve from the pyruvate curve and
assuming that there was no increase in

the rate of beat in the absence of added magnitude was caused
pyruv_aée at isoprenaline concentrations
of 10 M and below. Nominations of
coordinates as in main part of the figure. L(+)-lactate as can be

.prenaline more than

An increase in sen-
of about the same
by treatment with 3 mM

gathered from a

3 comparison of Figs.

1 and 2. This effect

£ o—o L(+)-Lactate (3mM) was shared to only
@ 40 4--= D(-)-Lactate BGmM) /L\ a very minor extent
2 «-~-—a Control ”‘L
e by D(-)-lactate
o
g (Fig. 2). Lithium
5 20 chloride (3 mM) was
5 s without effect. Neither
[
] -~ were the concentration-
o 3K
e z 1 P 47 | 1 L [
£ ob—s o i * -response curves

% B 2 h M -9 -8 -7 -6 -5 -4

Isoprenaline, log molar concentration in Figs. 1 and 2

Fig. 2. Sensitization of the rocker-cultured altered by phenoxy-

heart muscle cells to isoprenaline by pre- benzamine (5 pM),
treatment with L(+)-lactate. added as an inhibitor
of extraneuronal catecholamine uptake. The EC50 of (:)-isoprenaline

for the L(+)-lactate-induced component of its chronotropic action
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(not shown) was estimated to be 10~

1M

M.

Effect of B-subtype selective antagonists on the potentiated

chronotropic response to isoprenaline.

In Fig. 3 the "No antago-

nist" curve represents the potentiated chronotropic response to

© No antagonist

0 Acebutolol, 10-7M
401
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Fig. 3. Modification of the chronotropic

response of the pyruvate-treated cultured .
heart cells by B subtype-selective antagonists. change in the response

isoprenaline, brought
about by prior incu-
bation of the heart
cell cultures for 2
hours with 1 mM
pyruvate. Comparison
with Fig. 1 shows
that the potentiating
action of pyruvate
represented by the
lower, left-hand
part of the "No ant-
agonist" curve, is

eliminated, without

represented by the

top part of the curve, by the Bz-selective adrenergic antagonist

ICI 118,551 (30 nM), yielding a new concentration-response curve

for isoprenaline that nearly coincides with the control curve in
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Fig. 4. Permissive role of pyruvate in

the inhibition of the chronotropic action

of clenbuterol by CGP 12177. Four-day cultures.

Fig. 1. Conversely, the
Brselective antagonist
acebutolol shifts, at
100 nM, the upper,
right-hand part of the
“No antagonist" curve
by about 1 log unit to
the right, but has no
effect on the chrono-
tropic action of subnano-
molar concentrationsof
isoprenaline that became

effective after treatment
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of the cultured heart cells with pyruvate. It appears from these
data that the "ordinary", non-potentiated chronotropic response of
rocker-cultured neonatal rat heart muscle cells to the 82 31—adren—
ergic agonist isoprenaline is mediated chiefly by 31—adrenergic
receptors, while the potentiation of this response under the in-
fluence of pyruvate and, by implication, of L(+)-lactate is chiefly
mediated by 82 receptors.

Effect of pyruvate treatment on the action of CGP 12177.

CGP 12177 is a hydrophilic partial B-adrenergic antagonist that
binds to cell surface receptors of intact cells (4). It blocked, at
10_7 M, the positive chronotropic response of the cultured heart
myocytes to isoprenaline (‘IO_7 M), which likewise is hydrophilic,

but did not influence the positive chronotropic action of the lipo-
philic Bz-selective agonist clenbuterol, exerted at a concentration
of the latter (10_9 M, Fig. 4) at which a 81 component of its action
can be assumed to be negligible. However, in cultures pretreated
with 1 mM pyruvate CGP 12177 strongly opposed the chronotropic
effect of clenbuterol (Fig. 4). These findings suggest that Bz-adren-
ergic receptors accessible to lipophilic, but not to hydrophilic
B-adrenergic ligands were made accessible to the latter during in-
cubation of the heart cell cultures with pyruvate. Fig. 4 also pro-
vides an example of the fact that pyruvate, in contrast to its strong
potentiating effect on isoprenaline chronotrpism (Fig. 1), does not
significantly enhance the potency of action of clenbuterol on the
automaticity of the rocker-cultured heart cells. Lemoine et al. (5)
had similarly found that the action of the Bz-selective, moderately
lipophilic agonist fenoterol on the beat frequency of guinea pig right
atria is not potentiated by pyruvate.

Effect of pyruvate and L(+)-lactate on the action of the serum

gamma globulin fraction from asthmatic patients. Venter et al. (6)

have identified autoantibodies to Bz-adr‘energlc receptors in the
serum of patients with asthma and allergic rhinitis as a possible
cause of adrenergic hyporesponsiveness in these diseases. The
autoantibodies are contained in the gamma globulin fraction of blood
serum. We have used them as an auxiliary tool in the subclassifica-
tion of the chronotropic B receptors in our heart cell cultures

A representative example taken from this work (7) is presented in
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Fig. 5. The gamma

globulin fraction of

= Control
Pyruvate, 1mM the serum of E.P., a
a0 [ L(+)-Lactate, 3mM patient with allergic

asthma, had no effect
on the acceleration of
beating of the cultured

myocardial cells caused

Increase in number of beats/min
S

o

by the lipophilic Bz

11000 1400 1:20 120 120

agonist clenbuterol in

Ppt. AHyG
y-Globulin fraction (E.P) the absence of added
Fig. 5. Inhibition of the chronotropic pyruvate and lactate,

action of clenbuterol (2 uM) on pyruvate- .
and lactate-treated neonatal rat heart but inhibited the acce-
cells in 4-day culture by the gamma globulin leration in a dose-de-
fraction of the serum of a patient (E.P.)
with allergic asthma. Annulment of the

inhibition by immunoprecipitation with ing a 2-hour treatment
antihuman gamma globulin (Ppt. AHyG).

pendent fashion follow-

with pyruvate or L(+)-
-lactate. The inhibitory effect was overcome by immunoprecipitation
with antihuman gamma globulin. Results qualitatively identical to
those depicted in Fig. 1 were obtained with serum of 6 other out
of a total of 7 patients (including E.P.) with allergic asthma. Given
the specificity and selectivity of the autoantibodies in question -
there was no cross-reaction with I31 receptors (7; see also 6) and
no inhibitory effect on beating by the gamma globulin fraction from
healthy individuals - these findings may be taken as further evi-
dence for the 02 character of the adrenergic receptors that under
present culture conditions become subject to activation or inhibition
by non-lipophilic B-receptor ligands following treatment with pyruvate
or lactate. We have called attention to the rocker-cultured heart

cell model as a prospective functional test system for the detection

of antibodies to the B,_adrenergic receptor (8).

Permissive role of pyruvate in the inhibition of the chronotropic

action of clenbuterol by dithiothreitol. A disulfide bond has been

reported to be essential in maintaining the conformation of the
catecholamine binding site in B-adrenergic receptors (9, 10). Re-
duction of this bond by dithiothreitol (DTT) was found to inactivate

the B receptors. Fig. 6 depicts the results of experiments in which
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we examined the

Pyruvate, —1mM,2hrs effect of 1 mM DTT

Dithiothreitol, 3mM, Smin

Prenalterol, 20 uM on the chronotropic
60 Clenbuterol, 5uM

response of our
4ofF cultured heart muscle
cells to the amphi-

20 philic nonselective

7
%

partial B agonist

Increase in number of beats/min

o W ; prenalterol (found
Pren. Clen. DTT Pyr. Pyr.
DTT Clen. Clen. DTT in one investigation
-20L Pren. Clen.

(11), however, to
Fig. ©6 Effect of dithiothreitol on the

positive chronotropic response of the cultured
myocardial cells to B-adrenergic agonists. to the strongly lipo-
Permissive role of pyruvate.

be 31-selective) and

philic Bz-agonist
clenbuterol. Only that part of the experiments is shown in which
DTT was added prior to the agonists. It is seen that the chrono-
tropic effect of prenalterol was eliminated by DTT, whereas that of
clenbuterol (pyruvate absent) was unaffected, in apparent agreement
with data assembled from the literature (12), according to which DTT
at 1 millimol/l does not interfere with the binding of the nonselective
B-receptor ligand E1ZSIJ-iodohydroxybenzylpindolol to 82 receptors.
However . in cells pretreated with pyruvate the chronotropic response
to clenbuterol was likewise eliminated by DTT (Fig. 6). A plausible
explanation to be offered for this finding in conjunction with the
interpretation of the results obtained with CGP 12177 is that the
critical disulfide bond in the clenbuterol-binding receptors was
shielded from DTT in a hydrophobic domain and that pyruvate treat-
ment opened the S-S bond site to the disulfide reducing reagent.

As was to be expected on the basis of the literature data, DTT
was without effect when the agonists were added first.

Susceptibility to trypsinization. B-Adrenergic cell surface receptors

are easely susceptible to proteolytic degradation by trypsin (13).
In the experiment represented in Fig 7 the cultured rat heart cells
were treated with a 0.1 % solution of trypsin for 3 min, at which
time the action of the enzyme was stopped by excess trypsin in-
hibitor. The cells were then challenged by isoprenaline and by clen-

buterol. The figure shows that the chronotropic response to the
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hydrophilicnonselective

01% Trypain, 3 agonist isoprenaline
3 Control 3min” was nearly eliminated

-
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by the trypsinization,
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T

whereas the response

to the lipophilic 32

wn
o
L

agonist clenbuterol

% of increase of controls

. (pyruvate absent) was

10uM lIso. 5uM Clen. 1mM Pyr,2hrs. merely weakened.
SuM Clen.

Increase in rate of beating,

After preincubation
Fig. 7. Differential effect of trypsin on the
chronotropic responses of the cultured myo-
cardial cells to isoprenaline and clenbuterol the response to clen-
and influence of pyruvate pretreatment.

with 1 mM pyruvate

buterol had vanished
too. These results
may be interpreted to mean that in the absence of pyruvate the
receptors activated by clenbuterol were less exposed to the added
trypsin than were the receptors activated by isoprenaline, but that

this was not anymore the case following treatment with pyruvate.

DISCUSSION

The starting point of the present investigation was our previous
finding (3), documented once more in Figs. 1 and 2, that rocker-
-cultured neonatal rat cells, which have a low lactate content and
are subsensitive to isoprenaline in terms of chronotropic responsive-
ness are resensitized and even become supersensitive to this
catecholamine after incubation with 1 mM pyruvate or 3 mM lactate,
as indicated by a decrease in the EC50 of (%) isoprenaline to 54 and
10 pM, respectively, for the pyruvate- and lactate-induced components
of the action of the catecholamine. This sensitization, previously
found to be abolished by propranolol (3), could in the present expe-
riments be eliminated by the Bz-selective antagonist ICI 118,551 at
a concentration (30 nM), the negative logarithm of which exceeds
significantly the pA2 (14, 15) and PKg (5) values of this antagonist
for 31 receptors and which did not apprecially affect the positive
chronotropic response to isoprenaline in the absence of added pyru-
vate and lactate. The latter response, on the other hand, was sen-

sitive to a concentration of the 61-selective antagonist acebutolol
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(100 nm) that left the potentiation of the chronotropic response to
isoprenaline unaltered. These findings indicate a participation of
Bz-adrener‘gic receptors in the potentiated chronotropic response.

From the results of the experiments with CGP 12177, the serum
gamma globulin fraction, DTT, and trypsin it can be gathered that
these receptors or their ligand binding site are under present culture
conditions shielded in a hydrophobic environment from hydrophilic
low molecular weight B adrenoreceptor ligands, autoantibodies to
the BZ receptor, DTT, and, to some degree, from extracellular trypsin
and that access to the receptors is provided or promoted for these
agents by treatment with pyruvate and L(+)-lactate. It is not far-
-fetched to think that these are the BZ receptors that are involved
in the pyruvate- and lactate-evoked sensitization of the rocker-
-cultured cardiomyocytes to the chronotropic action of isoprenaline.

The results discussed above leave it open, whether removal of
an accessibility barrier to the chronotropic Bz receptors was both a
necessary and sufficient condition for the potentiation of the chrono-
tropic effect of isoprenaline or whether facilitation of a postreceptor
step in the stimulus-response path was the decisive requirement.

The latter alternative appears unlikely in view of the fact that the
chronotropic effect of the Bz-selective agonist clenbuterol, which
was highly sensitive to ICI 118,551, but not to acebutolol (see also
16) and bisoprolol (81-selective), was not influenced by treatment
with L(+)-lactate and pyruvate and that clenbuterol was a full agonist
in our system, eliciting maximal chronotropic responses equaling
those elicited by isoprenaline in pyruvate- and lactate-treated cultures.
Well compatible with the present results, however, is the supposition
that the chronotropic 82 receptors were highly efficiently coupled to
the catecholamine-regulated sarcolemmal ionic channel or channels
subserving pacemaker function, but that coupling itself was not de-
pendent on pyruvate and lactate.

It will have been noticed that the concentration-effect curve in
the inset of Fig. 1, which represents the pyruvate-induced component
of the chronotropic action of isoprenaline, is still anomalous, though
simpler than the "pyruvate" curve from which it was derived by sub-
traction of the control curve, in that it extends over 6 log units.

Similar curves were found to describe the chronotropic response of
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cultured neonatal rat heart myocytes to clenbuterol (16) and to
several other Bz—selective adrenergic agonists (17). The last-cited
authors attributed the chronotropic action of these agents to stimula-
tion of 81 receptors, without, however, having looked at their action
in the presence of B subtype-selective antagonists. The concentration-
-response curves just mentioned and the similarly shaped difference
curve in Fig. 1 may harbor 2 components into which they might be
separable by appropriate analysis. A possibility to be considered is
that the foot part of the curves expresses activation of 32 receptors
while the top reflects G.I receptor activation. Alternatively, one may
be dealing with two affinity states of 32 receptors or with 82 receptors
differing in tightness of coupling to the effector. A possible involve-
ment of a non-adrenergic mechanism has also been envisaged (17)-
The idea that Bz—adr’energic receptors have a place in the regula-
tion of the heart rate has steadily been gaining ground ever since
it was first proposed by Carlsson and coworkers (18) in 1972 and
it has lately received renewed endorsement (19). Evidence for the
existence of chronotropic 32 receptors has also extended to cultured
ventricle cells of the neonatal rat (16, 20). On the other hand, only
B
myocyte-enriched cultures of these cells (21, 22). This method,

receptors were detected by the radioligand binding technique in

however, would not have discriminated 82 receptors, unless they
constituted more than 10 per cent of the total B receptor population
(23). With [3H]CGP 12177 bound to intact cells computer analysis of
the competition binding curve obtained with IClI 188,551 indicated
the presence of a minor population of 32 receptors with high affinity
for ICI 118,551 on the surfaces of pyruvate-treated neonatal rat
ventricle cells in myocyte-enriched rocker culture (7). A minor fraction
of the total receptor population on and in these cells would presum-
ably suffice for the mediation of pronounced increases in beating
frequency since cultures of neonatal rat heart cells (24), like in-
tact cardiac tissue of older rats (25), dispose of a large reserve
of chronotropic receptors for isoprenaline.

At the presently chosen density of plating (1.4 x 105 cells/cmz)
most of the contracting cells were connected to one another in
clusters and reticula in which the cell with the highest intrinsic

pacemaker activity can be presumed to have dictated or partly
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determined the rate of beating of its followers (26). The possibility
cannot a priori be dismissed that these 'leaders" may have been
cells of the Purkinje system, since automaticity is a property of
Purkinje fibers and not normally of cells of the working ventricular
myocardium (27). This possibility is especially relevant to the pre-
sent issue at stake in that Purkinje fibers have been reported (28)
to be relatively rich in 02 receptors. Experiments conducted in the
same way as the present ones, except that only the outer ventricle
walls served as source tissue and that seeding density was reduced
10 and 20-fold, yielded a population of mostly solitary beating cells
that on treatment with 3 mM L(+)-lactate displayed a potentiated
chronotropic response to isoprenaline and a high sensitivity to the
Bz-se|ective agonist clenbuterol (7). Since Purkinje cells constitute
only a small minority of the cells making up the outer ventricle walls
and since cell proliferation did not occur, there is justification to
believe that the effects reported in this communication were a pro-
perty, though not necessarily an exclusive one, of cells of the
working myocardium. It would, of course, be of much interest to
know, whether these effects have a pendant in cultures of Purkinje
(29) and also of sinoatrial node cells (30).

High sensitivity of the heart to catecholamines may have serious
consequences in acute myocardial ischemia and infarction and be a
factor in the elicitation of the dangerous arrhythmias that are en-
countered in these situations (31). The lactate concentration of
3 mM that was found to sensitize the lactate-poor rocker-cultured
heart myocytes to the chronotropic action of isoprenaline lies with-
in the lactate level range observed in acutely ischemic myocardial
tissue (32). An increase in B-adrenergic receptors bound to [3H]di-
hydroalprenolol has been reported to take place in the myocard-
ium after 60 min of ischemia and was thought to reflect, among
other possible changes, an unmasking of latent receptors or a
shift of B receptors from an intracellular site to the cell surface
(33). A shift of this sort, associated with an increase in isoprena-
line-stimulated adenylate cyclase activity, was actually seen to occur
in cardiac muscle after 30-90 min of ischemia (34). Unmasking was
also offered as one explanation for increases in the number of

B receptors in cultures of neonatal rat heart cells following 1 to
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4-hour periods of impaired energy metabolism (35). The possibility

of a participation of Bz—adrenergic receptors in the ischemia- and
energy deficiency-induced changes was not a matter of concern in
these investigations. That the sensitization of our lactate- and pyru-
vate-treated cultured heart cells occurred with a latency of the
same or similar length as the just mentioned B receptor changes

in ischemia and energy deficiency may or may not be a mere coin-
cidence. Extension of the present type of experiments to intact
cardiac tissue may disclose, whether the results reported here are

of more general significance.

SUMMARY

1. It was confirmed that neonatal rat heart cells in rocker
culture, which previously were found to have a low lactate content
and which are subsensitive to the chronotropic action of isoprena-
line, are resensitized and even become supersensitive to this cate-
cholamine following a 2-hour treatment with 1 mM pyruvate or 3 mM
L(+)-lactate. The sensitization (examined in the case of pyruvate)
was eliminated by the Bz-selective adrenergic antagonist ICl 118,551
at 30 nM, a concentration without significant effect on the chrono-
tropic response to isoprenaline in the absence of added pyruvate
and lactate. It was not affected by the 81-selective antagonist
acebutolol.

2. CGP 12177, a hydrophilic non-subtype-selective 8 receptor
ligand that binds to surface receptors, blocked, at 100 nM, the
positive chronotropic response to the hydrophilic 32,31-adrenergic
agonist isoprenaline (100 nM), but did not influence, in the absence
of added pyruvate and lactate, the positive chronotropic effect
(selectively sensitive to ICI 118,551) of the lipophilic Bz-se!ective
agonist clenbuterol (1 nM). However, in pyruvate-treated cultures
CGP 12177 nearly abolished the chronotropic response to clen-
buterol. Pretreatment with pyruvate or L(+)-lactate was also a
prerequisite for the inhibition of the chronotropic action of clen-
buterol by the serum gamma globulin fraction of patients with_aller-
gic asthma, an inhibition attributed to the presence of autoantibodies
to the Bz—adr‘energic receptor. A permissive role of pyruvate was

likewise evident in the inhibition of the chronotropic action of
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clenbuterol by dithiothreitol, an agent that reduces a critical
disulfide bond at the ligand binding site of B-adrenergic receptors,
and by limited trypsinization.

3. These findings point to the presence on rocker-cultured
neonatal rat heart cells of chronotropic Bz—adr‘ener‘gic receptors
that are shielded from hydrophilic low molecular weight B receptor
ligands, autoantibodies to 82 receptors, dithiothreitol, and to some
degree, from extracellular trypsin, but that become accessible to.
or easier to be reached by these molecules following treatment
with pyruvate or L(+)-lactate. It is suggested that these are the
Bz-adrenergic-receptors that are involved in the observed poten-

tiation of the chronotropic action of isoprenaline.
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CARDIAC EFFECTS OF R-ADRENERGIC BLOCKERS IN COMBINATION WITH METABOLIC
INTERVENTIONS

H.-G.ZIMMER, R.C.SEESKO, W.ZIERHUT and I.PECHAN

Department of Physiology, University of Munich, Germany

INTRODUCTION

It is well known that catecholamines have pronounced hemodynamic and
metabolic effects. As shown in Fig. 1, catecholamines interact with the
B-receptor of the myocardial cell and stimulate via a GTP-binding protein
adenylate cyclase (1). The resulting increase in cAMP (2) activates protein
kinases that are involved in different metabolic and functional processes.
Apart from stimulating lipolysis mainly in organs other than the heart,
there is an increase in glycogenolysis. Phosphorylation appears to be also in-
volved in the initiation of functional effects. In this way, the catt
influx through the sarcolemma (3,4) becomes enhanced and thus the increased
contractility is brought about. On the other hand, troponin I (5) and
phospholamban are phosphorylated (6), the latter resulting in an increased
uptake of ca** into the sarcoplasmic reticulum and in the acceleration
of relaxation. Catecholamines also influence glycolysis and the pentose
phosphate pathway (7,8) and, as a consequence of this, the de novo synthesis
of adenine nucleotides (9) and ultimately RNA and protein synthesis (10).

Fig. 2 demonstrates the effect of isoproterenol on glycogenolysis, on
functional parameters, on the activity of glucose-6-phosphate dehydrogenase,
the first and rate-limiting enzyme of the oxidative pentose phosphate pathway,
and on the de novo synthesis of cardiac adenine nucleotides. It is obvious
that the increase in glycogenolysis as evidenced by the elevation in the cAMP
and glucose-6-phosphate contents correlates with the increase in heart rate
and the maximal rate of rise in left ventricular pressure (LV dP/dtp,.).
After 12 hours, both glycogenolysis and heart function have become normalized
again. It is exactly at this time that the activity of glucose-6-phosphate
dehydrogenase starts to increase reaching a maximum after 2 days, well after
the peak in glycogenolysis. As far as the de novo synthesis of cardiac

adenine nucleotides is concerned, there is an immediate stimulation which
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Fig. 1. Schematic presentation of the metabolic and functional effects
of catecholamines, and the influence of R-adrenergic blockers. The com-
ponents of the hormone responsive adenylate cyclase system have been
adapted from (1). G-1-P: glucose-1-phosphate; G-6-P: glucose-6-phosphate;
R-5-P: ribose-5-phosphate; R-1-P: ribose-1-phosphate; PRPP: 5-phosphori-

bosyl-1-pyrophosphate; T3: triiodothyronine. For details see text.
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mic parameters, i.e. heart rate and maximal rate of rise in left ventri-

cular pressure (LV dP/dt__.) (second panel), on the activity of myocar-

max
dial glucose-6-phosphate dehydrogenase, and on the rate of cardiac ade-
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coincides with the increase in glycogenolysis, thereafter the enhancement
is maintained on a somewhat lower level. Thus, there are two distinct phases:
In the first phase, glycogenolysis, heart function and adenine nucleotide
de novo synthesis (= biosynthesis) are enhanced with no alteration in
glucose-6-phosphate dehydrogenase activity. In the second phase, when
glycogenolysis and left ventricular function have returned to the respec-
tive control levels, glucose-6-phosphate dehydrogenase activity is enhanced,
and this is associated with the maintenance of the increasel adenine nucleotide
biosynthesis. All isoproterenol-elicited metabolic and functional alterations
can be prevented entirely by B-adrenergic blockers (8,9).

It is the purpcse of this contribution to examine the hemodynamic
and metabolic effects of R-adrenergic blockers in combination with meta-
bolic interventions. The rationale for this approach is that, if metabolic
interventions can be found that are suitable for administration in patients,
the conventional cardiac therapy must be continued. B-Adrenergic blockers
are presently widely used drugs, and there should be no interference of
the possible metabolic intervention with the therapeutic agent used.

In our studies on rats in vivo we have selected three metabolic inter-
ventions that are directed at different points in cardiac metabolism
(Fig. 1). Ribose bypasses the limiting step in the oxidative pentose phosphate
pathway, elevates the available pool of 5-phosphoribosyl-1-pyrophosphate
and stimulates adenine nucleotide de novo synthesis specifically in muscular
organs such as the heart and skeletal muscle (11). We have shown previously
that any experimentally induced decline in ATP can be attenuated or even
entirely prevented by ribose (12,13). The effects of inosine on cardiac
adenine nucleotide content are qualitatively similar to those of ribose,
but the mechanism is quite different. Inosine is degraded to ribose-1-phosphate
and hypoxanthine (14) which then uses up the available 5-phosphoribosyl-
1-pyrophosphate to form IMP. The latter is subsequently converted to AMP,
ADP and ATP. The last metabolic intervention, 3,3',5-triiodo-L-thyronine,
interferes at a completely different site, the nuclear receptors, and
stimulates RNA andprotein synthesis which leads to cardiac hypertrophy
(15,16,17,18). It will be shown in this contribution that these three
metabolic interventions have different interactions with the B1—se1ective

adrenergic blocker metoprolol.
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MATERIALS AND METHODS

Isoproterenol, D(-)ribose, inosine and 3,3',5-triiodo-L-thyronine were
obtained from Sigma Chemie. Metoprolol-tartrate was a gift from Astra
Chemicals. All other chemicals were purchased from Merck and were of
analytical grade. The experiments were done on female Sprague-Dawley rats
(220 - 250 g body weight) fed a diet of AltrominR with tap water ad libitum.

For the measurements of left ventricular functional parameters, the
ultraminiature catheter pressure transducer, 3 French (model PR 249,
Millar Instruments, Inc.) was used. The catheter was attached to a Millar
transducer control unit (model TC-100) which was connected to a HSE
Electromamometer (Hug Sachs Elektronik). The maximal rate of rise in left

ventricular pressure (LV dP/dt_. ) was obtained with an electronic differen-

max
tiation system (Physio-Differentiator, Hugo Sachs Elektronik). The recording
system was a Gould Brush 2600 recorder. Calibration of pressure was done
with a pressure calibrator (type 367, Hugo Sachs Elektronik). The ultra-
miniature catheter pressure transducer was inserted into the right carotid
artery in the closed-chest animals anesthetized with thiobutabarbital
sodium (Inactin® Byk, 80 mg/kg, i.p.). It was then quickly advanced into

the left ventricle (19). When the measurements of left ventricular hemo-
dynamic parameters had been completed, the ultraminiature catheter

pressure transducer was withdrawn from the left ventricle and positioned

in the aorta so that the diastolic aortic pressure could be obtained.

The cardiac output index was determined using the thermodilution technique.
A 100 pl bolus of 0.9%7 NaCl (18°C) was injected into the right jugular

vein. A thermodilution microprobe, French 1.5,was positioned in the aorta

for monitoring blood temperature. Cardiac output index was calculated

from the thermodilution curve by "Cardiomax II" (Columbus Instruments)

which is specifically designed for the measurements in small laboratory
animals.

The available pool of 5-phosphoribosyl-1-pyrophosphate (PRPP) was
assessed by measuring the incorporation of 14c-adenine into cardiac
adenine nucleotides after an in vivo exposure time of 15 min. Adenine
consumes the available 5-phosphoribosyl-1-pyrophosphate for the formation
of AMP, and this is then converted to ADP and ATP. Thus, the radioactivity
of myocardial adenine nucleotides is an indirect measure of the available

pool of 5-phosphoribosyl-1-pyrophosphate (20). The rates of myocardial
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adenine nucleotide biosynthesis were determined by measuring the incorpo-
ration of 1—14C-g1ycine into adenine nucleotides. The total radioactivity
of adenine nucleotides was related to the mean specific activity of the

tissue glycine precursor pool so that actual rates of adenine nucleotide
biosynthesis were obtained (21). The incorporation of 1—14C-g1ycine into

cardiac proteins was measured as previously described (22).

RESULTS

In the first series of experiments, metoprolol was administered as
continuous i.v. infusion for 24 hours in a dose of 2 mg/kg/h which is
clearly cardiodepressive. As is shown in Fig. 3, heart rate, left ven-
tricular systolic pressure (LVSP) and diastolic aortic pressure were all
significantly lower than the respective control values. When ribose which
has no hemodynamic or vasoactive properties (23) was administered con-
comitantly in a dose of 200 mg/kg/h, the decline in the measured func-
tional parameters was not affected. In view of this result, the question
immediately arises as to whether ribose may retain its stimulating meta-

bolic effects when heart function is depressed by metoprolol.

[J coNTROL METOPROLOL ] METOPROLOL (2mg/kg/h)

(2mg/kg/h) +RIBOSE (200mg/kg/h)
DIASTOLIC
HEART RATE LvspP AORTIC PRESSURE
4001
‘%’ 1504
3001 (14)
(8)‘ l7)*
< D B8 1004 B
£ 3 o 8)
@ 200+ & T .
2 g |E
8 & |E
% 501
1004 X

*p<0.0005; *p <0.0025;*+p<0.05

Fig. 3. Effect of continuous i.v. infusion of metoprolol alone and in
combination with ribose for 24 hours on heart rate, LVSP and diastolic
aortic pressure in rats. Data are mean values *+ SEM; number of experiments

in parentheses.
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Fig. 4 shows the results of the metabolic studies which were obtained
after 24 hours of continuous i.v.infusion of ribose and metoprolol alone
and in combination in conscious, unrestrained rats. Two metabolic para-
meters were determined, the available pool of 5-phosphoribosyl-1-pyro-

14C—adenine into cardiac

phosphate as assessed by the incorporation of
adenine nucleotides and the rate of the de novo synthesis of myocardial
adenine nucleotides. Both parameters were markedly enhanced by ribose.
Metoprolol itself had no effect at all and did not interfere with the
stimulation of the metabolic parameters elicited by ribose. Thus, ribose
does not affect the negative hemodynamic changes brought about by meto-
prolol and retains its stimulating effect on cardiac metabolism in the
presence of metoprolol. Combination of R-adrenergic blockers like meto-
prolol with ribose is therefore entirely possible. When extrapolating
these results obtained in rats to the human heart it would appear that
ribose treatment may turn out to be compatible with Bi-selective adre-

nergic blockers which are widely used in conventional cardiac therapy.

BIOSYNTHESIS OF
PRPP - AVAILABILITY
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RIBOSE (200mg/kg/h) METOPROLOL (2mg/kg/h)

+RIBOSE (200mg/kg/h)

Fig. 4. The available pool of 5-phosphoribosyl-1-pyrophosphate (PRPP)
and rates of cardiac adenine nucleotide biosynthesis (= de novo synthesis)
in rats that had received continuous i.v. infusion of ribose and metopro-
lol alone and in combination for 24 hours. Infusions were done in the
conscious, unrestrained animals. Mean values + SEM; number of experiments

in parentheses.
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The situation is quite different with inosine. After 1 hour of continuous
i.v. infusion in rats anesthetized with InactinR, metoprolol (10 mg/kg/h)
had induced a decline in left ventricular systolic pressure and in LV dP/dtp,y
without significantly affecting cardiac output (Fig. 5). When inosine

(400 mg/kg/h) in combination with adenosine deaminase (133 U/kg/h) was
given together with metoprolol, LVSP and LV dP/dt;max were further reduced,
and cardiac output index was markedly depressed. Adenosine deaminase was
added to exclude any contaminating or endogenous adenosine. Previous
studies had shown that inosine itself in a cardioprotective dose has acute
negative hemodynamic effects in rats (24). These effects are characterized
by a reduction in afterload, a diminution of LVSP and a concomitant

drop in cardiac output index. It thus appears that inosine aggravates

the negative hemodynamic effects of metoprolol in acute experiments on
rats. Furthermore, it induces a depression in cardiac output index

which is quite well maintained in the presence of even a high dose of
metoprolol. When extrapolating these results to man, this combination

would not appear to be advisable.

. METOPROLOL
[] cONTROL METOPROLOL + INOSINE AND ADA
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£ 100 100001 X
3 <
g 200
€
50 5000
100
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Fig. 5. Effects of continuous i.v. infusion of metoprolol (10 mg/kg/h)
and inosine (400 mg/kg/h) in combination with adenosine deaminase (ADA,
133 U/kg/h) for 1 hour  on hemodynamic parameters in rats. Data are

means + SEM; number of experiments in parentheses.
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The last series of experiments deals with the interaction between meto-
prolol and triiodothyronine. It is well recognized that triiodothyronine
has pronounced hemodynamic and metabolic effects, the latter resulting in
increased RNA and protein synthesis associated with the development of
cardiac hypertrophy. Fig. 6 demonstrates the increase in heart rate and
in LV dP/dtmax after three days of daily s.c. administrations of triiodo-
thyronine (0.2 mg/kg). When metoprolol was applied as continuous i.v.
infusion in a dose of 1 mg/kg/h for three days, both functional parameters
were entirely normalized. Thus, the triiodothyronine-induced increase in
heart rate and cardiac contractility appears to be due to catecholamines.
It was therefore interesting to examine whether the triiodothyronine-
elicited metabolic changes and the development of cardiac hypertrophy
may also be induced by catecholamines. Fig. 7 displays the enhancement

14

in the 1-'"C-glycine incorporation into cardiac proteins and the increase

in heart weight three days after daily administration of triiodothyronine.

T
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500 mn ), (9)

“ITEE N

200

HEART RATE
(beats/min)

100

15000 1 é;
10000} ;, &

5000 {

LVdP/dtmox
(mmHg/sec)

* p<00005

Fig. 6. Alterations in heart rate and in the maximal rate of rise in left
ventricular pressure (LV dP/dtp,x) in rats after 3 days of daily s.c.
injections of tribdothyronine (0.2 mg/kg), and the effect of continuous i.v.
infusion of metoprolol (1 mg/kg/h) for 3 days. Data are mean values +

SEM; number of experiments in parentheses.
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Both the triiodothyronine-induced increase in 14C-amino acid incorporation
and the elevation in heart weight were not influenced by metoprolol given
in a hemodynamically effective dose (see Fig. 6). To examine whether the
increase in heart weight reflects actual cardiac hypertrophy, the RNA
content and the RNA/DNA ratio were determined under these experimental
conditions. As is evident from the data presented in Fig. 8, the triiodo-
thyronine-elicited increase in both parameters was not affected at all

by continuous i.v. infusion of metoprolol for three days. Thus, for the
time period studied, RNA and protein synthesis is increased and cardiac
hypertrophy develops in the presence of cardiac B-blockade, which
prevents the triiodothyronine-induced increase in left ventricular
hemodynamic parameters. Thus, the triiddodothyronine-elicited stimulation
of myocardial metabolism and the development of cardiac hypertrophy

can be dissociated by metoprolol from the triiodothyronine-induced

enhancement of left ventricular function.
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Fig. 7. Effect of daily s.c. injections of triiodothyronine (0.2 mg/kg)
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for three days on the incorporation of 14C-glycine into cardiac proteins
and on the heart weight. Also shown is the effect of continuous i.v.
infusion of metoprolol (1 mg/kg/h) on these parameters in triiodothy-
ronine-treated rats. The incorporation of 1—14C—g1ycine reflects the
rate of protein synthesis (10). Data are mean values + SEM; number of

experiments in parentheses.
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Fig. 8. The content of RNA and the RNA/DNA ratio in hearts of rats

that were s.c. injected for three consecutive days with triiodothyronine
(0.2 mg/kg), and the effects of metoprolol given as continuous i.v.
infusion for three days. Mean values + SEM; number of experiments in

parentheses.

DISCUSSION

This study demonstrates that there are different interactions between
the effects of the B1-se1ective adrenergic blocker metoprolol and the
metabolic interventions that we have studied in the rat in vivo. The
situation is quite clear in the case of ribose. Ribose which has no
hemodynamic or vasoactive properties of its own does not interfere with
the negative inotropic and negative chronotropic effects of metoprolol.
On the other hand, metoprolol does not interfere with the marked stimu-
lation of ribose of the available pool of 5-phosphoribosyl-1-pyrophosphate

and of adenine nucleotide de novo synthesis. A combination of B-adrenergic
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blockers with ribose may therefore be envisaged for therapeutic applica-
tion in certain clinical conditions. One could imagine that successful
recanalization of an occluded coronary artery with streptokinase (25)
without or with subsequent percutaneous transluminal coronary angioplasty
(26) is a situation that may be appropriate for ribose intervention.
Since even brief periods of ischemia result in a long-term depression

of the myocardial ATP pool that may last for days (13), the previously
ischemic area of the heart needs urgently a metabolic support. In experi-
ments on rats it has been shown that ribose accelerates considerably the
restitution of the ATP pool during the recovery from a 15 min period of
regional ischemia (13). Another situation could be heart failure due to
myocardial energy deficiency. Also in patients with profound ventricular
failure after open-heart surgery or heart transplantation who need
temporary circulatory support with a ventricular assist pump (27) may
benefit from ribose administration. That ribose is effective in man

has been demonstrated recently in a patient with myoadenylate deaminase
deficiency in skeletal muscle. This disease is characterized by a dis-
turbance in the purine nucleotide cycle by which the adenine nucleotide
content is conserved (28). During exercise, there is a marked alteration
in the ATP content of muscle, and potentially, these changes in ATP
content may account for muscle dysfunction (29). The typical symptoms

of exercise-related muscle pain and cramps could be prevented by ribose
(30).

In contrast to ribose, inosine and triiodothyronine have pronounced
hemodynamic effects in rats. Inosine induces an acute negative inotropic
effect, and triiodothyronine has positive chronotropic and positive
inotropic effects. Inosine clearly has cardioprotective qualities,
since it attenuates the isoproterenol-induced ATP decline to about the
same extent as does ribose (31). It cannot be decided, however, to
what extent this cardioprotective effect of inosine is due to the
metabolic influence or to the negative inotropic effect. Since inosine
aggravates the negative hemodynamic effects of metoprolol, it does not
meet one of the essential criteria that should be fulfilled by a cardio-
protective substrate. This requirement is that it should not have
hemodynamic or vasoactive properties and should be compatible with

conventional cardiac therapy.
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The situation is quite complex in regard to B-adrenergic blockers in
combination with triiodothyronine. Metoprolol does not prevent the
increase in cardiac RNA and protein synthesis and the development of
cardiac hypertrophy. However, it abolishes entirely the left ventricular
hemodynamic alterations such as the increase in heart rate and in con-
tractility determined in this study as the enhancement in the maximal

rate of rise in left ventricular pressure (LV dP/dt ). From this result

max
it appears that the functional changes observed under the influence of
triiodothyronine are due to catecholamines. It has been shown previously
that the number of cardiac B-adrenergic receptors is increased (32),

and this may be the mechanism for the increased functional state during
triiodothronine administration. With the Ry-selective adrenergic blocker
metoprolol one can effectively dissociate the increase in metabolic
alterations and the elevation in heart weight from the changes in left
ventricular function. In this context it is interesting to mention that
in thyroxine-treated mice, 6-hydroxydopamine failed to diminish the
degree of cardiac hypertrophy (33). It has also been shown previously
that the adenylate cyclase-cAMP-system is stimulated by thyroid hormone
when the B-receptors are blocked (34). These results have been extended
in this study to the content of RNA, the RNA/DNA ratio and to the
incorporation of 1-14C—glycine into cardiac proteins. The stimulation

of these metabolic processes as well as the development of cardiac
hypertrophy seem to represent the results of the pure triiodothyronine-

mediated effects on the myocardium.

SUMMARY

1. Ribose has no hemodynamic or vasoactive properties and does not
affect the metoprolol-induced depression of left ventricular hemodynamic
parameters. Metoprolol does not interfere with the ribose-elicited ele-
vation of the cardiac5-phosphoribosyl-1-pyrophosphate pool and the
enhancement of myocardial adenine nucleotide biosynthesis. Combination
of ribose with B-adrenergic blocker therapy is thereforepossible.

2. Inosine exerts an acute negative inotropic effect in rats and
aggravates the metoprolol-induced decline in hemodynamic parameters.
Combination of these two interventions is not compatible.

3. Triiodothyronine stimulates heart function and myocardial meta-
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bolism and induces cardiac hypertrophy. Metcprolol prevents the triiodo-
thyronine-induced increase in left ventricular functional parameters,
but does not affect the metabolic stimulation and the development of
cardiac hypertrophy induced by triiodothyronine. Thus, metoprolol disso-
ciates the triiodothyronine-elicited enhancement of left ventricular
function from the metabolic stimulation which results in the development

of myocardial hypertrophy.
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LOCAL ADRENERGIC EFFECTS ON METABOLISM IN HEART AND SKELETAL MUSCLE
IN MAN

L. KAIJSER

Department of Clinical Physiology, Karolinska Hospital,
S-104 01 Stockholm, Sweden

INTRODUCTION

Stimulation of adrenergic receptors, via sympathetic nerves or
by circulating catecholamines, can enhance glycogenolysis in heart as
well as in skeletal muscle (1,2). It is not well established, how-
ever, to what extent Tlocal adrenergic stimulation contributes to
determine the utilization of glycogen in heart and skeletal muscle in
intact man under physiological conditions, and to what extent a
possible effect on glycogen utilization affects the utilization of
other substrates. Studies in the dog (2) and the rat (3) suggest that
adrenergic activity contributes significantly to the stimulation of
the glycogenolysis during exercise. However, it has also been shown
that epinephrine infusion did not affect glycogenolysis during a
short period of intense muscle contractions in man (4).

We have therefore studied the effect of 1local adrenergic
stimulation, by close intra-arterial infusion of epinephrine into one
leg during two-legged exercise in healthy volunteers and by evalu-
ating the effect of beta-adrenergic blockade on the metabolism of
skeletal and heart muscle in healthy young men. A comparison of the
conditions in heart and skeletal muscle were considered of interest,
since basically similar mechanisms regulate the substrate metabolism
in the two varieties of muscle tissue.

The adrenergic effects have been evaluated in three sets of
experiments in which (1) the effect of adrenergic stimulation and (2)
the effect of beta-adrenergic blockade on exerciseing skeletal muscle
and (3) the effect of beta-adrenergic blockade on heart muscle
metabolism in resting and exercising man have been studied.
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EFFECT OF CLOSE INTRA-ARTERIAL INFUSION OF EPINEPHRINE ON LEG MUSCLE
CARBOHYDRATE METABOLISM DURING EXERCISE
Subjects and methods

Nine healthy young men participated in the study. They performed
two-legged exercise on an electrodynamically braked cycle ergometer
for 45 min at a work load corresponding to 50% of individual maximal

oxygen uptake (Vozmax). Throughout the exercise period epinephrine
was infused at constant rate, 0.4 ug x min'] X kg'1 bodyweight,
into one of the femoral arteries. Arterio-venous differences of
oxygen, glucose and lactate across the epinephrine stimulated and the
non-stimulated leg was measured by simultaneous blood sampling from
catheters in the brachial artery (a) and the two femoral veins (fv).
The utilization of glycogen and accumulation of lactate and glycoly-
tic intermediates in the epinephrine stimualted and non-stimulated
leg was analyzed by simultaneous percutaneous biopsies from the right
and left vastus lateralis of m. quadriceps femoris. An original
report has been published previously (5).
Results

Epinephrine infusion produced a plasma epinephrine concentration
in the femoral vein of the stimulated leg 2.6 fold higher than in the
non-stimulated leg and about twice as high as in the brachial artery.
There was no significant difference between the stimulated and
non-stimulated leg in a-fv 02 content difference. A negative a-fv
lactate difference (net release) was at hand in both legs, which was
greater in the stimulated than in the non-stimulated leg throughout
the exercise period (p<0.001). Both the reduction in muscle glycogen
(p<0.1) and the concentration of muscle lactate at the end of
exercise tended to be greater in the stimulated leg. Similarly the
accumulation of glucose (p<0.05) and the glycolytic intermediates
glucose-6-phosphate and alpha-glycerophosphate (p<0.1) tended to be
greater in the stimulated than in the non-stimulated leg.
Comments

Epinephrine infusion produced 2-3 fold higher epinephrine
concentration in the vasculature of the infused leg, i.e. it was
subjected to a significantly higher degree of adrenergic stimulation
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than the non-infused leg, yet within a physiological range, 4-12
nmo1/1, during heavy exercise. The same mechanical work performed by
the two legs and no significant difference between legs in a-fv 02
difference suggest no major side difference in leg blood flow, and
consequently side differences in a-fv differences of substrates and
metabolites would indicate differences between stimulated and
non-stimulated leg in uptake or release of these substances.

Muscle glucose may have been derived from breakdown of
intramuscular glycogen (6) or uptake from the blood. With the same
arterial glucose consentration in the two legs and a smaller uptake
in the epinephrine-stimulated leg, which was found, it seems less
likely that the whole increase in muscle glucose concentration in the
stimulated leg is derived from the blood. Consequently the increased
muscle glucose concentration together with increased muscle
concentrations of lactate, alpha-glycerophosphate and
glucose-6-phosphate together with increased release of lactate and
increased depletion of glycogen strongly suggest that epinephrine
significantly enhances glycogenolysis during physiological modes of
exercise. However, an effect of epinephrine on the membrane transport
of glucose (7,8) or an inhibition of glucose phosphorylation (6) may
have contributed to alter the intramuscular glucose concentration.

EFFECT OF BETA-ADRENERGIC BLOCKADE ON SKELETAL MUSCLE METABOLISM
DURING EXERCISE
Subjects and Methods.

Two series of studies were performed. Six rather well trained
young men took part in the first study. Since beta-adrenergic
blockade affects not only Tlocal metabolism but also cardiac output

and thereby the blood and oxygen supply to the exercising muscula-
ture, studies were performed both after the administration of a
non-selective blocker (propranolol), which affects both circulation
and metabolism and a beta,-selective blocker (atenolol) which
affects circulation only, and to be able to compare, from a circu-
latory point of view, equipotent doses of the blockers the subjects
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were studied on 7 separate occasions after the acute administration
orally on a doubleblind basis of either placebo or 40, 80 or 160 mg
propranolol or 25, 50 or 100 mg atenolol. The exercise protocol
consisted of a series of submaximal Toads, stepwise increased by 30 W
at 4-min intervals, followed after a short rest period by a work bout
where the load was increased at 1-min intervals until exhaustion.
Heart rate, Vozmax and performance time to exhaustion were mea-
sured. Blood lactate concentration was measured at all work inten-
sities and a muscle biopsy was taken at exhaustion and analyzed for
lactate, glucose-6-phosphate and glucose. An original report has been
published previously (9).

In a second experiment twelve healthy, physically active men
performed continuous work at a constant load corresponding to 65 % of
VOZmax of each individual for 25 min with and without oral premedi-
cation by propranolol. Blood lactate as well as muscle lactate and
glycogen concentrations were measured after 5 and 25 min of exercise.
An original report has been published previously (10).

Results

Muscle concentrations of both glucose-6-phospahte and glucose at
exhaustion in the first study were lower with propranolol than with
either atenolol or placebo while there was no difference in concen-
trations between placebo and atenolol experiments. Blood lactate
concentration at exhaustion was slightly Tower with both blockers
than placebo while muscle lactate tended to be higher with the
blockers than placebo. Both blockers reduced maximal oxygen uptake
and performance time. However, at any given reduction in maximal
heart rate and oxygen uptake by beta-blockade the reduction in
performance time was more pronounced by propranolol than by atenolol.

After 5 min of exercise at 65% of Vozmax (second experiment)
muscle lactate was higher with than without beta-blockade while blood
lactate concentration did not differ between the two conditions. With
beta-blockade both muscle and blood lactate concentration decreased
over the exercise period, while without blockade both blood and
muscle lactate concentration tended to increase, such that at the end
of exercise both blood and muscle lactate concentration was lower
with than without blockade.
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Comments

The protocol of the first study made it possible to compare
doses of a beta1-se1ective and a non-selective blocker which
produced the same reduction in maximal heart rate and V02max. On
these dose levels the non-selective blocker produced a reduction in
intramuscular concentration of the glycolytic intermediates
glucose-6-phosphate and glucose, suggesting a reduced rate of
glycogenolysis (for the interpretation of intramuscular glucose
concentration, see above), while the non-selective blocker did not.
The absence of a significant reduction in muscle lactate after the
non-selective blockade was probably caused by a reduced rate of
release from the muscle by a reduced muscle blood perfusion, as
suggested by the reduced blood lactate concentration.

An interpretation of the results of the 25 min exercise at 65%
of VOzmax is that in the beginning of exercise the reduced blood
supply to the musculature by the effect of beta-blockade on cardiac
output induces an enhanced anaerobic glyolysis. With prolongation of
exercise, when a relative steady state with regard to blood flow is
established at this submaximal work intensity, the anaerobic stimulus
to glycogenolysis is reduced and the adrenergic activity, which
increases with time, becomes a relatively more important stimulus of
glycogenolysis, with lower lactate production after beta-blockade as
a result. This interpretation is in accordance with findings in the
exercising rat, suggesting that factors related to the contraction
per se and the Tocal oxygen supply are the most important stimuli of
glycogenolysis at the onset of exercise, while sympathetic
stimulation becomes more important the longer the duration of
exercise (3).

EFFECT OF BETA-ADRENERGIC BLOCKADE ON CORONARY BLOOD FLOW AND
MYOCARDIAL CARBOHYDRATE METABOLISM AT REST, DURING ATRIAL PACING AND
DURING INTENSE EXERCISE
Subjects, Methods

Ten healthy young men were studied by arterial (a) and coronary
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sinus (cs) catheterisation at rest, during atrial pacing at stepwise
increased rate to a heart rate of 140 beats/min and during bicycle
exercise in the supine position, at a submaximal load (heart rate
about 150 beats/min) followed by a maximal load until exhaustion.
A-cs differences of oxygen, glucose and lactate were measured at
rest, during maximal pacing and during submaximal as well as maximal
exercise. Coronary sinus blood flow was measured by thermodilution in
connection with each blood sampling occasion.

On a separate occasion 8 subjects were studied with the same
techique at rest and during atrial pacing before beta-blockade and at
rest, during atrial pacing and during submaximal and maximal exercise
after the administration i.v. of propranolol 0.15 mg/kg body weight.
Thus, the effect of propranolol on myocardial metabolism at rest and
during pacing could be studied in the same subject on the same
occasion. The effect of propranolol on myocardial metabolism during
heavy exercise, on the other hand, was studied by comparing data from
2 separate experiments because it was considered that heavy exercise
could not be repeated on the same study occasion without an influence
by the first exercise on the response to the second exercise.
Preliminary data have been reported previously (11,12).

Results.

Propranolol did not affect myocardial glucose and Tlactate
extraction at rest or during pacing. At rest coronary sinus blood
flow was insignificantly lower after than before the administration
of propranolol, probably because of a slightly lower myocardial
oxygen consumption, related to the slightly lower heart rate.

Heart rate at the submaximal load was 45 beats/min Tower and the
maximal heart rate during exercise 35 beats/min lower with than
without propranolol. The brachial artery pressure was at corre-
sponding work loads about 10 mmHg lower with than without proprano-
lol. The coronary sinus blood flow during the exercise was at corre-
sponding work intensities substantially Tower with than without pro-
pranolol. During maximal work it was 451 + 55 (SE) ml/min without and
260 + 15 ml/min with propranolol. At the submaximal work load the
a-cs 02 difference was the same with as without propranolol, but
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during maximal work it tended to be greater with propranolol, the cs
0, saturation being 22.7+1.6 % with and 25.1+1.9% without propra-
nolol.

If the myocardial extraction of glucose and lactate is expressed
as the oxygen extraction ratio, i.e. the fraction of the simultaneous
oxidative metabolism which could have been covered by the substrate
in question, there was no significant difference between exercise
with and without propranolol. However, the arterial concentration of
lactate during exercise was lower with propranolol, and consequently
the fractional extraction of lactate at all work intensities greater
with than without propranolol (Fig 1).

lactate,a-cs,pmol/! « control
30007 o B-blockade
oKaijser et al1972
2000
o
1000 a
0 T T T T T T T T T 1
0 5000

10000
lactate,a, pmol/|

Fig 1. Myocardial lactate extraction in relation to arterial lactate
concentration at rest, during submaximal and maximal exercise without
(control) and with propranolol (beta-blockade). For comparison data
from a previous study of submaximal exercise are given (13).

Comments

At rest and during increased myocardial work, produced by
atraial pacing, propranolol did not affect myocardial carbohydrate
metabolism. This is as expected, since the basal sympathetic nerve
activity is low. Propranolol reduced the exercise heart rate and mean
arterial pressure. As a consequence of this the myocardial oxygen
consumption decreased - heart rate and arterial pressure are together
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with the inotropic state the main determinents of myocardial oxygen
consumption. The a-cs Oz-difference increased during exercise, more
the higher the work load, as previously described (13), both with and
without propranolol. It may be noted, however, that at any level of
heart rate or myocardial oxygen consumption the a-cs 02-difference
was greater and the cs Oz-saturation as well as the cs blood flow
Tower with than without propranolol. This could indicate that under
normal conditions beta-adrenergic stimulation may contribute to the
vasodilatation of the coronary vascular bed during exercise, an
effect which is inhibited by the beta-adrenergic blockade.

Myocardial utilization of carbohydrate substrates during
exercise was little affected by beta-adrenergic blockade. However,
under normal conditions the myocardial extraction of both Tactate and
glucose are well correlated with the arterial concentration of these
substrates, i.e. the fractional extraction remains the same over a
wide range of arterial concentrations (e.g. 13). In the present study
the myocardial fractional extraction of lactate was substantially
greater with than without beta-adrenergic blockade. One possible
explanation of this could be that under influence of beta adrenergic
blockade there is a reduced production of pyruvate from the breakdown
of intramyocardial glycogen, which otherwise is at hand during heavy
exercise. It is true that the normal heart muscle under most
conditions covers its substrate supply for oxidative metabolism by
uptake of bloodborne substrates, but at Tleast during prolonged
exercise it has previously been shown that intramyocardial substrates
are being utilized (13).

CONCLUSIONS

During physical exercise the physiological activation of the
sympathetic nervous system seems to contribute significantly to the
stimulation of glycogenolysis in skeletal muscle of normal men.
Factors other than the adrenergic stimulation seem to be quantita-
tively more important, however. Adrenergic stimulation seems to be
less important for the metabolism of the healthy human heart muscle
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than of the human skeletal muscle. The reason of this may be that the
heart muscle contrary to the skeletal muscle derives its substrate
for energy production to a rather insignificant degree from its
endogenous glycogen store. However, there are some indications that
adrenergic stimulation may contribute to the vasodilatation of the
coronary vascular bed during heavy exercise and that adrenergic
stimulation activates intramyocardial glycogenolysis during exercise
of extremely heavy intensity.
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SUMARY

Cardiac g]ycoside§ bigd specifically with high affinity to the
external surface of (Na'+ K )-ATPase thus inhibiting the sodium
pump. In cardiac cell membranes, in ventricular heart tissue, and in
cultured beating myocardial cells of the rat, two different types of
receptors with high and low affinity for ouabain are present. These
receptors mediate positive inotropic effects at low and high concentrations
of ouabain. Arrhythmogenic effects never were seen when the high affinity
receptor only was occupied by a drug molecule.

Evidence is presented suggesting that digitalis sensitive species
also have different types of cardiac glycoside receptors in the heart.

After treatment with T, or after chronic hypokalaemia cultured
myocardial cells increase thé number of high and low affinity receptors
concomitantly without any change in their affinity.

1. INTRODUCTION

Cardiac glycosides bind specifically and with high affinity to the
(Na++ K+)-ATPase at the external surface of the cell membrane.

Todays most widely accepted concept is that this enzyme being the
biochemical equivalent of the Na'/K'-pump of the cell is inhibited
by the cardioactive steroid causing thereby a measureable increase in
intracellular Na'-activity (1-3,15).

Most pharmacological receptors (i.e. B-adrenoceptor, (-adrenoceptor,
histamine-receptor etc.) show slightly different affinities for certain
drugs of the same groups of substances. Thereby, these receptors can be
classified as distinct subtypes (B1- and B8,-adrenoceptors ete.).
Recently, multiple forms of cardiac glycoside receptors have been

demonstrated to exist within one animal species or even within one organ
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(for ref. see 4). In the following we intend to review the evidence for the
existence of multiple forms of cardiac glycoside receptors and to discuss

their possible role in vivo.

2. DIFFERENT BINDING SITES IN DIFFERENT ANIMAL SPECIES

The sensitivity of different species to the positive inotropic and
toxic effects of cardiac glycosides varies widely. Thus, it is not
surprising that binding sites for 3H—ouabain have been found with
rather different affinities. Usually the affinity is expressed with the
dissociation constant (KD) of the drug-receptor-complex, which can be
measured reliably at constent and well defined conditions. The rat and the
guinea pig are rather insensitive to cardiac glycosides (KD > 10_71‘4).
Dog, cat, sheep, frog, pig, cow and humans are known to be sensitive
(K, < 107%).

When the specific binding of 3H—oua,‘nain (or digoxin, digitoxin
etc.) to isolated cell membranes is measured, in insensitive species
several types of binding sites have been found. In the sensitive species

the situation is not as clear - because of controversial reports.

2.1 the rat

In rat cardiac cell membranes two different binding sites for ouabain
have been demonstrated by virtually all investigators (KD1N1O'7M,
KD2N1O-5M) (for ref. see 4). An intoxication with digitalis in the
rat leads to convulsions (i.e. cerebral side effects) rather than to
cardiac arrhythmias. This suggests, that the rat brain contains a receptor
with higher affinity than the heart. This in fact has been demonstrated
(Table 1). As previously has been shown by gel electrophoresis (5), two

(Naty K’")-ATPases exist in rat brain (KD1N 3x1 O_BM, KD2~3x1 0-M) .
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In rat skeletal muscle we detected only one specific ouabain binding site
(K~3x107 M)
The same is true for rat kidney, with much lower affinity, however:
KDN1O-5M. Thus, three different receptor populations seem to exist
in the rat (Ky~10™M, 107M and 107H), of which heart and
brain contain two types concomitantly (Table 1).

Table 1. Dissociation constants of the 3H—ou:a.‘x)ain—recep1;or—comp1exes
of different rat organs.

tissue apparent dissociation constant (M)
heart - %1071 %102
brain 3%107° 3107 -

skeletal miscle - %10~ -

kidney - - %1070

In rat cell membranes isolated from Ca''-free perfused heart a

(Nat+ K*)-ATPase was detected, which was inhibited half maximally
by ~1 O-SM. If the cardiac cell membranes were prepared in the presence

of traces of Ca'™, I, was MO™M (6). This probably can be

5
taken as evidence for two different forms of the enzyme with high and low
affinity. Moreover, several authors demonstrated that the
concentration-response-curve for the positive inotropic effect of ouabain
in isolated rat heart is biphasic corresponding to the two different
receptor affinities ( for ref. see 4). Thus, it is accepted today, that rat
heart contains two functionally different forms of cardiac glycoside
receptors.

Cultured beating heart cells from neonatal rats exhibit two distinct
ouabain binding sites as well (K~ 3xi 05, K2~ Txi o) (7).
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There are about 0.2 pmoles/mg protein high affinity and 2.6 pmoles/mg
protein low affinity binding sites. In these cells, concentration-response
curves seem to be biphasic, too - suggesting two functionally different
types of cardiac glycoside receptors (Fig.1).

EFFECT OF OUABAIN ON VELOCITY
OF CONTRACTION
(cultured rat heart cells)
100 A
2.0 MM
Ca2*
80
g
g 60
% .
& o
5 40 low affinity
3
e
§ 20
§ (x*S.EM., 3 experiments)
olezi
0 3x0® w107 3x07 1x10° 3108 1x107°
ouabain [M)

Fig. 1. Effect of ouabain on velocity of contraction in neonatal rat heart
muscle cells in culture.
Contraction velocity of electrically driven (105/min; 100 V; 5 msec) rat
heart muscle cells has been monitored at 37 C as described (7). Cells
have been guperfused (4.0 ﬂ/mm ) with serum-free, Hepes-buffered CMRL
medium ( X 3.5 mM; Ca 0.9 mM), with different
concentrations of ouabain (see absmssaj Ouabain-induced increase in
contraction velocity has been measured in a cumulative manner under
jlibrium conditions (periods of 5—8 min), the increase by 2.0 mM
being set as 100% (see ordinate). The K ~values indicated
represent the dlssom_aglon constan _gMof high- and low-affinity ouabain
binding sites (3.2x10™" and 7.1x10" "M resp. (7)) in these cells.

2.2 the guinea pig
Specific 3H—ou,aba.in binding to partly purified guinea pig cardiac
cell membranes showed a linear Scatchard plot (KDN1O-7M).

However, when these cardiac cell membranes were incubated in Tyrode
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solution + ATP, two distinct binding sites could be analyzed
(Kpy ™ 4x1071H), K~ 6x1070M). In electrically stimulated, contracting
guinea pig left atria curvilinear Scatchard plots (KD1N1O_6M with about
430 receptors/ /um2; Kpo~ 2x1 0~4M with about 18.000 receptors/ /um2)
were obtained (8).

Halfmaximal positive inotropic effects occurred at 4x10™ M. The
relevance of the low affinity receptors remains unclear, as KD2 was

well in the toxic range.

2.3 the frog (rana esculenta)

In cardiac cell membranes obtained from summer frogs, we could find
one type of ouabain binding site only (KD~3.3x1 O'9M). However,
about 10 fold higher concentrations of ouabain were needed to inhibit

(Na*+ K')-ATPase halfmaximally under identical conditions.

2.4 the cat

Isolated cat cardiac cell membranes contain one type of specific
3H-ousbain binding sites (KDN6x1 O_9M) when analyzed without
K* and ca'™. In the presence of Tyrode solution + ATP two distinct
binding sites can be shown (Kp,~107M, K ,~1071H).

In contracting papillary muscles from cat heart, we could not find
evidence for a biphasic concentration-response curve. Koomen and coworkers
(9) have published, however, a biphasic concentration-response curve for
ousbain in a Langendorff-preparation of cat heart (EC50 /1~1o‘1OM,

ECg, /2~106M). Although, as far as we know this experiment has not
been reproduced by others, it offers a new way of explaining the unusually
high ouabain concentrations necessary in vitro in contrast to the low

concentrations useful in vivo. This will be discussed later.



266

2.5 the sheep

Sheep heart seems to contain only one type of ouabain receptor
(KDN 2x1 O_9M) in isolated cardiac cell membranes. However, in
isolated, electrically stimulated ventricular myocardium or Purkinje
fibres, half maeximal occupation of the receptors with ouabain occurred at
3x1 O—7M and halfmaximal increase in force of contraction at
8x1 O—SM (10). In this respect, it is of interest that Purkinje fibres
apparently contain the same type of receptor as ventricular myocardim but
about 50% less per g wet weight. This might explain the greater sensitivity
of Purkinje fibres to toxic effects of cardiac glycosides (10).

2.6 chicken myocardial cells

In cultured rat and chicken beating myocardial cells, nerve fibres,
fibrous tissue, endothelium etc. are absent. Thus, the existence of two
types of receptors cannot be due to two different types of tissue. Werdan
and coworkers (11), in contradiction to Lazdunski and coworkers (12),
reported one type of receptor (KD~1 .5x1 O_7M) mediating the cardiac
glycoside effects in chicken cells. Lazdunski and coworkers (12) find two
receptors (Kp,~ 2.6x107M, Kyzv2.2x107N), of which the
high affinity receptor apparently does not mediate any known effects.
PFurther studies are needed as it is quite unusual that a high affinity

receptor is not coupled to any effect.

2.7 the human heart

3H—Ou,abain binding to isolated human cardiac cell membranes
follows a linear Scatchard plot if analyzed under steady state conditions
and in the presence of Mg't + Pi or Mg't + ATP + Na© (K3 ).

If this specific drug-receptor binding is followed in Tyrode solution
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(+ ATP, 3 mM), the Scatchard plot appears to be curved (Fig.2) indicative
of two binding sites (Kp,~10™M, K ,~107H). One could
evision that Tyrode solution being closer to in vivo conditions resembles a
more physiological environment for the enzyme.

The therapeutic strophanthin (ouabain) concentrations in man are
about 1-2 nM. This is in the range of the KD of the
drug-receptor-complex. As soon as human myocardium is used in vitro for
analysing cardiac glycoside effects, however, one needs concentrations well
above 10-50 nM to obtain reproducible positive inotropic effects. The
reasons for this are not clear. It might be that the high affinity receptor

is lost in vitro and the low affinity receptor mediated effect is seen

only. This hypothesis remains to be substantiated.

1.6

1.2

0.8

0.4

34-0uabain bound (picomoles/ 2ml)

2 4 6 8 10 122 14
Bound/ free (x1073)

Fig. 2. 3H—Ou.abain binding to isolated gardiac cell membrane from human
heart. The incubation medium (.2 ml, 37 C)3was Tyrode solution + 3 mM
ATP and increasjng amounts of 3H--ou,abain. H-Ougbain bound in the
presence of 1 unlabelled ousbain was considered as unspecific.
Scatchard plot analysis.
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Fig. 3. Effect of T, on high and low affinity ouabain binding in
neonatal rat heart Zuscle cells in culture.
Rat heart muscle cells have been cultured at xt = 5.4 mM for 3 days
at 37°C in serum—free, Hepes—buffered bovine serum albumin
sup lemented (250 mg/1) CMRL medium (17) at different concentrations of

see absc, ssa) Thergafter, “H-oual bg:m binding has been measured
(;) at 6x10 and 6x1 _gM ouaba.m ( X' = 0.7 mM). Accordi:
to the dissociation constants (K.) and bmdl capacities (n§ of the
high- and low-afflnlty pdiciemie nding sites K = 3.2x10

= 0.2 pmoles/mg protein; K., = 7.1x10 = 2.6 pnoles protein;
(’7)) 86% (142) ot speoifically bound radmact?vlty at 6x10
represent binding to the high- (low-) affinity site, while at 6x1 o~ou
ouabain, 86% (14%) of cgll—bound radioactivity reflects binding to the low-
(high-) affinity site. H—Ouabam blndmg is given as % of controls
(cells grown in the absence of T,). Data given as X + SD (n=3) from 3
dlf{f‘srent experiments. Acute e sure of fhe cells to

—10_6M T was without any effect on “H-ouabain binding.

EFFECT OF T3 ON HIGH AND LOW
AFFINITY OUABAIN BINDING
(cultured rat heart cells)
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Fig. 4. Effect of extracellular Kkt on high- and low-affinity ouabain
binding in neonatal rat heart muscle cells in culture.

Rat heart muscle cells have been cultured for 3 +days in serum-free,
Hepes-buffered CMRL medium (17),.at different X concentrationg (see
abscissa). Thereafter, spegific H-0 in binding at 0.7 mM XK' has
been measured (7) at 6x10 - and 6x10 ouabain, representing

ouabain binding to the high and low affinity sites resp. (see legend to
Fig. 2). Data are given as % of “H-ouabain binding after cell culture
at X' =5.4mM (x + SBM, n=9, 3 different experiments).

EFFECT OF HYPOKALAEMIA ON OUABAIN BINDING
(cultured rat heart cells)
;
k]
R
s
80
.
40
20
® 0
0 1 2 3 4 5 54
Ka’ [mM]
140
120 l high-affinity receptors
3 100 o
® )
£ 80
. 60
: 40
20
T
© 0
0 1 2 3 4 5 54
Ke* [mM]




270

3. UP-REGULATION OF CARDIAC GLYCOSIDE RECEPTORS

In animals treated with T3 for several days, (Ne'+ K')-ATPase
activity and 3H—ouabzain binding sites increase. The same is true for
chronic hypokalaemia. In order to possibly differentiate between high and
low affinity receptor regulation, we investigated thus conditions in
cultured beating myocardial cells of neonatal rats. In chronic hypokalaemia
and after T3—treatment (for 3 days) both types of ouabain binding sites

increased concomitantly (Fig. 3 and 4). In these cells, the positive

inotropic effect is coupled to both receptors as well.

4. DIFFERENT TYPES OF CARDIAC GLYCOSIDE RECEPTORS - UNSOLVED QUESTIONS

Apparently, there is no doubt about the existence of two different
receptors in the rat heart with a high affinity effect and a low affinity
effect (14). The experiments in cultured beating myocardial cells prove
that the distinct receptors are not due to artifacts from two different
kinds of tissue (i.e. myocytes and fibroblasts). However, unless specific
drugs are known with different affinities for either receptor population,
the given evidence remains rather indirect. A site-to-site interaction and
other mechanisms leading to such phenomena cannot be excluded (3,13). On
the other hand, we all would wellcome a cardioactive steroid binding to the
high affinity site only and thus mediating but the positive inotropic
effect without causing the potentially dangerous arrhythmias - which
invariably occur when a high proportion of (Na'+ K¥)-ATPase
molecules is inhibited.

Unfortunately, the situation seems to be very complex in the human
heart, where the evidence for two receptors is rather weak. It is strange,

however, that cardiac glycoside concentrations used in vitro are much too
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high (by a factor of 50-100) as compared with the well known situation in
the pantient. The appearance of two binding sites in isolated cell
membranes in Tyrode + ATP may indicate different properties of two or more
(Na'+ K*)-ATPase molecules. If so, it is possible that the high
affinity sites ( 10% of all binding sites) cannot be detected in isolated
contracting human papillary muscles nor the effect mediated by these sites.
For years, the small effects of the high affinity receptors of rat cardiac
muscle had been overlooked, too. The isolation of the respective
(Nat+ K*)-ATPase molecules and their subunit structure analyses may

give the answer (16).

Supported by the DFG (Er 65/4-4) and Wilhelm-Sander-Stiftung (78.14.3)
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MODULATION OF GLYCOSIDE SENSITIVITY OF THE CARDIAC SODIUM PUMP
T. AKERA and P. STEMMER

Department of Pharmacology and Toxicology, Michigan State University, East
Lansing, Michigan, U.S.A.

INTRODUCTION

Glycoside sensitivity of isolated cardiac Na+,K+—ATPase, i.e.,, the enzymatic
representation of the sodium pump, is dependent on the chemical structure of the
glycoside and the animal species from which the enzyme is obtained (1). The
sensitivity, or affinity, of the isolated enzyme for the cardiac glycoside can be
estimated either from the Kp, value (dissociation constant) for the [3Hlouabain
binding reaction or the IC50 value (concentration required to cause a 50%
inhibition) for ouabain-induced inhibition of Na‘,K*-ATPase activity. For example,
the Kp value for Na*,K*-ATPase obtained from ventricular muscle of guinea-pig
heart for [3H]ouabain is 0.1 to 0.15 uM. The ICg, value is several-fold higher; 0.5
to 0.7 uM for the same combination of enzyme and glycoside. This difference
results from the fact that [3H]ouabain binding is usually estimated in the presence
of Na+, Mg2+ and ATP (or Mg2+ and inorganic phosphate) whereas Na+,K+—ATPase
activity is assayed in the presence of these ligands plus K*. Al of these ligands
influence the glycoside sensitivity of Nat,K*-ATPase.

Nat, Mg2+ and ATP bind to the alpha-subunit of the enzyme from inside of
the sarcolemma during the functional cycle of Na+,K+—ATPase or the sodium pump
(Fig. 1). This binding triggers a conformational change of the enzyme into a "Na*-
induced" form, associated with translocation of Nat to the external surface.
Phosphorylated enzyme in the Na*-induced form is the form of the enzyme which
preferentially binds the cardiac glycoside. Following the release of Na' into the
extracellular medium, K* binds to the enzyme causing dephosphorylation and a
conformational change into a "K*-induced" form associated with the transport of
K*. Binding sites are not readily available to the glycoside when the enzyme is in
the K'-induced form. Because K' reduces the fraction of enzyme in the form
available for glycoside binding, the presence of K* in the medium lowers apparent
affinity of the Na+,K+-ATPase for the cardiac glycoside. Under the conditions of
the [Hlouabain binding assay, i.e., in the presence of Nat, Mg2+ and ATP but
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without K*, most enzyme molecules are in the Na‘*-induced form. Therefore, the
above observation that the presence of K* causes a several-fold decrease in
estimates of apparent affinity for ouabain indicates that less than 20% of the
enzyme is in the Na*-induced form under the conditions of the Na+,K+—ATPase

assay.
Sarcolemma . .

Fig. 1. Reaction scheme for the sodium

Outside pump. Binding sites are available to the

glycoside in Na*-induced form (shaded) but

not in K -induced form (open). Several

intermediate forms may exist with various

degrees of availability to the glycoside.

3Na*—
Kt —

In intact cells, the sodium pump is activated by intracellular Na* and extra-
cellular K*. Although extracellular K* concentration (4 to 6 mM) is several-fold
higher than the Km value estimated using isolated enzyme (less than 1 mM),
changes in extracellular K* concentrations apparently modulate glycoside sensitivity
of the sodium pump in a manner predicted from the above model, i.e., an elevation
of extracellular Kt lowers glycoside sensitivity of the sodium pump. Intracellular
Nat concentration is 6 to 9 mM (7, 8, 16). Because this value is lower than the
estimated Km value for Na+,K+-ATPase activation (see below), modulating intra-
cellular Na® concentration has a great influence on the glycoside binding to
Na+,K+-ATPase. The effect of Na+, however, is more complex than that which is
predictable from the above model. ca?t also appears to influence glycoside
sensitivity of the sodium pump.

RESULTS AND DISCUSSION

+ .
Increased Na' influx

Conditions that would increase the rate of Na' influx increase ouabain-
sensitive S6Rb* uptake, an estimate of sodium pump activity (Table 1). In
quiescent atrial muscle preparations of guinea-pig heart, the concentration of
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ouabain required to cause a 50% inhibition of the ouabain-sensitive 86gp* uptake
was slightly higher than 1 puM (Table 1). Electrical stimulation increased the
ouabain-sensitive 36Rb* uptake in the absence of ouabain and also reduced the
concentration of ouabain needed to cause a 50% inhibition of the uptake; the 1050
value observed under 3-Hz stimulation was approximately 0.2 uM. A sodium
ionophore, monensin, had similar effects. It should be noted that these experiments
were performed in atrial muscle preparations which were not pre-loaded with Na®.
Na* loading of the cells increases ouabain binding to the sodium pump and makes it
impossible to estimate the "normal" sensitivity of the sodium pump to the inhibitory
action of the glycoside.

Table 1. Sodium pump activity and its ouabain sensitivity in 1solated guinea-pig
atrial muscle preparations estimated from ouabain-sensitive Rb* uptake: effects
of electrical stimulation and monensin.

Treatment Ouaa am-sensmve IC50
Rb* uptake for ouabain
(nmol/mg tissue/35 min) (uM)
Control (quiescent) 16.0 + 0.6 1.50 + 0.25
Electrical stimulation (3 Hz) 48.1 + 4.1* 0.23 + 0.03*
Monensin (2.5 uM) 24.7 + 1.0* 0.52 + 0.06*

All experbréxents were performed at 30°C without Na* pre-loading. Ouabain-
sensitive uptake is the difference in values observed in the absence and
presence of 0.3 mM ouabain. Value are mean of five experiments + S.E.
* Significantly different from corresponding control value (P<0.05).

When cells are not Na' loaded and are maintaining ionic equilibrium, activity
of the sodium pump is apparently matched with the rate of Na® influx. An
increase in Na' influx rate, therefore, increases sodium pump activity (Table 1).
This means that the turnover rate of the sodium pump in these preparations is
restricted by the availability of intracellular Na*. When the rate of Na' influx is
increased or the sodium pump is moderately inhibited, intracellular Na' concentra-
tion increases, causing the remaining sodium pump to turn-over more rapidly until
the sodium pump activity again matches the rate of Na' influx. This concept is
consistent with the findings that more than 100 mM Na* must be present for
maximal activation of Na+,K+—ATPase and normal intracellular Na' concentration is
insufficient to cause the maximal activation.

Cardiac muscle of senescent Fischer 344 rats appears to have less Na+,K+-
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ATPase units per milligram tissue compared to that of younger animals (12).
Although there are no differences in sensitivity of the isolated enzyme to ouabain,
ouabain-sensitivity of the specific 86pp* uptake observed with ventricular muscle
slices is substantially higher in senescent heart muscle (1050 value = 9 pM)
compared to that of young adult rats (IC;, = 42 pM). It should be noted that
these experiments were performed in rat hearts which have low sensitivity to the
cardiac glycoside. These results illustrate a modulation of glycoside sensitivity of
the sodium pump which cannot be assessed with isolated enzyme preparations.

It is generally accepted that an excess inhibition of the sodium pump by the
cardiac glycoside results in toxicity, such as ventricular tachyarrhythmias. When
Langendorff preparations of guinea-pig heart were perfused with 3 pM digoxin under
1-Hz stimulation at 32°C, arrhythmias were observed after 19.1 + 2.7 min (13).
Addition of 2.5 or 7.5 uM monensin to the perfusing solution shortened the time to
onset of arrhythmias to 10.6 + 1.4 and 6.7 + 1.5 min, respectively. More rapid
development of the arrhythmias observed in the presence of monensin can be
explained partly from enhanced glycoside binding to the sodium pump resulting from
an increase in Na® influx which is caused by this Na* ionophore. An increase in
Na’ influx causes the Na+,K+—ATPase to exist in the Na'-induced form more
frequently. These results and interpretation are consistent with the finding that an
increase in Na® influx does promote glycoside binding to the sodium pump in
isolated heart muscle preparations obtained from guinea pig heart (20). This,
however, is apparently only a part of the reason for enhanced glycoside sensitivity
of cardiac muscle which is observed in the presence of monensin.

Ventricular muscle of the above Langendorff preparations was rapidly
homogenized at the time of onset of arrhythmias, and then incubated for 90 sec in
the presence of 50 nM [3H]ouabain, 100 mM NaCl, 5 mM MgCl, and 5 mM Tris-
ATP. From the reduction in initial velocity of the [3Hlouabain binding reaction, it
is possible to estimate the fractional occupancy of the glycoside receptors by
digoxin which occurred during perfusion of Langendorff preparations. This is
because [SHlouabain binds only to free receptors and hence the initial velocity of
binding is proportional to the concentration of free receptors. Thus, fractional
occupancy can be calculated as the fractional decrease in the initial velocity of the
[3H]ouabain binding reaction. In preparations perfused with digoxin alone, the
fractional occupancy of the glycoside receptor by digoxin was 38.3 + 3.7 % at the
onset of arrhythmias. Corresponding values observed in the presence of digoxin and
2.5 or 7.5 uM monensin were signific;mtly lower; 28.6 + 3.6 and 24.5 + 3.5 %,
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respectively. Assay of Na*,K*-ATPase activity in these homogenates also
confirmed the finding that a smaller inhibition of the sodium pump precipitated
arrhythmias when the rate of Na® influx is elevated.

These results support the following concepts. Sensitivity of the sodium pump
to the cardiac glycoside is determined by the fraction of Na+,K+—ATPase in a Na*-
induced form and also by the degree of reserve capacity of the pump. Both are
affected by changes in the rate of Na® influx, or more specifically the amounts of
Nat to be pumped out per unit of the sodium pump. This results in several-fold

differences in apparent sensitivity of the sodium pump to inhibitory action of the
cardiac glycoside.

Decreased Na' influx

If an increase in Na' influx elevates glycoside sensitivity of the cardiac
sodium pump, then a decrease in Na' influx is anticipated to lower glycoside
sensitivity. Results obtained with a reduction in extracellular Na*, which would
decrease the rate of Na' influx, appear to support this hypothesis (21). In that
study, lowering of extracellular Na' concentration from 145.2 mM to 27.2 mM
reduced fractional occupancy of the glycoside binding sites on Na+,K+-ATPase by
ouabain in left atrial muscle preparations obtained from guinea pig heart (Fig. 2).

Fig. 2. Fractional occupancy of glycoside
binding sites on the sodium pump by ouabain:
effects of extracellular Na® concentration.
Left atrial muscle preparations obtained from
guinea-pig heart were exposed to 0.5 puM
ouabain for 35 min at 30°C under 0.5-Hz
stimulation in Krebs-Henseleit bicarbonate
buffer solution. Na' concentration of the
medium was adjusted as indicated using
choline chloride as an osmotic substitute.
Atropine (2 uM) was added to eliminate
cholinergic effects.  After incubation, the
muscle was homogenized and incubated with
20 nM [“H]ouabain in the presence of 100
mM NaCl, 5 mM MgCl,, 5 mM Tris-ATP and
50 mM Tris-HCl buf?er (pH 7.5). Non-
specific [*Hlouabain binding observed in the
presence of 0.1 mM unlabeled ouabain was
subtracted. Percentage decreases from 100%
in values for [°Hlouabain binding correspond
to fractional occupancy in percent. Mean of
six or eight experiments. Vertical lines
indicate S.E.

Specific 3H-ouaba1’n binding (% of control)

145.2 73 27.2



278

Several reports on the interaction between quinidine and digoxin, however, do
not support the above concept (3, 14, 27). Pharmacokinetic interaction between
quinidine and digoxin is well known; co-administration of quinidine increases plasma
digoxin concentrations. This increase is not the result of quinidine displacing
digoxin from its binding sites on Na*,K*-ATPase (15). Because quinidine reduces
the rate of Na' influx in the beating cardiac muscle, it appears reasonable to
anticipate that quinidine lowers glycoside sensitivity of the cardiac sodium pump
and hence reduces the positive inotropic and toxic effects of the glycoside. If this
occurs, higher glycoside concentrations observed in the presence of quinidine may
be adequate for the treatment of patients, i.e., the dose of digoxin needs not to be
lowered in patients receiving quinidine. This, however, is not the case. In isolated
atrial muscle or Langendorff preparations in which digoxin concentration is
maintained at a fixed value without influence of pharmacokinetic interactions
between quinidine and digoxin, the rate of development and also the degree of the
positive inotropic effect of digoxin at equilibrium were not altered by quinidine
(14).

It may be argued that quinidine, which prolongs action potential duration,
reduces the rate of Na' influx but may not reduce the total amount of Na* which
enters the cell during membrane depolarization. Electrophysiological studies with
the voltage clamp technique and biochemical studies examining ouabain-sensitive
86ppt uptake in myocardial cells which were not Na* pre-loaded, however, indicate
that quinidine does reduce net Na* influx in preparations which are electrically
stimulated at a relatively high frequency, e.g., 3 Hz (4). Moreover, benzocaine
which reduces the rate of Na' influx without prolonging action potential duration
also failed to reduce the rate of development or the degree of the positive
inotropic effect of digoxin.  Failure of quinidine or benzocaine to reduce the
positive inotropic effect of digoxin was associated with the failure of these agents
to alter fractional occupancy of the glycoside binding sites on Nat,K*-ATPase by
digoxin.

The results with quinidine, therefore, are seemingly inconsistent with the
hypothesis that the amount of Na* available to the sodium pump modulates
glycoside-sensitivity of the pump. However, when the Na* activation curve for
Na*,KJ'—ATPase was examined with the enzyme obtained from guinea pig heart,
half-maximal activation required more than 50 mM Na*. This assay was performed
using choline chloride to maintain the sum of Na* and choline ion concentrations at
100 mM (4). The value of 50 mM is higher than that reported earlier by
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Lindenmayer and Schwartz (18). The difference seems to result from the presence
of a high concentration of cation (choline) which may compete for Na‘ in the study
by Berlin et al. (4). It is desirable to use K* as a competing cation because
activation of the sodium pump by intracellular Nat occurs in the presence of Kt
Studies of [3Hlouabain binding to the isolated Na+,K+—ATPase in the presence of
high concentrations of K+, however, are meaningless because K* also acts at the
binding sites on the external surface (K+—loading sites on the sodium pump) in
isolated enzyme preparations, reducing the fraction of enzyme taking a Na*-induced
form. This would markedly alter glycoside sensitivity of the sodium pump.
Choline, which has no intrinsic activity for Na+,K+-ATPase stimulation, does not
alter glycoside-sensitivity of the pump in a specific manner. Assuming that the
half-maximal activation of Na+,K+-ATPase by Na* at the Na+—loading site on the
sodium pump occurs at 50 mM, and a Hill coefficient for Na® of 2.2, the
theoretical curve for Na' activation of the sodium pump (Fig. 3) indicates that the
sodium pump activity is markedly affected by concentrations of Na* higher than 10
mM but is relatively insensitive to changes in Na' below 8 mM. Because normal
intracellular Na' concentration in the cardiac muscle is about 8 mM, it follows
then that an increase in Na' influx activates the sodium pump and increases its
glycoside sensitivity whereas a decrease in Na* influx would have relatively little

effect on glycoside sensitivity of the pump.

0.9 v T v T —
Fig. 3. Theoretical curve for Na* activation
I of the sodium pump. The curve represents
the following equation:
ok v [Na+]2.2
' = 2.2 +2.2
vmax 50 + [Na"]
x
> -
d L
>
0.3r 1
0

1 2 4 8 16 32 64 128
Na* (mM)
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How can we then explain a reduction in glycoside binding to the sodium pump
observed when extracellular Na® concentration was lowered (21)? We do not have
sufficient data to choose from several possibilities; however, one plausible
explanation is the effect of extracellular Ne' to stabilize the glycoside—Na+,K+—
ATPase complex. It has been shown previously that high concentrations of Na*
stabilize the glycoside-enzyme complex (2). Thus, the effects of Na* on the
glycoside sensitivity of the sodium pump are apparently more complex than what is
predicted simply from stimulation of the glycoside binding by intracellular Na‘.

Effects of Ca’* on ouabain binding to the sodium pump

Intracellular Na* and extracellular K* regulate the glycoside-sodium pump
interaction in intact cells as discussed above. The glycoside binding in intact cells,
however, also appears to be regulated by additional factors. For example,
enhancement of glycoside binding caused by catecholamine or insulin (6) does not
appear to depend entirely on changes in Na* or K* concentrations. Whether the
turnover of the enzyme and therefore glycoside binding is under the control of
ca?t is an important question.

CaZ* has substantial effects on the reaction sequence of isolated Na+,K+-
ATPase and also affects [3H]ouabain binding to the enzyme (22). For example,
ca?* in relatively low concentrations (about 0.01 mM) supports the first step of
phosphoenzyme formation in the absence of Mg2+. CaZ+, however, competes with
Mg2+ for a subsequent step in which the ADP-sensitive phosphoenzyme (relatively
low affinity for the glycoside) is converted to the K'-sensitive phosphoenzyme (high
affinity for the glycoside), thereby inhibiting [3Hlouabain binding and blocking
enzyme turnover. This effect of caZt requires higher concentrations (approximately
0.5 mM). Therefore, Na+,K+—ATPase can be inhibited by millimolar concentrations

2+ concentration

of ca?*. m functioning cardiac cells, however, intracellular Ca
does not reach millimolar concentrations. Because effects of CaZ* on the Nat,K*-
ATPase are either to substitute for or to compete with Mg2+, and because it is
intracellular Mgz+ which affects the sodium pump, it has been generally believed
that CaZ* has little physiological role in modulating sodium pump activity or its
sensitivity to the cardiac glycoside.

In contrast to results obtained with isolated enzyme preparations, Yingst and
his associates (23-26) have shown that the sodium pump is sensitive to physiological
(micromolar) concentrations of intracellular Ca2* in intact erythrocytes.  This

inhibition appears to require the presence of a calmodulin-like protein (not
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calmodulin) which increases sensitivity of the sodium pump to cal*. It has not
been shown if a similar mechanism exists in the cardiac muscle; however, Lelievre
and his associates reported that CaZ*-free perfusion of Langendorff preparations
obtained from rat heart using a solution containing EDTA markedly increases
ouabain-sensitivity of subsequently isolated Na',K*-ATPase (19). These investigators
also reported that Ca®* has a marked effect on the affinity of Na*,K*-ATPase for
the glycoside under certain conditions (5, 17). Moreover, Huang and Askari (10,
11), demonstrated the presence of high affinity caZt binding sites on the purified
enzyme, in addition to the low affinity sites which apparently correspond to Mg2+
binding sites. Thus, there is a possibility that Na+,K+-ATPase in intact cells is
modulated by CaZ*.

In studies to determine glycoside binding to the sodium pump or ouabain
sensitive 86Rb* uptake, isolated myocytes preparations have many advantages over
intact muscles. Studies described here were performed using rod-shaped, viable
cardiac muscle cells which have clear striation patterns. These cells exclude dyes
having high molecular weight, are quiescent in a medium containing physiological

2+, maintain transmembrane potentials and respond to electrical

concentrations of Ca
stimulation by contraction. Advantages of these preparations over intact tissues
include the lack of diffusion barriers outside the cells and the possibility for
investigators to rapidly exchange the extracellular medium. When [®Hlouabain
binding was examined in myocyte preparations obtained from guinea-pig heart,
however, the addition of high concentrations (0.3 to 1 mM) of unlabeled ouabain in
order to estimate nonspecific binding resulted in all cells loosing their rod shape
and striation patterns. These cells became round shaped with many of them
apparently undergoing lysis and thus loosing the ability to exclude high molecular
weight dyes.

2+ overload as the

Based on an assumption that myocytes are dying of Ca
result of a complete sodium pump inhibition, experiments were performed in a
ca2*-free medium containing 0.25 mM EGTA using ventricular myocytes obtained
from guinea pig heart. Removal of Ca’* caused a marked increase in [3H]ouabain
binding when the concentration of [3Hlouabain is relatively low (Table 2). The Ky,
value for [*Hlouabain was not calculated because Scatchard plots of [3Hlouabain

2+ are curved. The curved Scatchard

binding data observed in the presence of Ca
plot is likely to result from the fact that intracellular Na* concentration is low in
the absence or presence of low concentrations of ouabain, but increases as

[3Hlouabain concentration is elevated (9), rather than the possible presence of high
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and low affinity binding sites. This is because the addition of 2.0 uM monensin
increased [3H]ouabain binding when its concentration was not saturating but had
relatively small effects when [3Hlouabain concentration was high (Table 2). The
effect of 2.0 uM monensin, however, was smaller than that observed with ca’*-free
incubation. In CaZ+—free medium, monensin failed to further increase [3H]ouabain

2+

binding. These results indicate that the presence of Ca“’ in the incubation medium

inhibits glycoside binding to Na+,K+—ATPase in isolated myocytes.

Table 2. Effects of Ca?' and monensin on [$Hlouabain binding and ouabain-
sensitive “"Rb’ uptake in myocytes isolated from guinea-pig heart.

Treatment Specific 86Rb+uptake
N [3Hlouabain binding Specific IC;, for
Ca2 Monensin 0.5 uM 3.0 uM uptake ouabain
(mM) (uM) (pmol/mg protein) (nmol/mg protein/6 min) (uM)
1.8 0 3.4 0.2 7.8 £ 0.1 56.8 + 2.3 1.5
0 0 5.7 + 0.2% 11.4 + 0.4% 76.8 + 2.8* 2.5
1.8 2 4.2 + 0.1* 9.2 + 0.2* 90.3 + 3.8%
0 2 5.7 £ 0.5 11.7 + 0.6 111.8 + 6.7*
1.8 50 247.8 + 12.4 0.5
0 50 278.5 + 13.4 0.5
Values are mean + S.E. of 4 experiments. * Significantly different from

corresponding control value obtained in the presence of 1.8 mM CaCl, (P<0.05).

Ouabain-sensitive 36Rb* uptake by myocytes was also enhanced when extra-

2* was removed (Table 2). Again, the study was performed using

cellular Ca
myocytes which were not Na* pre-loaded. The effect of caZ*-free incubation to
increase sodium pump activity, however, was smaller than that caused by 2.0 uM
monensin. Moreover, the concentration of ouabain required to cause a 50%
inhibition of ouabain-sensitive 86RbJ'uptake was increased in a CaZl’-free medium,
despite the fact that glycoside binding was enhanced. Monensin (50 uM) decreased
the concentration of ouabain to cause a 50% inhibition of sodium pump activity as
can be expected from the results with [3Hlouabain binding studies. These results
are indicative of the complexities of the effect of ca®* on glycoside sensitivity of
the sodium pump. A simple explanation such as that an elevation of intracellular

+ . . + . . +
Na' concentration in a Ca2 -free medium may occur via enhancement of Ca?
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efflux, Na® influx exchange is not tenable. This is because caZ*-free incubation,
which caused only a modest increase in ouabain-sensitive 86Rp* uptake, caused a
greater increase in [3H]ouabain binding compared to relative effects of monensin,
yet sensitivity of ouabain sensitive 86gp* uptake was decreased by Ca’*-free
incubation in contrast to the effect of monensin which increased ouabain sensitivity
of the sodium pump. One possible explanation for the observed effects of caZ*-
free incubation on [3H]ouabain binding and ouabain-sensitive 86ppt uptake is an
increase in reserve capacity of the sodium pump. If this occurs without changes in
the rate of Na' influx, an increase in 86pp* uptake with a concomitant decrease in
ouabain-sensitivity of the sodium pump may occur. This is consistent with the
results of experiments reported here; however, more work is required to substanti-

ate this hypothesis.

SUMMARY

Changes in the rate of Na' influx may alter glycoside sensitivity of the
sodium pump by two mechanisms; an increase in glycoside binding caused by an
increase in the fraction of sodium pump molecules in the Na*-induced form which
preferentially binds the glycoside, and a decrease in reserve capacity of the sodium
pump. The combination of these two factors may cause a several-fold difference
in glycoside sensitivity of the sodium pump in intact cells which may have identical
intrinsic sensitivity to the glycoside when this parameter is estimated using isolated
enzyme preparations. Glycoside sensitivity of the sodium pump in intact cells is
further modified by K* and Ca’* concentrations in the incubation medium. Effects
of K* to reduce glycoside sensitivity of the sodium pump apparently results from a
reduction in the fraction of Na+,K+—ATPase in a binding (Na+-induced) conforma-

2+

tion, whereas effects of Ca“" are more complex and not well understood.
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UP AND DOWN REGULATION OF THE SODIUM PUMPING SITES IN MYOCARDIUM
DAVID D. KU

Department of Pharmacology, University of Alabama at Birmingham, Birmingham, AL
35294 USA

INTRODUCTION

It is well known that myocardial sodium pump plays an important role in
the maintenance of the electrochemical activities of the heart, and it is now
becoming apparent that an inhibition of its activity by cardiac glycosides is
associated with both positive inotropic and arrhythmogenic effects (see 1 and
2). Many types of effector cells are known to undergo compensatory changes in
sensitivity to stimuli and in receptor numbers, particularly the beta-
adrenergic receptors, when there is a chronic increase or decrease in the
contact between an agonist and the cells. The phenomenon of up and down
regulation of sodium pumping sites in myocardium with chronic exposure to
cardiac glycosides, as well as the subsequent myocardial sensitivity changes,
however, are not well understood. Recently, we and a number of other
investigators have also reported significant alterations in the steady-state
activity of myocardial sodium pump in various pathological states, such as
diabetic, hypertensive, hypothyroid and ischemic (3-7), as well as following
various hormonal (insulin and thyroid) and chemical (reserpine) treatments (3,
7-8). The pathophysiological significance of these sodium pump activity
alterations in relation to myocardial function and their responsiveness to
cardiac glycosides, however, are not clear. Since it is becoming apparent that
the remaining uninhibited sodium pump activity in the presence of cardiac
glycosides ultimately determines the magnitude of increases in intracellular
sodium concentration and the positive inotropic effect of cardiac glycosides,
changes in the steady-state sodium pumping sites could thus modulate the
sensitivity of cardiac glycosides. In this article we will briefly review the
results of our studies on 1) the effects of chronic cardiac glycosides
treatment as well as various pathological states, such as diabetes mellitus and
acute myocardial ischemia, on myocardial sodium pumping sites, and 2) the
sensitivity of these pathological hearts to the inotropic actions of cardiac

glycosides.
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RESULTS AND DISCUSSION

Sodium Pump in Chronic Digoxin Treatment

Although cardiac glycosides are commonly indicated as the drug of choice for
improving mechanical failure of the heart muscle, the use of cardiac glycosides
during long-term treatment of heart failure and in acute myocardial ischemia
has recently been challenged. This uncertainty, in part, stems from published
results of several clinical reports as well as experimental studies suggesting
that long term treatment with cardiac glycosides results in an attenuation or
even loss of the positive inotropic effect (9-11), and, in part, results from
the apparent increased incidences of cardiac glycosides toxicity in patients
and experimental animals with acute myocardial infarction (5, 12-13).

To investigate whether chronic treatment with non-toxic doses of cardiac
glycosides, which cause a moderate inhibition of myocardial Na,K-ATPase and
sodium pump, would result in a compensatory increase in the activity of that
enzyme, we studied the relationship among serum digoxin concentration, binding
of digoxin to the enzyme and cardiac Na,K-ATPase and sodium pump activities in
dogs chronically treated (up to 4 weeks) with digoxin (14). As shown in Fig.
1, two hours after the intravenous injection of a single non-toxic dose (60
ug/kg) of digoxin, sodium pump activity, as estimated from the ouabain-
sensitive 86Rp uptake, as well as Na,K-ATPase (data not shown), were inhibited
quantitatively in a manner corresponding to the binding of digoxin to the
enzyme (Fig. 2). The magnitude of sodium pump inhibition was reduced 12 hr
after the digoxin injection, with simultaneous decreases in serum digoxin
concentration and the binding of digoxin to the enzyme. After 1 or 4 weeks of
daily intravenous digoxin treatment with non-toxic doses (8-12 ug/kg/12 hr),
the relationships among serum digoxin concentration, binding of digoxin to
cardiac Na,K-ATPase and the degree of cardiac Na,K-ATPase or sodium pump
inhibition remained unchanged (Figs. 1 & 2). The magnitude of the inhibition
was closely related to serum digoxin concentrations and digoxin binding to
Na,K-ATPase, and in a manner similar to that observed after a single digoxin
injection. After 4 weeks of digoxin treatment with toxic doses (14-16 ug/kg/12
hr), these relationships were also unaffected. These results suggest that
chronic digoxin treatment of dogs did not alter the total myocardial (inhibited
plus uninhibited) Na,K-ATPase concentration and the number of sodium pumping
sites. Furthermore, these results are consistent with the majority of clinical
experience that neither tolerance nor "reverse tolerance" to cardiac glycosides

develops during chronic cardiac glycosides treatment.
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Fig. 1 Relationship between serum digoxin concentration and ouabain-sensitive
86Rb uptake by ventricular slices obtained from control and digoxin-treated
dogs. After various periods of saline (control) or digoxin treatments, animals
were sacrificed and ventricular slices (0.5 mm thick) were prepared. Slices
were incubated at 0-2°C in a K-free Krebs-Henseleit solution for sodium
loading, transferred to a K-free solution containing 2 mM RbCl and tracer
amount of 80Rb and incubated at 379C for 10 min. The amount of 86Rb
accumulated in the slices in the presence of 0.2 mM ouabain (non-specific
uptake) was subtracted from that in the absence of ouabain to calculate the
specific 86Rb uptake due to sodium pump. Vertical lines indicate standard
error. Serum digoxin levels were estimated with a radioimmunoassay method.
Numbers in parentheses indicate the number of experiments. a=Time after
digoxin (60 ug/kg) injection. *Significantly different from control; P<0.05
(Reprinted with permission from ref. 14).

Although a similar lack of adaptive changes in myocardial Na,K-ATPase was
also reported in dogs following up to 4 months of digoxin treatment (15), other
investigators, however, have reported a significant elevation of myocardial
Na,K-ATPase occurring in guinea pigs and pigs as well as in cultured HelLa cells

and chick heart cells (16-20). The cause of these contrasting results
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Fig. 2 Relationship between serum digoxin concentration and ATP-dependent 3H-
ouabain binding during digoxin treatment. Dogs were sacrificed 2 or 12 hr
after receiving the single injection of digoxin (60 ug/kg) or 2 hr after
challenge dose (60 ug/kg) in chronically digoxin-treated animals. Ventricular
homogenates were prepared, and the binding of 3i-ouabain to Na,K-ATPase was
determined. Values obtained in the absence of ATP (non-specific binding) were
subtracted from those obtained in the gresence of ATP (total binding) to
calculate the specific, ATP-dependent “H-ouabain binding. Numbers in
parentheses indicate the number of experiments. The control values of 12 dogs
were not significantly different in each group and were thus pooled. Vertical
lines indicate standard error. * Significantly different from control; P<0.05.
Serum digoxin levels at the time of sacrifice were estimated with a radio-
immunoassay method. a=Time after digoxin (60 ug/kg) injection. (Reprinted
with permission from ref. 14).

is not clear, but it may, in part, be related to differences in the
experimental conditions and the animal models studied. More recently, Werdan
et al (20) presented experimental evidence to suggest that this apparent
controversy may also, in part, be related to the differences in the doses of

cardiac glycosides used in the chronic treatments. These investigators
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demonstrated that, in cultured chick heart cells, chronic treatment with low,
therapeutic doses of cardiac glycosides did not induce any significant changes
in sodium pump activity, binding characteristic of cardiac glycosides and the
positive inotropic and toxic effects of cardiac glycosides. Whereas chronic
treatment with higher, toxic doses of cardiac glycosides with apparent
intracellular sodium accumulation did result in an increase in sodium pump
activity and development of tolerance to cardiac glycosides. Results of these
studies suggest that development of cardiac glycosides tolerance is not due to
a simple up and down regulation of the cardiac glycoside receptor, as is more
commonly seen with beta-adrenergic receptors, but rather it is coupled to the
changes in the number of sodium pumping sites. The driving force for such
changes is apparently related to the rise in intracellular Na ion. Increases
in cellular sodium load have been shown to cause an induction of Na,K-ATPase in
a variety of cells and experimental conditions. Results of these alteration in
sodium pumping sites and the subsequent changes in sensitivity to cardiac

glycosides, however, are not clear.

Sodium Pump in Experimental Diabetes

Insulin has been known for more than 50 years to alter the distribution of
sodium and potassium ions across the cell membrane. The mechanism of the
increase in intracellular potassium and decrease in intracellular sodium has
been associated with the insulin-induced increases in membrane Na,K-ATPase and
sodium pump activities. Such an enhancement has been reported to occur in a
number of noncardiac tissues (21-23). The effects of insulin on cardiovascular
sodium pump activities, as well as the effects of chronic diabetes mellitus on
these hormone-mediated modulations of cardiovascular activities, however, have
not been well studied. We recently reported that addition of insulin in
incubation medium or subcutaneous injection of insulin for 1 week in normal
rats did not induce any significant changes in the myocardial sodium pumping
activity, as estimated from the specific 86Rp uptake (3). Chronic depletion
or reduction of circulating insulin by streptozotocin (STZ) treatment in rats,
however, showed a significant reduction of myocardial as well as vascular
sodium pumping activities as compared to the saline-citrate-treated controls
(Fig. 3).

The decreases in cardiovascular sodium pump activities were apparently
related to the reduction in circulating insulin in these experimental diabetic

animals, such that addition of insulin, either in vitro (200 mU/ml in the
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incubation medium) or in vivo (s.c. injection of insulin for 1 week),
completely reversed the pump depression (Fig. 4). It should be noted that

insulin re-administration resulted only in a reversal of myocardial sodium pump
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Fig. 3 Chronic effects of streptozotocin-induced diabetes on ouabain-
sensitive ©®ORb uptake by myocardium, thoracic aorta and renal tubules of rats.
Four to seven week after STZ (60 mg/kg) injection, ventricular slices and
thoracic aorta were prepared and renal tubules were isolated nonenzymatically
using a magnetic iron oxide method (26). The amount of 86Rb accumulated by the
tissues in the presence of 1.0 mM ouabain (non-specific uptake) was subtracted
from that in the absence of ouabain (total uptake) to calculate the ouabain-
sensitive ®°Rb uptake. The values shown are means + SEM from the number of
preparations indicated by the numbers at the base of each bar. *P<0.05

depression and that the pump activity did not increase higher than that of the
controls. These results are consistent with our contention that in the control
rats with normal circulating insulin, the hormone may have already exerted its
optimal effect and that further addition of insulin did not produce an
additional effect, as we have reported earlier.

The effect of chronic depression of myocardial and vascular sodium pump on
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myocardial function of the STZ-diabetic rats has not been extensively studied.
An inhibition or reduction of myocardial sodium pump by cardiac glycosides or
other inhibitors has been shown to result in an increase in myocardial
contractile force (see ref. 1-2). However, in contrast to an enhancement of

myocardial contractile activity, the basal force of contraction
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Fig. 4 Effects of insulin on ouabain-sensitive 86Rp uptake by STZ-diabetic rat
heart slices. Insulin administration either directly into the incubation
medium (200 mU/ml) during the 10 min 86Rp uptake studies or injected s.c. with
a loading dose of 10 units following by two divided doses of 5 units each per
day for 1 week. Exgerimental protocol for the determination of specific,
ouabain-sensitive 80Rb uptake was same as that described in legend to Fig.3.
A1l values shown are mean + SEM from the number of animals indicated at the
base of each bar. * P<0.05

of the isolated, electrically-driven left atrial preparations of the STZ-
diabetic rats was actually less than that of the controls (3). Similar
decreases in myocardial contractile performance have also been reported in

experimental diabetic animals (24-25). Subcutaneous injection of insulin in
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these STZ-diabetic rats for 1 week was capable of partially reversing the
myocardial contractile dysfunction. These results suggest that other factors,
such as an altered myocardial energy production and utilization, calcium
metabolism and/or cardiac contractile proteins, may contribute to the observed
myocardial depression in STZ-diabetic rats. More importantly, however, the
sensitivity of the STZ-diabetic heart to the positive inotropic effects of
ouabain was not significantly altered from that of the controls. Similarly,
the sensitivity of the myocardial sodium pump to the inhibitory effect of
ouabain in vitro was not different between the two groups. Thus, these results
clearly demonstrate that chronic depletion of circulating insulin by
streptozotocin treatment in rats is accompanied by a reversible depression of
cardiovascular sodium pump activity and myocardial contractile force. The
sensitivity of these diabetic hearts to the inotropic effects of ouabain and

its inhibitory effect on myocardial sodium pump, however, was not altered.
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Fig. 5. Effects of s.c. insulin injection on renal Na,K-ATPase activities of
control and STZ-diabetic rats. Experimental protocol for the s.c. injection of
insulin was similar to that described in legend to Fig. 4. The specific Na,K-
ATPase activities were measured in freshly prepared whole kidney homogenates in
the presence of 0.1% sodium deoxycholate as previously described (26). The
values shown are means + SEM from the number of animals indicated at the base
of each bar. * P<0.05
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One of the interesting observations made during the course of our studies on
the sodium pump activities in experimental diabetes was the finding of a
significant increase in the renal tubular sodium pump activity (Fig. 3) and the
renal cortical and outer medullary Na,K-ATPase activities of the STZ-diabetic
rats (26-27). The cause of these paradoxical changes in sodium pump activities
of the renal and cardiovascular tissues, as mentioned above, is not clear. If
insulin exerts a similar direct stimulatory effect on the renal Na,K-ATPase,
one would expect that chronic depletion of this hormone in STZ-diabetes should
result in a generalized reduction of the enzyme activity as was the case with
the cardiovascular sodium pump activity. Our findings of a gradual development
of increased renal Na,K-ATPase activity following induction of STZ-diabetes,
the gradual regression of this activity upon insulin treatment (Fig. 5) and
their parallelism with the development and regression of renal hypertrophy and
osmotic diuresis in these animals suggest that renal growth rather than a
direct effect of insulin is the primary factor controlling the Na,K-ATPase
activity in the diabetic kidneys. This conclusion is further supported by the
analogous increase in Na,K-ATPase activity in the remnant kidney of
uninephrectomized animals, a condition in which renal hypertrophy occurs
without alterations in insulin levels. Thus, results of these studies of
experimental diabetes on sodium pump activity clearly demonstrate that this
monovalent cation transport system is highly flexible and capable of adjusting
its activity with changes in either hormonal (insulin) levels or

hyperfunctioning of the cells.

Sodium Pump in Myocardial Ischemia

The effects of acute myocardial ischemia on myocardial sodium pump or Na,K-
ATPase activity and its interaction with cardiac glycosides have not been well
studied. We and a number of other investigators have previously reported that
myocardial sensitivity to cardiac glycosides-induced ventricular arrhythmias
was significantly increased following an acute myocardial ischemia in dogs (5,
12) as well as in man (13). The mechanism of this increase in cardiac
sensitivity to cardiac glycosides, however, remains controversial. Many recent
studies have attempted to relate cardiac glycosides distribution and uptake in
the ischemic myocardium to these increased cardiac glycosides toxicities. It
has been demonstrated that ischemic myocardial tissue accumulated significantly
less radio-labeled cardiac glycosides than normal, non-ischemic tissues.

Beller et al (28) has previously suggested that the decreased glycosides uptake
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by the ischemic tissue may be related to a defect or reduction in cardiac Na,K-
ATPase. Although significant reduction in myocardial Na,K-ATPase activity had
been reported after an acute myocardial ischemia (29), other investigators have
reported that prolonged ischemia in skeletal muscle has actually resulted in an
increase in Na,K-ATPase activity (30). In addition, it is also not clear
whether these alterations in the sodium pump activity in the ischemically
jeopardized, but still reversible, myocardial cell are reversible during
coronary reperfusion.
To further determine the effects of acute myocardial ischemia on sodium

pump activity, ouabain-sensitive 86Rp uptake in ventricular slices obtained
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Fig. 6 Effects of temporary myocardial ischemia on 86Rb uptake by canine
ventricular slices. After a 90-min left anterior descending coronary occlusion
and 2 hr of reperfusion in open-chested anesthetized dogs, ventricular slices
obtained from the non-ischemic (NI), peri-ischemic (PI), moderately ischemic
(MI) and severely ischemic (SI) regions were pre-incubated for 5 min at 0-2°C
in a K-free and Ca-free Krebs-Henseleit solution for sodium loading. Various
regions of ischemic injury were identified from the epicardial electrocardio-
graphic techniques (ST-segment elevation and Q-waves development during
coronary occlusion and reperfusion, resgectively). Left panel depicts the
changes in specific, ouabain-sensitive 6Rrb uptake, while the right panel
indicates the changes in non-specific uptake observed in the presence of 0.1 mM
ouabain. The values shown are means + SEM from 5 different dogs. * P<0.05
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from normal and various ischemic regions were studied after a 90-min coronary
occlusion and 2 hr of reperfusion in dogs. The severity of myocardial ischemic
injury was estimated from the development of epicardial ST-segment elevation 15
min after occlusion and the subsequent development of Q-waves after 2 hrs of
reperfusion. As shown in Fig. 6, the ouabain-sensitive 86Rp uptake by the
severely ischemic or infarcted myocardial slices was significantly decreased
(65%), as expected, from that of the non-ischemic control. In contrast, the
ouabain-sensitive 86Rb uptake by the peri-ischemic and moderately ischemic
ventricular slices showed a significant increase, +43.4 and +99.4%,
respectively, as compared to the non-ischemic controls. The ouabain-
insensitive 86Rb uptake, which generally represents the non-specific or passive
uptake, was not altered in the peri- and moderately ischemic tissues, but was
significantly increased (18.5%) in the severely ischemic tissue. This latter
finding suggests that an alteration in the passive membrane permeability must
have occurred in these severely ischemic or infarcted tissues.

The mechanism of these increases in myocardial sodium pump activity in the
peri~ and moderately ischemic tissues is not clear. Since these increases were
observed in myocardial slices with sodium loading in vitro prior to 86Rb
uptake, these results suggest that the myocardial ischemic process might have a
direct stimulatory effect on sodium pump activity. It is well known that
myocardial ischemia is generally accompanied by an increase in membrane
permeability and in intracellular sodium accumulation, thus, it is conceivable
that this ischemia-induced alteration of Na/K homeostasis might lead to a
compensatory change in myocardial sodium pump activity during coronary
reperfusion of the reversibly injured myocardium. These results are consistent
with previously reports of an induction of Na,K-ATPase during increased
cellular sodium load.

Since the extent of cardiac glycoside binding is closely related to the
activity of sodium pump or Na,K-ATPase, it would not be unreasonable to
postulate that an increased sodium pump in this border of moderately ischemic
myocardial tissues would result in an increase in cardiac glycoside binding.
Determination of total tissue uptake of 3H—digoxin after temporary myocardial
ischemia, however, consistently demonstrated a marked reduction in cardiac
glycoside uptake in these ischemic or infarcted myocardium. As shown in Fig.7,
a reciprocal correlation was observed in 3H—digoxin uptake in the crude
homogenate with increasing severity of ischemic injury, as estimated from the

loss of nitro-blue-tetrazolium (NBT) staining of the myocardium. A 20% and 80%
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loss of NBT stain was associated with a 13.3% and 63.5% reduction in 3H-digoxin
uptake, respectively. 3H—digoxin uptake in the particulate fraction (100,000xg
pellet), which generally represents specific binding and which is associated
with the pharmacologic effects of cardiac glycoside, however, was not altered
in tissues with a loss of up to 50% of NBT stain. In fact, an 80% loss of NBT

stain was associated with only a 33.9% decrease in digoxin uptake. Our results
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Fig. 7 Effects of temporary myocardial ischemia on regional subcellular
distribution of 3H—-digoxin. Radiolabeled digoxin (0.03 mg/kg) was administered
15 minutes after complete release of the occluded coronary artery and was
allowed to equilibrate for an additional 2 hr prior to the determinations of
subcellular distribution of 3H-digoxin. Ventricular tissues (approx. 1-2 gm)
from both non-ischemic and various ischemic regions were minced, homogenized
and subjected to differential centrifu§ation as we have previously described
(4). The results are expressed as ng “H-digoxin bound per mg protein.

Vertical lines represent the SEM of 12 dogs. * P<0.05

clearly demonstrate that measurement of total tissue digoxin uptake does not
provide an accurate measure of the effects of acute ischemia on specific
digoxin binding. More importantly, the ability of the peri- and moderately

ischemic tissues to specifically bind digitalis was not decreased and was in
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fact slightly increased after temporary myocardial ischemia. Thus, our results
provide a means to explain the enhanced sensitivity of ischemic myocardium to
cardiac glycosides. It will be interesting to explore exact mechanisms that
regulate, and therapeutic interventions that may prevent, enhanced cardiac

glycosides toxicity in ischemia.

SUMMARY

Chronic administration of non-toxic doses of digoxin in dogs did not alter
the total myocardial (inhibited plus uninhibited) Na,K-ATPase content or sodium
pump activity. These findings are consistent with clinical experience that
neither tolerance nor "reverse tolerance” to cardiac glycosides develops during
chronic cardiac glycosides treatment. Significant down regulation of
myocardial sodium pumping sites, however, was observed in the streptozotocin-
induced diabetic animals and was accompanied by a decrease in myocardial
contractile function. Sensitivity of these hearts to the positive inotropic
effect of cardiac glycosides and their inhibition of myocardial sodium pump,
however, were not altered. In contrast, an up regulation of myocardial sodium
pump in the ischemically jeopardized tissues, following a temporary coronary
artery occlusion, was accompanied by an increase in the in vivo binding of
cardiac glycosides. This latter finding could be attributed to the observed
increased incidences of cardiac glycosides toxicity in ischemic heart disease.
Thus, it appears that modulation of sodium pumping sites in myocardium could

and would alter the efficacy of cardiac glycosides.
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SENSITIVITY OF THE HYPERTROPHIED HEART TO OUABAIN.
AN in vivo AND in vitro STUDY.

L.G. LELIEVRE, D. CHARLEMAGNE, J.M. MAIXENT, M. PRETESEILLE, Ch. MOUAS
and B. SWYNGHEDAUW.

INSERM Unité 127, CNRS Hopital Lariboisitére, Université Paris 7, 41
Boulevard de la Chapelle, 75010 Paris, France.

INTRODUCTION

Mechanical cardiac overload is associated with the development of
several adaptational factors, both in the myocardium itself and in the
vessels. Two fundamental processes adapt the heart to a chronic
enhancement of work : (a) hypertrophy due to a multiplication of
sarcomeres, and (b) an increased efficiency of contraction of each
sarcomere. Calcium movements and shortening velocity are slower, and
oxygen is more efficiently used. This represents a better adaptation
to an increased pre- or after load.

There is no longer any doubt that chronic overload, at least in
rats, induces a myosin heavy chain isoenzyme redistribution which
favors the low ATPase forms, and can explain the decreased activity
reported by several authors (for a review see ref 1). This mechanical
modification was adaptational, since heat production was depressed and
therefore energy metabolism improved.

The predominance of the isomyosin during overloading in rats
corresponded to the reappearance of the fetal type isoenzyme.

At the sarcolemma level, electrophysiological and pharmacological
alterations have been reported. The action potential is lengthened and
the amplitude of the slow inward current is diminished (for a review,

see 2). Note that the lengthened duration of the action potential was
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also observed in newborn rat hearts. This reveals a remarkable
feature, the resurgence of neonatal properties in hypertrophied rat
hearts.

The concentration of the low-affinity muscarinic receptors (3),
both the affinity and the density of‘3 -adrenoreceptors (4, 5) and the
inotropic effect of catecholamine (6, 7) were depressed in
hypertrophied hearts.

An important enzyme in the sarcolemma is the Na+,

K+-ATPase, generally accepted as the primary target of the cardiac
glycosides. (for review, see ref 8). Although cardiac glycosides are
the oldest drugs used to treat chronic failure, very few papers have
so far dealt with the sensitivity of hypertrophied hearts to these
drugs. Clinical studies (reviewed in 9), have shown that the drug was
inotropic in both normal and failing hearts. Practically all the
informations available on this subject come from Newman and coworkers
(6, 7) who showed a normal inotropic response to ouabain in failing
canine heart, in contrast to the depressed responsiveness to
isoproterenol. Regarding the sensitivities of the cardiac
Na+,K+—ATPase to inhibition by ouabain, they were in the same

range of concentrations than the pharmacologically active doses in
various species (8, 10) including rat (11, 14).

The question arises as to whether modifications of the
responsiveness to ouabain of hypertrophied rat hearts may be related
to alterations of Na+, K*-ATPase properties. From in vitro
studies of the Na+, K*-ATPase activities in hypertrophied
cardiac muscle preparations, highly conflicting results have been
reported. Enzymic activity was found to be either increased, normal,

or decreased. This would be due to technical problems, these
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preparations having very low Na+, K*-ATPase activities.
The purpose of the present article is to study both in vivo the
inotropic effect of ouabain on hypertrophied isolated rat heart and in
vitro its inhibitory effect on a highly active Na+, K*-ATPase

and its specific binding on receptors.

MATERIALS AND METHODS
Aortic stenosis.

Male Wistar rats with body weights ranging between 180 and 220 g
were operated and paired to sham-operated rats of the same weight.
Abdominal aortic stenosis was induced by Weck hemoclips placed above
the renal artery near the diaphragm column using Weck forceps modified
according to Cutilletta (15). The diameter of the clips was calibrated
so as to reproduce cardiac hypertrophy with a reasonnably low
mortality (around 20 %). A moderate hypertrophy (+ 40 to + 60 %) was
obtained after two weeks in most of the animals and much more
pronounced hypertrophy, (around 100 %), in one or two out of every
ten. For experimental purpose, these animals with a rather high degree
of hypertrophy have been selected on the basis of a ventricular
weight/body weight (mg/g) above 3. For the sham-operated animals, the
procedure consisted of dissection around abdominal aorta without
banding.

Physiological study.

An isolated rat heart preparation perfused at a constant coronary
pressure was used. In this preparation, a small cannulated
fluid-filled balloon was placed in the left ventricle of the isolated
heart and attached to a pressure transducer to monitor ventricular

pressure. Since the balloon was non compressible, contraction was
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isovolumic.

Perfusion technigue. Retrograde coronary perfusion at 37°C was

quickly started from a reservoir at a level above the heart equivalent
to a pressure of 90 mm Hg. The perfusate consisted of modified
Krebs-Henseleit buffer containing 118 mM NaCl, 4.69 mM KC1l, 25 mM
CO}H Na, 1.2 mM Mg 504,
and 0.25 mM CaClz. The total K content was 5.86 mM. After

1.17 mM KH2 POa, 11 mM glucose

prolonged oxygenation in 5 % CO,, 95 % 0,, the pH was 7.4 and

2’ 2’

the p0, around 600 mm Hg. Hearts were paced at 360 beats per min

2
(6 Hz) using two atrial electrodes attached to a PHILIPS TP 300
stimulator adjusted to 4 mA. A one-msec rectangular unipolar impulse

was used.

The measurement of mechanical function was performed as

previously described (17). Measurements were made every 5 min. The
collapsed balloon was slowly filled with water in order to obtain a
diastolic pressure of 10 to 15 mm Hg which usually corresponds to 110
to 120 rl of water. In this model, records were made in isovolumetry
with balloon volumes and diastolic pressures similar from heart to
heart. Under these conditions (+dP/dt) max and +dP/dt max/Psys
represent very satisfactory index of contractility.

Inotropic effects. Protocol 1. 9 sham-operated rats and 8 with

aortic stenosis were compared. After 20 minutes of equilibration,

? to 1074

ouabain (from 10~ M) was continuously infused for
sequential 5 min periods. This protocol was chosen to rapidly get a
dose-response curve using a rather rare material. Slight elevation of
the contractile performances was observed, indicating progressive
accumulation of the drug. In sham-operated animals inotropy was

achieved in 5 minutes.
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Protocol 2. 8 sham-operated rats, and 8 rats with aortic stenosis
were compared. After a stabilization period of 20 min, 10-5 M
ouabain was continuously infused for 20 min.
Recovery. The recovery was studied for 30 minutes. It was
expressed in % below the last measurement made in the presence of

4

either 107" M or 10”2 M ouabain.

Biochemical study.

Sarcolemma preparations. In order to isolate the sarcolemma

vesicles from hearts maintained under the experimental conditions used
to measure inotropism (see above), both normal and hypertrophied
hearts were submitted to a coronary perfusion with the Krebs-Henseleit
solution containing 0.25 mM Ca. The left ventricles were used to
prepare microsomes highly enriched in sarcolemma vesicles. The same
isolation procedure was followed for hypertrophied and normal hearts
(14, 16). On newborn (6 hr after birth) rat hearts, this isolation
procedure was used again except that the 18-min hypotonic lysis was
reduced to 2 min in order to maintain enzyme activity. The microsomal
fraction was then subjected to repeated freezings and thawings (16) or
to SDS treatment (0.2 mg/mg of protein, 30 min at 20°C) (16) to make
the vesicles permeable to substrates and ligands before

(}H)ouabain binding studies and Na+, K*-ATPase assays.

Na+, K*-ATPase inhibition. The enzymatic activity in the

absence or presence of various concentrations of ouabain was
determined using the coupled assay method previously described (17).
The final concentrations of ouabain in the assay medium variated from

10 M to 10-4 M. Inhibition percentage was calculated by

107
comparing the activity in the presence of ouabain with that in the

control after correcting for the ouabain-insensitive ATPase activity
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measured in the presence of 2 x l[J—3 M ouabain.

The Na+, K*-ATPase activities accounted for about 70 % of
the total ATPase activities of the preparations from either normal or
hypertrophied hearts. There was no significant difference in either
the yield of sarcolemmal proteins (0.3 mg/g of heart) or in the
average specific activity of Na*, K*-ATPase (105 + 16 Fmol.
of phosphate liberated per mg of protein per hour) for sarcolemma
preparations from normal and hypertrophied hearts. The activities is
lower in neonatal cardiac preparations (48 + 7 ymol.Pi hr—1 X

_l)

mg

(BH) ouabain binding assays (18). Equilibrium binding of

(BH) ouabain was measured after 60 min at 37°C in 1 ml of
incubation medium containing 0.04 mg of protein, 4 mM MgClZ, 4 mM
ATP, 100 mM NaCl, and 40 mM imidazol-HCL, pH 7.4 (buffer I), with
increasing concentrations of ouabain (6 x 1[)_9 Mup to 3 x
10—6 M and specific radioactivity varying from 19 to 0.6 Ci/mmol).

(For details, see ref 18).

Kinetics of (3H) ouabain dissociation. Cardiac cell membrane

preparations (0.04 mg of protein/ml) were incubated in the presence of
1078 M (H) ouabain for 60 min at 37°C as for (°H) ouabain

binding assays. Dissociation of (BH) ouabain was started by a

10-fold dilution of the incubation medium with buffer I containing
unlabeled ouabain (lU-3 M final). At the appropriate points of

time, aliquots of 4.5 ml were filtered and the radioactivity that
remained bound to the filters after washes was measured under the same
conditions as above (18). Unspecific binding amounted to less than 10

% of total radioactivity bound to the membranes.
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RESULTS
Animals have been selected on the basis of a ventricular/body
weight (mg/g) ratio above 3, as a criterion of an indisputable chronic
overload.

Physiological study

At 0.25 mM external Ca, ouabain concentrations as low as 10_6
M exerted significant inotropic effects.

In both hypertrophied and normal hearts, the responses to ouabain
(in % above control values) did not significantly differ whatever the
criteria, developed pressure, (+dP/dt max) or (+dP/dt max)/Psys used
to evaluate inotropy.

At the end of the last sequential drug infusion, i.e. after 5 min
perfusion with 10-4 M ouabain, hearts were washed with the
Krebs-Henseleit buffer. The recovery of a normal developed pressure
was significantly slower in hypertrophied than in normal hearts
(Fig.1). This observation is also valid according to the (+dP/dt
max)/Psys index expressed in % below either the control or the last

measurement made in the presence of ouabain.
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Fig. 1. Recovery periods studies according to protocol 1 (10_4 M)
or 2 (10°° M ouabain). (Reproduced from Am. J. Physiol. (17) with
the permission of the Publishers).

Like the protocol 1, protocol 2 evidenced the inotropic effect of
10-5 M ouabain in low (Ca)o. After the single 30 minute
perfusion with 10_5 M ouabain, the return to the original values
of the systolic, diastolic and developed pressures was slowered in the
hypertrophied heart group when the recoveries were expressed as %
below the last values measured with ouabain, the slowing down became
statistically significant for the group with hypertrophy according to
the (+dP/dt max/Psys index (Fig 1).

Biochemical study.

Inhibition of Na', K'-ATPase by ouabain. The steady state

levels of enzyme inhibition were achieved in 3-5 min and 5-15 min in
normal or hypertrophied cardiac preparations, respectively. In both
preparations, this inhibition remained stable over a 60 min incubation
period. As depicted in Fig. 2, the dose-response curves were similar
for both types of rat cardiac sarcolemma vesicles. These curves
exhibited a complex pattern. This pattern has been analyzed assuming

the existence of i) high-sensitivity enzyme forms associated with a 66
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+ 9 % inhibition of activity and ii) low-sensitivity forms with an
ICs, value equal to 1 x 107® M and sssociated with a 33 + 9
inhibition. The dissociation processes could be accurately determined
for both types of sites in each type of cardiac preparations. Indeed,
the time course of relief from inhibition parallels the release of
ouabain from the enzyme. As the dissociation is a first-order
reaction, the relief from inhibition may be evaluated by the t 1/2

value which represents the time required to recover 50 % of the

Na*, K*-ATPase activity (Table 1).

0,0 : Hypertrophied
100 4—7 A,»: Neonatal

L8O
0 Y /f— T T =T T T T

10-° 10-8 107 10°¢ 10°° 1074 103

RESIDUAL Na, K- ATPase ACTIVITY (PER CENT)
g

OUABAIN CONCENTRATIONS (M)

Fig. 2. Dose response curve of Na+, K*-ATPase activity versus
ouabain concentrations in sarcolemmal vesicles isolated from
hypertrophied and neonatal rat hearts. (Reproduced from J. Biol. Chem.
(18) with the permission of the Publishers).

Rat Hearts
Receptor type Normal Hypertrophied Neonatal
High-affinity 12.8%/11.66° 96.2%/41.2° NT/52.5°
Low-affinity 1.05*/0.36° 3.2%/3.2° NT/2.96°

Table 1. Half-times (in minutesg for ouabain-dissociation according
to Na ,K -ATPase assays (*) and “H-ouabain binding

measurements (°).

NT : not tested.



308

The Na+, K*-ATPase forms present in hypertrophied cardiac
preparation differ from those in normal heart by slower rates of
ouabain release from their respective high- (7 fold) and
low-sensitivity forms (3-fold). In spite of these different
dissociation rate constants, the apparent affinities (l[l'8 and
l[]-6 M) were similar in both preparations. This would suppose the
rates of ouabain binding to be slowered by similar factors in
hypertrophied hearts. This assumption is confirmed by the longer
period of time required to reach equilibrium in hypertrophied than in
normal cardiac preparations (5-15 min instead of 3-5 min).

We examined (}H) ouabain binding to sarcolemma vesicles from
hypertrophied and newborn hearts with parallel analysis of cardiac
preparations from normal adult rats. In all cases, the receptors for
digitalis were heterogeneous with high and low affinity sites (Table
1). Previous communications have also described such a heterogeneity
in normal rat ventricles (12, 13). In all three types of cardiac
sarcolemmal preparations, the high affinity binding sites were
indistinguishable in their respective affinities for ouabain.

The rates of dissociation were measured after equilibrium had

8 M (BH) ouabain. Time

been reached in the presence of 10
course of (3H) ouabain dissociation from Na+, K*-ATPase
was not a simple exponential process (Fig. 3) and analysis of the

curves according to Choi and Akera (19) gave two exponentials : two

half times for dissociation could be calculated (Table 1).
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Fig. 3. Kinetics of (BH)ouabein dissociation from normal (mm ),
hypertrophied ( @ ) and new born (A ) rat cardiac sarcolemma
preparations. Inset : Details of the first 6 minutes. (Reproduced from
J. Biol. Chem. (18) with the permission of the Publishers).

The same experiments carried out with hypertrophied and neonatal
cardiac sarcolemma preparations clearly showed 4-5 fold slower rates
of dissociation from high and low affinity sites. Hypertrophied and
neonatal cardiac preparations had similar dissociation rate constants.

Because we found no significant difference between the
experimental values of the equilibrium dissociation constants (Kd)
for the three sarcolemma preparations, it appears that their
association rate constants should differ by a similar factor. Indeed,
at 10-7 M ouabain, equilibrium binding was reached after 15 min
for both hypertrophied and neonatal cardiac preparations instead of

2-5 min for normal heart preparation.

DISCUSSION
The results presented here clearly show that the prolonged
inotropic effect of ouabain on hypertrophied rat heart is associated

with parallel slowered releases of ouabain from its specific receptor
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sites. The physiological adaptation of the cardiac muscle to pressure
overload is associated, in rat, with a change in the digitalis
receptors which represents the expression of the neonatal forms. These
new forms of ouabain receptors differed from those of normal rat heart
in that time to reach steady state binding of ouabain was increased and
release of ouabain occurred by 3 to 7-fold slower processes.

This receptor switch secondary to a myocardial adaptation could
result from the expression of isoforms of the digitalis receptor as
detected in rat brain (20) and dog heart (21). Although kinetic
properties of the hypertrophied hearts were clearly different from
those of the normal adult heart, these receptors could not be
physically discriminated (18). An alternative explanation could reside
in modifications of the membrane environment in relationship with
ca?* (14, 22, 23).

We cannot yet explain the presence of neonatal forms of digitalis
receptors in hypertrophied hearts. Nevertheless, it is worthy to note
that neonatal and hypertrophied hearts have slowered movements of
intracellular Ca?* (24) associated with the presence of Na',

K*-ATPase forms insensitive to a Ca’’-free perfusion (17, 18).

In contrast, in normal hearts with a functional sarcoplasmic reticulum,
the Na +, K*-ATPase sensitivity to ouabain was a function of

the Ca’*-free perfusion (14). We suggest that, in the adaptational
process of the hypertrophied rat hearts, there might be a relationship
between intracellular concentrations of Caz+, the presence of a
functional sarcoplasmic reticulum, and the expression of the neonatal

forms of the Na*, k*_ATPase.
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SUMMARY
The inotropic effect of ouabain was evaluated on an isolated rat

heart preparation at 0.25 mM (Ca . The recovery of a normal

2+)0
contractile function after the inotropic response was significantly
slowered in hypertrophied hearts obtained one month after aortic
stenosis. A highly purified sarcolemma preparation

(Na*,K*-ATPase = 105 + 16 umol.h.mg-l) was used to study

both the Na*, K*-ATPase and the “H ousbain binding. The

release of ouabain from both the high and low affinity sites, whether
it is estimated in washout experiments by the rates of enzyme relief
from inhibition or by }H ouabain release from membrane, was

significantly slowered in hypertrophied heart as for newborn rat heart

preparations.
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MITOCHONDRIAL CALCIUM OVERLOAD IN DIGITALIS-INDUCED MECHANICAL TOXICITY

J.C. KHATTER, M. AGBANYO AND R.J. HOESCHEN
Department of Medicine and Pharmacology, Section of Cardiology
University of Manitoba, Winnipeg, Canada, R3E 0Z3

INTRODUCTION

An existence of a correlation between inhibition of Na+, K+—ATPase and
the positive inotropic response of cardiac glycosides has been documented
by several investigators (1-3). This concept has been further examined and
recently reviewed (4-6). In toxic concentrations, cardiac glycosides can
provoke oscillatory potentials that are coupled to and triggered by preced-
ing action potentials (7). The oscillatory potentials are increased in
magnitude by an increase in extracellular Ca2+ (8) and can be abolished
altogether by verapamil, tetrodotoxin (9) and Mn2+ (10). Tsien et al (11)
have, however, suggested that a rise in intracellular Na+ due to an inhibi-
tion of Na+, K+—ATPase, may cause an increase in intracellular Ca2+ through
Na+-Ca2+ exchange and consequently increase in inward oscillatory current.
Oscillatory potentials, in presence of toxic concentrations of cardiac
glycosides, are infact considered as an expression of cellular Ca2+
overload (12,13).

In vitro experiments indicate that the toxic effects of cardiac
glycosides on Purkinje fibers include both electrical and mechanical
changes. For the mechanical changes, the cardiac glycosides first increase
(positive inotropic effect) and then decrease the contractile force
(mechanical toxicity) until Purkinje fiber become inexcitable (14).
Knowledge about the mechanism(s) which underlie the process(es) by which
cardiac glycosides cause mechanical toxicity is still not well understood.
It has been postulated that the deterioration in the contractile force

2+ by the cardiac

(mechanical toxicity) is due to an excessive uptake of Ca
cell (15,16). Recently, a 1.24 uM dose of ouabain which causes mechanical
toxicity in rabbit heart, has been shown to cause significant elevation of

myocardial calcium concentration (17). This increase in the myocardial
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calcium concentration was found to be associated with ultrastructural
changes such as swollen mitochondria, hypercontracted sarcomeres and auto-
lysis. Similar mitochondrial damages have been shown to occur in an
isolated guinea pig heart perfused with toxic doses of cardiac glycosides
(18). Calcium overload is also known to occur under other conditions such
as hypoxia, ischemia reperfusion and catecholamine administration. Con-
comitant decline in contractile force, under these conditions, was demon-
strated to be due to an uptake of calcium into the mitochondria at the
expense of oxidative phosphorylation (19,20).

It is evident from these reports that cardiac dysfunction, due to
toxic dose of cardiac glycosides, may be related to a subcellular Ca2+
overload and further suggests that mitochondria may occupy a pivotal role
in the mechanical toxicity induced by cardiac glycosides. If such is the
case, then the use of agents which reduce myocardial calcium influx should

protect the heart from mechanical toxicity induced by cardiac glycosides.
MATERIAL AND METHODS

Chemicals. Pyruvic acid, maleic acid, mannitol, sucrose, EDTA, Tris, were
obtained from Fisher Chemical Company. Bovine serum albumin, nagarse,
B-NADP, ADP, ouabain, hexokinase (ATP: D-hexose-6-phosphotransferase;

EC 2.7.1.1; type C-130), Glucose-6-phosphate dehydrogenase (D-glucose-6-
phosphate: NADP+ l-oxidoreductase; EC 1.1.1 49, Type VII) and ouabain were
purchase from Sigma Chemicals Company, St. Louis, Mo. 4SCaCIZ specific
activity of 1mCi/g, and aquasol were purchased from New England Nuclear
Corporation, Lachine, Quebec, Canada. Nifedipine capsules (10 mg) and
verapamil ampoules 2.5 mg/ml were obtained from the Pharmacy Department of
the Health Sciences Centre, Winnipeg, Manitoba, Canada.

Perfusion technique. Guinea pigs of either sex weighing between 250-300 g

were used. Hearts were quickly isolated after decapitation, atria removed,
paced at 180 beats/min (SRI stimulator model 50 4969), perfused through
the aorta as previously described (21). The hearts were perfused with
Krebs-Hensleit buffer of the following composition in (mM): 120 NaCl; 4.7
KCl; 1.5 glucose; 1.2 MgSOa; 25 NaHCO3; 1.2 NaHZPOA; 1.25 CaClZ; 95% 02 + o
5% C02; pH 7.4. The rate of perfusion was maintained between 6-8 mL minute
using a four channel roller pump (Gilson minipuls 2). The heart was

mounted under 2 g tension (Grass instruments) and left ventricular force of
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contraction was measured using Beckman four channel physiograph (model R511A).

All hearts were equilibrated for 20 minutes with non-drug containing
normal perfusion solution followed by a perfusion medium containing 1 uM
ouabain administered through a two-way stop-cock (baker's double coil
condenser) until the contracture developed 35-40 min. The same procedure
was followed when hearts were perfused simultaneously with either 1 uM
ouabain plus 50 nM nifedipine or 1 uM ouabain plus 500 nM verapamil.
Control hearts were perfused with "normal" perfusate for the same total
length of time as drug perfused hearts. In some experiments, isolated
non-perfused hearts were used to be sure that the perfusion did not alter
the mitochondrial functions under examination. At the end of the
perfusion, hearts were quickly chilled on ice and only left ventricles
were used for all the experiments.

Calcium content. Approximately 500 mg of left ventricle was dried to

constant weight at 100°C after which time Ca2+ was extracted for 72 hours
using 10 ml solution of 0.1% LaC13, 30 mM TCA and 100 mM NaCl at room
temperature (22).

Preparation of mitochondria. Mitochondria was prepared by the standard

method (23), with all solutions being prepared in 20 mM Tris-HC1 pH 7.4.

Mitochondrial protein was determined as described earlier (24).

45C32+ 45C 2+

Mitochondrial uptake. Energy dependent a” uptake was studied

by incubating 2 mg of mitochondria (which were given final two washes in
EDTA-free medium) with 10 mM Tris-pyruvate and 10 mM Tris-maleate, 5 mM
KH2P04 and 20 mM Tris HC1 pH 7.4 for 5 minutes at 37°C. At the end of
the incubation period, 1 umol of 45Ca012 containing 50x103 cpm was added
to a final volume of 2.5 mL. After one minute the reaction was stopped
by the addition of 1 mL 280 mM sucrose solution containing 1 mM LaC13,
quickly filtered and then given a final 2x1 mL wash with the "stopping"
solution. The filter papers were air dried then counted for radioactivity.
Polarographic studies. This was carried out at 25°¢ by incubating 2 mg
mitochondrial protein with 225 mM mannitol, 75 mM sucrose, 1 mM EDTA, 5 mM
KHZPOA' 10 mM Tris-pyruvate and 10 mM Tris-maleate, 20 mM Tris-HCl, pH
7.4. Three minutes after state 4 respiration has started 0.3 mM ADP was

added to a final volume of 2.5 ml to induce state 3 respiration. QO2 (n
atom oxygen consumed m:ln_1 mg—l mitochondrial protein), ADP/0 ratio and

RCI (respiratory control index) were calculated from the tracings as
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Fig 1. Typical recordings from 12 isolated paced guinea pig hearts. The
tracings on the left show tension development in normal and the drug per-
fused hearts during the first 3 min of perfusion. Middle tracings represent
the inotropic state during 11 to 14 min and the tracings on the right

during 40 to 47 min of continuous perfusion.

described earlier (25).
Rate of mitochondrial ATP generation. Two mg of mitochondrial protein was
incubated at 25°C with 225 mM mannitol, 75 mM sucrose, 1 mM EDTA, 5 mM
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Fig 2. Left ventricular tissue Caz+ in the isolated guinea pig hearts
perfused with ouabain alone and combined with verapamil or nifedipine. The
data represents mean + S.E. from 6-8 experiments. * P < 0.05.

KH2P04, 10 mM Tris-pyruvate and 10 mM tris-maleate, 20 mM Tris-HCl, pH 7.4.
After 5 min of incubation, 0.5 mM ADP was added to a final volume of 3.0 mL.
At 0.25, 0.5, 0.75, 1 and 4 min, 0.5 mL aliquot was removed, deproteinized
by boiling for 5 min, cooled to room temperature and centrifuged at

2,000 g x 5 min. One hundred and fifty uL of the supernatant was then

used for ATP analysis using hexokinase-glucose—-6-Phosphate dehydrogenase

coupled system (26).
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RESULTS

Protective effect of nifedipine and verapamil against ouabain toxicity.

A representative recording of isolated perfused hearts is shown in Fig 1.
The first panel shows a normal perfused heart which had no significant
change in contractile force or resting tension throughout the perfusion
period. However, when hearts were perfused with 1 uM ouabain (panel 2),
a positive inotropic response was observed within the first few minutes,
showing a peak contractile force by the tenth minute. A decline in con-
tractile force and an increase in the resting tension started by the
thirteenth minute and finally, the development of contracture by 40-45
minutes. However, when hearts were perfused simultaneously with either
ouabain and verapamil (panel 3), or ouabain and nifedipine (panel 4), we
observed an initial negative inotropic effect which was then followed by
a positive inotropic effect of ouabain. The development of a mechanical
toxicity of ouabain was either significantly delayed or abolished in the
presence of verapamil and nifedipine. These effects of verapamil and
nifedipine are dose dependent on these drugs, as demonstrated earlier (16).

Effect of ouabain on left ventricular tissue calcium content. The results

presented in Fig 2 indicate that: a) the total left ventricular tissue
Ca2+ content was increased by 40% in ouabain perfused hearts compared to
control unperfused or perfused hearts, b) that the Ca2+ content of left
ventricular tissue was the same as in normal hearts when these hearts were
perfused simultaneously with either ouabain and nifedipine or ouabain and
verapamil.

Effect of ouabain on mitochondrial Ca2+ uptake. Energy dependent 4SCa++

uptake by mitochondria, prepared from ouabain prefused hearts, was found
to be 60% higher than those from control hearts (Fig 3). This mitochon-
drial Ca2+ uptake was the same as in normal hearts, when mitochondria was
prepared from hearts perfused with ouabain in the presence of either
nifedipine or verapamil.

Effect of ouabain on mitochondrial Q0,, ADP:0 ratios, RCI. With respect

to mitochondrial oxygen rates (QOZ)’ there was a 507 reduction in the
oxygen rates in ouabain perfused hearts (Fig 4), compared to control per-
fused or unperfused hearts. This decrease was not observed when hearts
were perfused simultaneously with either ouabain and nifedipine or ouabain

and verapamil.
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Fig 3. Energy dependent mitochondrial ~Ca” uptake isolated from hearts

perfused with ouabain alone and combined with verapamil or nifedipine.
The data represents mean + S.E. from 6-8 experiments. *P < 0.05.

A similar change was observed for the ADP:0 ratios (Fig 5) where
there was a 337 decrease in ouabain intoxicated hearts compared to control

hearts. Again, with the mitochondria derived from hearts perfused
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Fig 4. Mitochondrial QO0, in isolated hearts perfused with ouabain alone
and combined with verapamil or nifedipine. The data represents mean +
S.E. from 6-8 experiments. *P < 0.05.

simultaneously with either ouabain and nifedipine or ouabain and verapamil,
the ADP:0 ratios were the same as with mitochondria from normal perfused

hearts. Despite the decrease in the QO2 and ADP:0 ratios, no significant
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Fig 5. Mitochondrial ADP/0 ratios from isolated hearts perfused with
ouabain alone and combined with verapamil or nifedipine. The data repre-
sents mean + S.E. from 6-8 experiments. *P < 0.05.

change in RCI (Fig 6) was observed for mitochondria prepared from a) per-
fused or unperfused controls, b) perfused with ouabain alone, c) perfused

with either ouabain and verapamil or ouabain and nifedipine.
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Fig 6. Mitochondrial respiratory control ratios (RCI) from isolated
hearts perfused with ouabain alone and combined with either verapamil or
nifedipine. The data represent mean + S.E. from 6-8 experiments.

*P < 0.05.

Effects of ouabain on mitochondrial rate of ATP generation. In the ouabain

perfused hearts the rate of mitochondrial ATP generation was found to
decrease by 507 relative to control hearts (Fig 7). However, when the
hearts were perfused simultaneously with either ouabain and verapamil or
ouabain and nifedipine, the mitochondrial rate of ATP generation was

found to be the same as seen in control perfused hearts (see Fig 7).

DISCUSSION

The results demonstrate that ouabain intoxication in the isolated

perfused guinea pig heart causes alterations in mitochondria as manifested
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Fig 7. Mitochondrial rate of ATP generation isolated from hearts perfused
with normal Kreb's (09— ); 1 uM ouabain (A—A); 1 uM ouabain and 500
nM verapamil (@—@); 1 uM ouabain and 50 nM nifedipine (4—4 ). The
data represents mean + S.E. from 6-8 experiments. *P < 0.05.

by an impaired rate of oxygen consumption, oxidative phosphorylation and
partial inhibition of the rate of ATP generation. Although, Gervais et

al (27) have shown an increase in the mitochondrial Ozconsumption without
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uncoupling of oxidative phosphorylation, in their study, the mitochondria
was isolated at earlier stages of electrical toxicity (EKG disturbances).
At this early stage, it might represent a compensatory mechanism of energy-
producing process of mitochondria to quantitatively increase ATP production
via increased production of ADP in the cytosol. Furthermore, toxic concen-
trations of ouabain have been shown earlier to be associated with a
decrease in O2 consumption in the intact heart muscle (28).

It is generally accepted that digitalis compounds specifically inhibit
membrane Na+, K+—ATPase (3). Thus the primary effect of digitalis may be
an alteration of the ionic concentrations across the cell membrane. Tsien
et al (11) have suggested that a rise in intracellular Na+i,due to an
inhibition of Na+, K+ATPase, may cause an increase in intracelluiar Ca2+
through Na+—Ca2+ exchange. Contractile deterioration in ouabain induced
mechanical toxicity in the Purkinje fiber (15) and isolated heart (16)
have been postulated to be due to an excessive uptake of Ca2+ by the cardiac
cell. The left ventricular cellular Ca2+ was recently shown to increase
in the isolated rabbit heart exposed to toxic doses of ouabain (17).

Tower et al (29) have indicated that most of the calcium gained by the
tissue in presence of ouabain, is accumulated by mitochondria. Our data
has clearly demonstrated an increase in the total tissue Caz+ and on
increased rate of Ca2+ uptake in the isolated mitochondria from heart
perfused with 1 uM ouabain. These observations suggest that an impairment
of mitochondrial rate of 02 consumption, oxidative phosphorylation and
inhibition of ATP generation may be a result of mitochondrial Ca2+ overload
in the presence of toxic doses of ouabain. Vasington and Murphy (30) have
suggested that when calcium is undergoing energy dependent accumulation by
mitochondria, phosphorylation does not take place, the respiratory energy
being diverted into calcium uptake. Others (31), however, have shown that
preferential accumulation of calcium over the process of oxidative phos-
phorylation is not absolute. Calcium overload and an impairment of
mitochondrial oxidative phosphorylation activity has been reported in
pathological conditions such as hypoxia, ischemia and heart failure (32-34).

The postulate, that implicates mitochondrial Ca2+ overload in the
development of mechnical toxicity, is further supported by the fact that
in the present study when Caz+ channel blockers such as verapamil or
nifedipine are included in the perfusion medium, significant protection

from the development of cardiac mechanical toxicity is observed. Under
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these conditions, the rate at which the ATP reserves are depleted during
ouabain induced mechanical toxicity should be slowed, leaving sufficient
ATP to maintain intracellular homeostasis. 1In addition, in the presence
of Ca2+ channel blockers, the inhibition of Na+, K+-ATPase by ouabain and
the consequent increase in cytosolic Ca2+ due to Na+-Ca2+ exchange may be
sufficient to induce positive inotropic response but may not be enough to

induce Ca2+ overload (16).
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CLASSIFICATION AND MECHANISM OF ACTION OF THE CARDIAC INOTROPIC
AGENTS: AN OVERVIEW

Adawia A. Alousi, Ph.D.

Molecular Cardiology Unit, Sterling-Winthrop Research Institute, Rensselaer, New
York

Introduction

The cardiac inotropic agents are substances that modify cardiac muscle
contraction by acting directly on the myocardium (1). These agents could be
categorized into two major classes; positive inotropic agents that stimulate cardiac
muscle contraction such as the cardiac glycosides (2), the catecholamines (3) and
the bipyridines (4), and negative inotropic agents that depress cardiac contraction
such as the B-adrenergic blockers, the antiarrhythmics and the barbiturates (5).

The primary use of the cardiac positive inotropic agents is in the treatment
of heart failure, a disease state in which the myocardium fails to contract
sufficiently to generate adequate pressure to pump blood to the peripheral tissues
(6). The causes and pathophysiological changes responsible for heart failure are
summarized in Table L.

Table I

Causes and Pathophysiology of Congestive Heart Failure

Cause Pathophysiology
Hypertension —_— Pressure Overload
Valvular Insufficiency R Volume Overload
Congenital Heart Disease
Coronary Artery Diseases —_— Loss of Muscle Mass
Cardiomyopathy —_— Impaired Contractility

Constricted Pericarditis
Pericardial Tamponade J— . Restricted Filling
Stiffening of the Ventricle

In early stages of congestive heart failure, three primary compensatory
mechanisms (Table II) become operative but at late stages of heart failure all

compensatory mechanisms surpass their potentials and fail to compensate (€).
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Table II

Primary Compensatory Mechanisms in Congestive Heart Failure

1. Frank-Starling Mechanism
2.  Increased Adrenergic Nerve Activity

3.  Myocardial Hypertrophy

Treatment of Heart Failure

Historically, the management of heart failure could be chronologically
subdivided into four periods (Table III).

I.  The William Withering period that began around 1780 and continues to the
present time.

2. The diuretic period that began in the 1920's with the discovery of the
mercurial diuretics and later with the introduction of the thiazides.

3.  The vasodilator period that began in the early 1970's in which cardiac
performance was manipulated by changes in preload and afterload.

4, The new inotropic agents period that began in the late 1970's with the

discovery of the bipyridine amrinone.

Table III

Treatment of Congestive Heart Failure

I Digitalis
1780 Reduced salt intake
Mechanical removal of excess fluids

I Parenteral diuretics
1920 Oral diuretics

11 Vasodilators
1970

Iv New inotropic agents -bipyridines,
1977 imidazoles,

benzoimidazoles

The search for new inotropic agents originated from the need for a safe and
effective orally active inotropic agent for the treatment of chronic heart failure.

For the past two centuries, the only orally active inotropic drugs available have
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been the digitalis glycosides. These agents have questionable long-term efficacy
and low therapeutic range (7).

In the early 1970's Goldberg and his associates reported on the advantages of
the endogenous catecholamine, dopamine, in the treatment of acute heart failure
(8). Soon after, the synthetic catecholamine, dobutamine, was introduced as an
intravenous therapy for acute heart failure (9). Since then several intravenous and
orally active B-adrenergic agonists have been used in clinical trials but were not
proven to be useful for long-term therapy due to the chronotropic and arrhythmo-
genic side actions and the development of tolerance after chronic medication (7).
A general classification of known natural and synthetic inotropic agents, with their
putative mechanism of action is summarized in Tables IV and V, respectively. It
should be emphasized that in most cases, the exact mechanism of action of these
agents (based on a cause and effect relationship) has not been completely
established. The rest of this brief overview focuses on the pharmacological profile
and possible mechanism of action of the new, non-glycoside and non-catechol

Inotropic agents.

v Table IV
Classification of Naturally Occurring Inotropic Agents

Chemical Class Example Mechanism
Ions Calcium Activation of TNC
Glycosides Digitalis *¥ Na, K-ATPase
Catecholamines Dopamine ** 4 B-Adrenergic Receptor
Imidazoles Histamine +Histaminergic Receptor
Methylxanthines Caffeine YPhosphodiesterase

4+Ca Sensitivity
Alkaloids Veratridine 4Fast Na Channels
Diterpenes Forskolin +Adenylate Cyclase
Peptides Glucagon 4 Adenylate Cyclase
Antibiotics X537A 4+Ca-Permeability

*Inhibit

**Stimulate
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Table V
Classification of Synthetic Inotropic Agents

Chemical Class Example Mechanism?

Bipyridines Amrinone 4+Ca Influx
YPhosphodiesterase

Imidazopyridines Sulmazole YPhosphodiesterase

4+Ca Sensitivity

Imidazolones MDL 17043 YPhosphodiesterase
Quinolinone OPC-8212 YPhosphodiesterase
Piperazinyl-indole DP1201-106 4Fast Na Channels
Pyridazinones CIo14 YPhosphodiesterase

PHARMACOLOGICAL PROFILE OF THE NEW INOTROPIC AGENTS

In the search for a new inotropic agent, a well defined set of criteria has to
be established to characterize what could be considered as an "acceptable"
inotropic agent. These characteristics (Table VI) should be demonstrated in the

pharmacological test systems listed in Tables VII and VIII.

Table VI
Characteristics of an "Acceptable" Inotropic Agent

1. Potent positive inotropic activity without chronotropic or dromotropic
effects.

2. Wide therapeutic index.

3. Intravenous and oral activity in patients with congestive heart failure
at rest and during exercise.

4, Moderate duration of action.
5.  No tachyphylaxis after prolonged therapy.

6. Compatible with other cardiovascular drugs.
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Table VII
Effects on the Normal Heart

In Vitro Activity
Positive inotropic activity should be demonstrated in:
Isolated atria and papillary muscles
Isolated blood-perfused papillary muscle
Langendor ff preparation
Isolated cardiac myocytes
In Vivo Activity
Positive inotropic activity should be demonstrated after:
Intravenous administration as -
Bolus injection
Intravenous infusion

Oral administration as -

Single dose
Repeated medication

Table VIII
The Effects on the Failing Heart

In Vitro Action
The agent has to be effective in:

Cardiac tissues from animals with experimentally-induced heart
failure

Cardiac tissues from humans with congestive heart failure

In Vivo Activity

The agent has to demonstrate a reversal of heart failure in:
Animals with experimental heart failure
Animals with naturally-occurring heart failure

Patients with chronic congestive heart failure of multiple etiol-
ogies




336
MECHANISM OF ACTION OF INOTROPIC AGENTS

In general, muscle contraction is the result of binding of calcium to the
regulatory protein troponin C on the thin filament that leads to the activation of
actin and its interaction with myosin and ATP hydrolysis (10). Phosphorylation of
troponin I, which is regulated by a cAMP-dependent protein kinase, reduces the
affinity of troponin C to Ca2+, while phosphorylation of myosin light chain, a
Ca2+-activated calmodulin-dependent kinase may govern the rate of crossbridge
cycling (11).

The inotropic agents could modulate muscle contraction by exerting their

actions on one or more of the mechanisms listed in Table IX.

Table IX
Possible Mechanism of Action of Inotropic Agents

Increase calcium availability
Increase myofibrillar sensitivity to calcium
Modify myosin ATPase isozyme activity

Modify the regulatory interaction between thick and thin filament
proteins.

1. Increase Calcium Availability

A large number of inotropic agents cause increases in calcium availability to
the myofibrils during systole. This is usually accomplished by affecting Ca2+-
movement across the several intracellular membranous structures that regulate
intracellular Ca2+-concentration (Table X). The sarcolemma and its transverse-
tubules change their permeability to Ca2+ during the excitation-contraction
coupling and are capable of regulating cytosolic Ca2+-concentration by: voltage-
dependent Ca2+-channels, receptor-operated channels, MgATP-dependent Ca2+—
pump, Na"—Ca2+ exchange mechanism and Na*, K*-ATPase pump.

Pharmacological agents that increase sarcolemmal Ca2+-inﬂux via any of the
mechanisms listed in Table X could cause an increase in cardiac muscle con-
traction. Agents that stimulate the slow Ca2+ channels by either direct stimu-
lation, such as the calcium agonist Bay K 8644 or by increasing intracellular cAMP
level, are potent inotropic agents. Increase in cardiac cAMP levels have been
demonstrated after cyclic nucleotide phosphodiesterase inhibition with the methyl
xanthines and bipyridines, direct stimulation of adenylate cyclase with glucagon,
histamine or forskolin and after direct stimulation of B-adrenergic receptors with
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the sympathomimetic amines.

Intracellular Ca2+-inﬂux could also be stimulated by agents that act on
specific receptor-operated channels or by increasing the permeability of the
sarcolemma to calcium as in the case of the calcium ionophores. Increasing
extracellular calcium by the parathyroid hormone has been shown to increase
intracellular calcium and the induction of inotropy. There is also some evidence to
indicate that the activation of a sarcolemmal Ca2+—calmodulin dependent system
could result in enhanced intracellular calcium fluxes.

A second possible mechanism that could lead to enhanced availability of Ca2+
to the myofibrils is by an increase in intracellular sodium concentration and

stimulation of Na+-Ca2+

exchange mechanism. This could be achieved either by
the inhibition of Na+, K*-ATPase as in the case of the digitalis glycosides or by
stimulation of the fast sodium channels as in the case of veratrum alkaloids and
DPI 129. It is also possible that an agent could decrease Ca2+—efﬂux and hence
increase Ca2+—availability to the contractile proteins.

The second important regulator of cytosolic Ca2+-concentration, the sarco-
plasmic reticulum, also could be affected by the inotropic agents and result in
changes in Ca2+-availability to the myofibrils. It is well established that agents
that increase intracellular cAMP concentration via inhibition of phosphodiesterase,
stimulation of adenylate cyclase or stimulation of B-adrenergic receptors, increase
Ca2+
stances such as the methylxanthines have direct effect on the sarcoplasmic

. . - - 2+ - - 2+
reticulum causing an increase in Ca“ -release and elevation of cytosolic Ca™ -

-up take and subsequent release by the sarcoplasmic reticulum. Other sub-

concentration.

The mitochondrion is a complex organelle with high capacity to store Ca2+.
However, its slow rate of Ca2+-release prevents it from playing an important role
In regulating Ca2+ during systole. Agents that cause an increase in intracellular
Na* concentration may stimulate Ca2+ release from the mitochondria and exert
positive inotropic action.

Finally, pharmacological agents that interfere with Ca2+—binding to the Ca’'

buffering proteins may also increase Ca2+-availability to the myofibrils.
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Table X

1.  Agents That Could Increase Calcium Availability

A.

Effects on sarcolemma

1.

3.

Increase Ca influx

a. Stimulate Slow Ca2+-Channels
1. direct stimulation
il. indirect stimulation via increase in [c/\MP]i

stimulate B8-receptors
stimulate adenylate cyclase
inhibit phosphodiesterase

b.  Stimulate receptor-operated channels
c. Increase Ca*™" permeability
d. Increase [Ca*'] e

e.  Activate Ca-calmodulin-dependent system

Increase [Na]i - Stimulate Na*-Ca™™" Exhange Mechanisms

a. Inhibit Na,K-ATPase
b. Stimulate fast Na‘-channels

Decrease Ca++-Efflux

Effects on Sarcoplasmic Reticulum

1.

2.

Increase calcium uptake

a. increase [c-AMP]i
b. stimulate phospholipid-dependent protein kinase

Increase calcium release

Effects on Mitochondria

1.

Stimulate calcium relase by increasing [Na'] i

Effects on Buffering Proteins
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2.  Increase Myofibrillar Sensitivity to Calcium

A second major possible mechanism by which inotropic agents may affect
the magnitude of muscle contraction is by increasing the sensitivity of the
myofibrils to calcium. Agents such as caffeine, AR-L115 (sulmazole),
pimobendan, APP201-533 and DPI 201 were shown to increase the calcium
sensitivity of skinned cardiac muscle cell and shift the calcium-tension curve to
the left (12). The usefulness of these agents in the treatment of the failing heart
will depend on their ability to increase the sensitivity of the myofibrils to calcium
concentration achieved only during systole (10'6-10'5M) rather than those
maintained during diastole (10'7M). An increase in calcium sensitivity during
diastole will result in incomplete myocardial relaxation, increased energy utili-
zation and reduction in cardiac efficiency. On the other hand, an increase in
tension as a result of increased calcium sensitivity without an increase in
intracellular calcium concentration may be beneficial in the treatment of the
diseased heart.

3.  Modify Myosin ATPase Isozyme Activity

Changes in myosin ATPase activity after prolonged physiological or pharma-
cological manipulation have been demonstrated in several experimental animals
(13). This tonic form of control of myocardial contractility results in a change in
Vinax and a shift in the force-velocity curve. Pharmacological agents such as
thyroxine have been shown to increase Vl-myosin isozyme, ATPase activity and
speed of muscle shortening (14).

4, Modify the Regulatory Interastion Between Thick and Thin Filament
Proteins

Although no known pharmacological agents have yet been identified under
this class of inotropic agent, it is possible that such an agent could be developed.

In summary, at the present time the newly developed positive inotropic
agents constitute an important component of the therapeutic armamentarium
used in the management of congestive heart failure. We hope that the thorough
investigation of the mechanism of action of these agents results in better
understanding of the multiple pathways by which cardiac contractile machinery
could be activated. Our future attention should focus on investigation of the
molecular defects that lead to the precipitation of myocardial cell failure and the
development of a more.rational approach for the design of pharmacological agents
capable of modifying the course of the disease and hence a better therapeutic

endpoint.
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NEW APPROACHES FOR THE TREATMENT OF THE FAILING MYOCARDIUM:
MYOFIBRILLAR PROTEINS AS POTENTIAL TARGETS FOR PHARMACO-
THERAPY

Edward D. Pagani and Adawia A. Alousi

Molecular Cardiology Unit, Sterling-Winthrop Research Institute, Rensselaer, New
York

Introduction

A new approach for the development of pharmacological agents to treat
myocardial cell failure that is fundamentally different from the more traditional
approaches used in the development of positive inotropic agents is beginning to
emerge. The traditional approaches, in general, rely heavily on screening chemical
compounds in a biological system with the aim of identifying compounds that have
inotropic activity. The new approach is different in that a specific enzyme or
cellular process that is identified to be defective in failing heart muscle is targeted
for chemical modification with the goal of improving diastolic and/or systolic
performance of the heart and raising cardiac output. Associated with the new
approach is the possibility that by reversing the defect in failing heart muscle cells
the progression of the disease may be slowed or even prevented. Although in both
the new approach and traditional approach the final objective in treating myo-
cardial cell failure may be the same, the pathways leading to the objective are
very different, as could be the potential long range result.

The success of this new approach toward the development of pharmacological
agents is dependent on numerous factors. Two key factors are the identification of
intracellular defects in the failing muscle cell and the ability to target, chemically
modify, and correct the defective intracellular process. Results obtained in studies
of animal models of heart failure have identified defects in both membrane and
protein systems, including defects in the contractile proteins (1), which are
involved in the excitation-contraction-relaxation processes of the heart. More-
over, there is evidence that hormones, like thyroxine and insulin, are capable of
inducing changes in the contractile proteins and sarcoplasmic reticulum (2, 3, 4,5,
6) of cardiac muscle and that these changes translate into alterations in cardiac
muscle performance (7, 8, 9).

The discussion in this paper will focus on the contractile proteins in the

cardiac muscle cell as potential targets in the treatment of myocardial failure.
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Factors that influence the number of cycling myosin crossbridges and factors that
influence the rate of myosin crossbridge cycling during muscle contraction will be
described. Results obtained from in vitro studies of isolated myofibrillar proteins
and chemically skinned and intact muscle preparations will be used to delineate
mechanisms that could regulate the interaction of myosin crossbridges with actin
in the intact myocardium. Finally, a description will be given as to the ways in
which controlling both the number of myosin crossbridges interacting with actin
and the rate of myosin crossbridge cycling could possibly be utilized to improve the

pump performance of the failing heart.

Recruitment of Myosin Crossbridges in Cardiac Muscle

During skeletal muscle activation the recruitment of myosin crossbridges
occurs both at the motor neuron level, via the selection and activation of muscle
cells and at the muscle cell level. However, recruitment of myosin crossbridges
during a contraction of the heart only occurs at the level of the heart muscle cells.
Stated another way, force development by the heart is regulated by recruiting
myosin crossbridges within cells rather than through the recruitment of individua:
cardiac muscle cells. This concept is relevant to the regulation of force
development by the heart since the number of myosin crossbridges interacting in
parallel with the actin filament, at a fixed muscle length, is a major determinant
of total force development.
™ in

cardiac muscle, the probability that myosin crossbridges will interact with the

When the concentration of myoplasmic calcium is less than about 10~

actin filament is minimal due to an inhibitory process involving the calcium
sensitive regulatory complex troponin (TNC, TNI, TNT) and the strand-like protein
tropomyosin, both of which aré situated along the actin filament (10). When the
myoplasmic calcium concentration rises above 10_7M, calcium occupies the
calcium specific binding site associated with the troponin C subunit and a conform-
ational change occurs in the troponin complex (11) which is thought to induce the
movement of tropomyosin to a position on the actin filament that favors myosin
interaction with actin (12).

There are three general ways in which the relation between myofibrillar
protein activation and intracellular ionized calcium (activation-pCa curve) can be
modified (Figure 1) (13). Panel A shows a rightward shift in the activation-pCa
curve which may indicate a decrease in the calcium sensitivity of the myofibrillar
proteins, whereas a leftward shift in the activation-pCa curve may indicate an

increase in the calcium sensitivity of the myofibrillar proteins. Panel B, on the
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other hand, illustrates an upward and downward shift in the ATPase activity of the
myofibrillar proteins without a change in calcium sensitivity. This type of change
appears to be related to alterations in the ATPase activity of myosin alone or
resulting from the interaction of myosin crossbridges with the actin filament.
Panel C shows a combination of the effects illustrated in Panels A and B. This
curve is shifted along both the ordinate and absissca and relates to a change in both
the calcium sensitivity and intrinsic ATPase activity of the myofibrillar proteins.
When interpreting data from experiments in which myofibrillar ATPase activity is
measured over a range of calcium concentrations, it should be noted that changes
in ATPase activity can occur either through alterations in the sensitivity of the
myofibrillar regulatory proteins or through alterations in the intrinsic ATPase
activity of myosin. Normalizing the data as a percentage of the maximal ATPase

activity has been used as a way to separate these phenomena.

MYOFIBRILLAR
ACTIVITY

ACTIVATOR CALCIUM ]

(Figure 1)

The relation between the concentration of calcium surronding the contractile
proteins and the number of myosin crossbridges that are recruited, via the
availability of actin binding sites, has been suggested to change in response to a
variety of conditions (14). Some of these conditions which have been reported for
in vitro studies of myofibrillar proteins and for chemically skinned and intact

segments of heart muscle are listed in Table 1.
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Table 1

Factors Which Influence the Calcium Sensitivity of
Cardiac Myofibrillar Proteins

Reference
Sarcomere length 14
Troponin I phosphorylation 15,16
Intracellular pH 17,18
Myofilament Protein Isoforms 40
Active Force 41

Of the conditions listed in Table 1 only some of them may be relevant to the
phasic, beat-to-beat regulation of the cardiac contraction-relaxation cycle, while
some would appear to be more relevant in the long-term tonic control of the heart.
For example, the influence of sarcomere length on the sensitivity of the myofibril-
lar proteins to calcium would appear to influence both systolic and diastolic
function of the heart on a beat-to-beat basis in the following ways. The sarcomere
length at end-diastole (preload) may influence the sensitivity of the myofibrillar
proteins at the start and throughout the duration of the subsequent systolic cycle
(Figure 1, Panel A). The extent of muscle cell shortening during and at end-systole
determines the sarcomere length of the muscle cells and thus influences the
sensitivity of the myofibrillar proteins at the start of and throughout the duration
of the subsequent diastolic cycle (Figure 1, Panel A).

In addition to the influence of sarcomere length on calcium sensitivity is the
repor ted effect of troponin I (TNI) phosphorylation and its effect on the sensitivity
of the myofibrillar proteins to calcium. Phosphorylation of TNI has been shown by
in vitro myofibrillar ATPase studies (15) and by troponin calcium binding studies
(16) to desensitize the contractile proteins to calcium (Figure 1, Panel A). This
phenomenon has been suggested to be responsible, in part, for the observed
increase in the rate of relaxation of cardiac muscle in response to B-agonist
stimulation. Thus, theoretically, B-agonists could increase the rate of relaxation of
the heart through both TNI phosphorylation and by promoting an increase in the
extent of muscle cell shortening at end-systole, both of which decrease the
sensitivity of the contractile proteins to calcium.

Results of in vitro studies of isolated myofibrils (17) and chemically skinned
cardiac muscle preparations (18) examined over a range of pH values has indicated

that the sensitivity of the contractile proteins to calcium decreases as pH
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decreases. Under conditions in which the metabolic demand of the heart for
oxygen exceeds the delivery of oxygen, for example in the case of coronary artery
disease, there is a tendency for the intracellular pH of the cardiac muscle to
decrease (19). A reduction in the intracellular pH would tend to reduce force
development by the heart through this desensitization phenomenon.

The examples described above illustrate ways in which the Ca2+ sensitivity of
the myofibrillar proteins could influence the number of myosin crossbridges that
interact with the actin filament during diastole and systole. Some of the
conditions which affect the sensitivity of myofibrillar proteins, for example a
change in intracellular pH, also influence other processes in the muscle cell, such
as calcium transport by the sarcoplasmic reticulum, that take place during the
contraction and relaxation cycle of the heart. Therefore, the observed changes in
the calcium sensitivity of the myofibrillar proteins per se, in certain instances,
may not be predictive in determining cardiac muscle performance.

Before evidence appeared suggesting that sarcomere length influences the
calcium sensitivity of the myofibrillar proteins it had been thought that muscle
length would influence isometric force development by the heart. This idea came
from studies of isolated skeletal muscle fibers in which a relation between
sarcomere length and active force development was found and was explained to be
a result of the physical structure of the myofibrillar proteins in terms of the
lengths of the myosin and actin filaments and interfilament spacing (20). Julian
and Sollins (21) showed that the sarcomere length-force relation in cardiac muscle
is similar, but does not exactly resemble the relation reported by Gordon, et. al.
(20) for single frog muscle fibers. Thus, the basis for the Frank-Starling
mechanism of the heart involves, to some extent, the effect of filament overlap in
setting the maximum number of crossbridges which are able to interact with the
actin filament and also involves other phenomena like the influence of sarcomere
length on calcium sensitivity (14), interfilament steric hindrance of myosin
crossbridge interaction with actin (21) and calcium release from the sarcoplasmic
reticulum (22).

This section only touched on the numerous ways in which the recruitment of
myosin crossbridges can be modulated in cardiac muscle. The observation that the
sensitivity of the myofibrillar proteins can change under normal physiological
conditions suggests that the pathways for control of myofilament calcium sensi-
tivity do exist and recruitment of myosin crossbridges could be modulated by

targeting the regulatory proteins for chemical modification.
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Myosin Crossbridge Cycling and Muscle Performance

The relation between force and speed of muscle shortening is best described

by a rectangular hyperbola. The speed of muscle shortening is the highest, and
force is the lowest, when cardiac muscle is shortening against a zero load. Con-

versely, force development by cardiac muscle is the highest and the speed of

shortening is the lowest when cardiac muscle is contracting against an infinite load

(isometric contraction). These two mechanical properties of cardiac muscle, i.e.

maximum speed and maximum force, set the end points of the hyperbolic curve for

the force-velocity relation of cardiac muscle.

A number of conditions have been reported to influence the shape of the
force-velocity relation (23). In fact, an entire family of force-velocity curves can
be obtained for a single segment of cardiac muscle by altering the preload
(sarcomere length) or afterload or changing the contractile state of the muscle
cells. Moreover, disease, aging and pharmacological agents have also been shown
to alter the shape of the force-velocity relation of cardiac muscle. In many of
these cases, changes in the shape of the force-velocity curve have been suggested
to be associated with changes in the ATPase activity of myosin which has been
used as an in vitro index of the rate of myosin crossbridge cycling (24). Some
examples of the ways in which the rate of myosin crossbridge cycling has been
altered and the ways in which this type of alteration influences cardiac muscle
performance will be discussed below.

Cardiac Myosin Isozymes

It has been firmly established that hearts of rats, rabbits and a few other
small animals contain multiple isozymes of myosin. An excellent and detailed
review of myosin isozymes in muscle has been recently published (25). Cardiac
myosin isozymes, within a species, appear to differ in respect to the structure of
the myosin heavy chains rather than the structure of the myosin light chains. For
example, rabbit ventricular muscle cells contain two distinct myosin heavy chains,
a and B, and up to three myosin isozymes, composed of ac, 88, or aB heavy chains
(26). Cardiac myosin isozymes can be separated under non-denaturing conditions

by polyacrylamide gel electrophoresis and have been denoted V| V, and V5 based

on their decreasing electrophoretic mobility on polyacrylamide gels and Ca2+-

activated ATPase activity (27).

The types of myosin isozymes present in hearts of small animals have been
shown to change with age, in response to stressing the heart by chronic swimming
exercise or by imposing a volume or pressure overload on the heart (26). The

relative amounts of the myosin isozymes in the heart have also been shown to be
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sensitive to the level of serum thyroxine (27). Thyroid hormone deficiency induces
the net synthesis of cardiac V3 myosin while an excess of thyroid hormone induces
the net synthesis of cardiac V 1 myosin. In vitro analyses of the Ca2+—activated
myosin ATPase activity have indicated that, in general, a linear relation exists
between myofibrillar myosin ATPase activity and the percentage of Vl myosin
present (4). However, there appears to be instances when an increase in Ca2+~
myosin ATPase activity or changes in the proportion of myosin isozymes do not
correspond to a parallel change in the myofibrillar MgATPase activity (28, 29).
Myosin Crossbridge Cycling and the Velocity of Muscle Shortening

Changes in the Ca®*-activated ATPase activity of myosin in ventricular
muscle, as a result of a redistribution in the proportions of myosin isozymes, have
been suggested to be responsible for alterations in the velocity of cardiac muscle
shortening. In studies of intact rabbit papillary muscles in which the speed of
muscle shortening was measured for muscles that contained various proportions of
Vl and V3 myosin, Pagani and Julian (9) found that a linear relation exists for the
speed of muscle shortening and proportion of V1 myosin present. This relation was
observed for muscles shortening over a wide range of external loads from a near
maximum load to zero load. Similar results were obtained for intact rat papillary
muscles (30) and chemically skinned segments of rat heart (31) in which the speed
of unloaded muscle shortening was compared for muscles that contained either V 1
or V; myosin. The skinned cardiac muscle studies by Ebrecht et. al. (31) are
especially important because in these studies it was demonstrated that under
conditions where the activating calcium concentration is controlled the speed of
muscle shortening is still dependent on the proportions of myosin isozymes present.
The regulation or effect of crossbridge cycling in cardiac muscle also appears to be
independent of the calcium sensitivity of the myofibrillar proteins. For cardiac
muscles in which the maximum rate of crossbridge cycling can be very different,
for example in cardiac muscles that contain either V p or V3 myosin, the calcium
sensitivity of the myofibrillar proteins appear to be the same (32).
Myosin Crossbridge Cycling and the Efficiency of Cardiac Muscle Contraction

There may be certain physiological or pathological conditions when the supply
of oxygen to the heart is reduced and the amount of ATP used for pumping blood
approaches the point of becoming rate limiting for normal cardiac contraction and
relaxation. Since a large percentage of the ATP hydrolyze during the cardiac cycle
is due to crossbridge cycling, alterations in the rate of crossbridge cycling could
affect the intracellular levels of the high energy phosphate compounds. Alpert and

Mulieri (33) reported that the contraction of papillary muscles which contain V3
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slow-cycling myosin crossbridges is more economical than ones which contain more
V1 myosin based on results from studies of rabbit papillary muscles made to
contract isometrically while in contact with a heat-sensitive thermopile. However,
in the intact myocardium, the issue of economy turns to a question of efficiency
and becomes more complicated. In the walls of the heart, muscle cells contract
isotonically and perform work. Therefore, an estimate of the efficiency of
contraction for muscle cells which contain fast or slow cycling crossbridges must
take into consideration the segment of the force-velocity curve along which the
muscle cells are working (34). The shape of the force-velocity curve, as well as the
segment along which any given muscle cell is working, may be quite different and
variable between beats of the heart for working cells belonging to the different
layers (endo, middle and epicardial) and regions (apex to base) of the ventricular
free wall. Numerous factors affect the efficiency of cardiac contraction, such as
wall stress and its related parameters, segmental ventricular wall shortening, heart
rate and contractility (35). Under certain conditions it is possible that force
development and shortening of muscle cells containing a relatively larger per-
centage of fast cycling crossbridges could be more efficient than muscle cells that
contain relatively higher percentages of slow cycling crossbridges.

Acute Control of Myosin Crossbridges

Conditions which influence the rate of myosin crossbridge cycling and speed
of muscle shortening over a long-term basis were described. The control of
crossbridge cycling has also been suggested to be controlled on a beat-to-beat basis
through the specific recruitment of either fast or slow cycling crossbridges (36) or
via myosin light chain phosphorylation (37).

In studies of hyperpermeable segments of rat cardic muscle, Winegrad et. al.
(36) interpreted their results to suggest that a cAMP-dependent mechanism is
present in heart cells that is more selective in activating V1 myosin crossbridges
than V3 myosin crossbridges in response to B-adrenergic stimulation. These results
suggest a novel mechanism for the control of force development and also suggests
that the speed of cardiac muscle shortening is regulated on at least two levels, one
which involves the relative proportions of V1 and V3 isozymes present and the
second which involves the selection of specific myosin isozymes via neural,
humoral and pharmacological stimulation of the heart.

The role that myosin light chain phosphorylation plays during cardiac force
development and muscle shortening is not entirely understood. However, recently,
Sweeney and Stull (37) reported results from studies of chemically skinned cardiac

muscles in which phosphorylation of the 20,000 dalton cardiac P-
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light chain was suggested to be responsible for an increase in the number of
attached crossbridges in the present of submaximal concentrations of ionized
calcium. The mechanism did not apparently involve direct changes in the calcium
sensitivity of troponin associated with TNI phosphorylation since the phosphoryl-
ation of protein was restricted to the myosin light chain by using the light chain
specific myosin light chain kinase. No measurement for the speed of muscle
shortening was made, therefore is not known from these studies if light chain
phosphorylation influences the rate of myosin crossbridge cycling.

Myofibrillar Proteins as a Target for Pharmacological Agents in the Treatment of
Myocardial Cell Failure
In the preceding sections, descriptions were given as to the ways in which the

calcium sensitivity of the contractile proteins and the rate and number of cycling
crossbridges can be altered. These types of changes in the myofibrillar proteins
could influence cardiac muscle contraction and relaxation and significantly affect
the systolic and diastolic function of the heart. The extent of systolic and diastolic
dysfunction in cardiac pump failure varies in respect to both the severity and
etiology of the disease. Moreover, in man, it is not clear as to what extent the
myofibrillar proteins are responsible, if at all, for myocardial cell failure. There is
some question regarding the role played by myosin isozymes in the human heart and
whether changes in the proportions of the myosin isozymes can account for the
abnormal contraction and relaxation of the ventricular wall. Takeda, et. al. (38)
reported that two forms of myosin isolated from human papillary muscles can be
separated by polyacrylamide gel electrophoresis and that differences in papillary
muscle myofibrillar ATPase activity among papillary muscles correlate with
differences in the relative proportions of myosin isoforms present. However,
results from studies of normal and diseased human ventricular muscle, in which the
proportions of myosin isoforms was quantitated with the use of monoclonal
antibodies to myosin, have indicated that the amount of the V | type myosin does
not significantly change in hypertrophied human ventricle (39). Nevertheless,
valuable information has been obtained regarding the influences of myosin iso-
zymes and the rate of myosin crossbridge cycling on the mechanical performance
of small animal hearts. These data suggest that drugs which either slow down or
speed up the rate of crossbridge cycling in human heart muscle should induce a
parallel change in the speed of human cardiac muscle shortening and have an effect
on the pump performance of the heart.

The issue of which type or combination of pharmacological interventions

(changes in calcium sensitivity of the regulatory proteins or in myosin crossbridge
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interaction with actin) will be the most effective in improving the pump perform-
ance of the failing heart can only be answered after more data is generated
regarding the intracellular defects associated with human heart disease. Sensitiz-
ing the myofibrillar proteins to calcium could potentially have an adverse effect on
diastolic filling depending upon the segment of the activation-pCa curve (Figure 1,
Panel A) that is made more sensitive to calcium. For example, if the myofibrillar
proteins are made more sensitive to calcium at the lower calcium concentrations,
diastolic wall stiffness may increase and impair ventricular filling. However, if
the myofibrillar proteins are made more sensitive to calcium only at the higher
concentrations of calcium, then possibly systolic function would be improved with
no adverse effects on diastolic function and ventricular filling.

Drugs which change the rate of crossbridge cycling either by altering the
proportions of myosin isozymes or through a direct effect on the myosin cross-
bridges could have an influence on both diastolic and systolic function by affecting
the efficiency of the heart as a pump. However, the overall efficiency of the heart
as a pump is determined by many factors which determine the segment of the
force-velocity curve along which muscle cells of the heart work. Although it has
been suggested that isometric contraction by cardiac muscle cells which contain
slow cycling V3 crossbridges is more economical than cardiac cells which contain
fast cycling Vl myosin, no data is yet available regarding the efficiency of
contraction for cardiac muscle cells, which contain either Vl or V3 myosin
isozymes, in the normal or failing myocardium. Moreover, the efficiency of muscle
contraction may not be a critical issue in all types of human heart disease,
especially in those types where oxygen supply far exceeds the oxygen demands of
the heart or when the ability of muscle cells to synthesize ATP is not com-
promised.

Whichever myofibrillar component of the muscle cell is target for modifi-
cation, it is important to consider the implications that it will have on both
contraction and relaxation of the heart. Agents which improve systolic function at
the expense of worsening diastolic function may ultimately impair pump perform-

ance and lower cardiac output.
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INTERACTIONS: A UNIFYING HYPOTHESIS
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Introduction

The precise nature of the interaction of amphiphilicl substances,
such as drugs, with native biological membranes is complex for a
variety of reasons, not the least of which is the number of potential
membrane sites. Certainly, small molecular substances with different
chemical constituents may interact preferentially with one or more
different regions of a biomembrane. These regions include but are not
limited to (1) the bulk lipid matrix; (2) the lipid annular region of
an integral membrane protein; (3) the hydrophobic and (4) the
hydrophilic regions of a membrane protein; and (5) the glycolsylated
moieties attached to both lipid and protein components.

The interaction of substances, like drugs, may represent a
nonspecific binding of the drug to one or more of these sites or it may
involve a site selective specific interaction such as the binding of a
drug to a protein receptor site. Whatever the nature of this
interaction, it is crucial to determine molecular parameters governing
the mechanisms of drug entry into the membrane and perturbations of
membrane structure following this event. With the advent of such

biophysical probes as x-ray and neutron diffraction, spectroscopy and

1Amphiphile, as used in this text, refers to small molecular substances
which possess both hydrophilic and hydrophobic properties.
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molecular modeling, it is now possible to obtain these molecular
parameters.

Recently, two emerging hypotheses have been described which, taken
together, offer the possibility of providing a molecular framework to
test different aspects of both nonspecific and specific interactions of
small amphiphilic substances with biomembranes. The first of these
hypothesis is currently being quantitatively evaluated and describes
how a small amphiphile (e.g. a drug) may reach specific sites on
proteins contained within the membrane bilayer. The membrane bilayer
pathway hypothesis (1,2), stated simply, describes how a lipophilic
drug substance could locate both nonspecific and specific sites on
membrane proteins embedded in a lipid bilayer matrix. The drug
substance could partition into the membrane bilayer where it adopts a

2 At this

well defined position along the membrane bilayer axis.
position, the drug could assume both a well defined orientation (with
respect to the bilayer axis) and conformation. Lateral diffusion of

the drug along a plane at this depth within the membrane bilayer, to a

protein also contained in the bilayer, could then lead to either a

nonspecific or specific interaction (see Figure 1). 1If the drug binds

Figure

2The membrane bilayer axis is taken to be that axis perpendicular to
the plane of the phospholipid bilayer.
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to a specific site on a protein receptor, the interaction is completed
and other events that modulate or regulate the protein’s function may
be essentially internal to the protein. 1If, however, there is no
specific site on a protein to which the drug will bind, it may still
exert some effect on the functioning of the protein in a nonspecific
fashion. What happens in this case may be understood in light of the
second hypothesis currently being tested, namely, the intrinsic radius
of curvature hypothesis (3). Bilayers are characterized by a
parameter, called the intrinsic radius of curvature, which basically
measures an internal stress in the lipid layer (4). This parameter is
related to the proclivity of the lipid system to assume non-bilayer
configurations, such as the H , phase (Figure 2), and may be
experimentally measured, via
x-ray and neutron diffraction, by
determining the structure of
lipid phases (5,6). By altering
the composition of the bilayer,
the intrinsic radius of curvature
may be varied over a wide range.
Experiments which correlate the
composition of bilayers with the

operation of certain intrinsic

membrane proteins suggest that

the proteins require a limited

Figure 2

range of values of the bilayer
intrinsic radius of curvature for optimal function. Amphiphilic
substances are potent modifers of the bilayer intrinsic radius of

curvature and may act, via this parameter, to non-specifically perturb
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membrane protein function. The intrinsic radius of curvature
hypothesis simply stated, identifies a hitherto unrecognized internal
parameter of the bilayer which correlates with membrane function and
which is readily altered by amphiphilic compounds.

Thus, the combination of these two hypotheses may allow a
molecular definition of amphiphile/membrane/receptor interactions. The
membrane bilayer pathway hypothesis describes how an amphiphile may use
a nonspecific medium to interact with a protein, whereupon the
protein’s function may be modulated by a specific event or by a
nonspecific mechanism according to the intrinsic radius of curvature
hypothesis. This conceptual framework could be applicable to the
membrane interactions of drugs, toxins, small polypeptides and other
small molecular substances.

Implications of the Membrane Bilayer Pathway Hypothesis

The membrane bilayer pathway model as a mechanism for the way in
which calcium antagonists and other lipophilic cardiovascular agents
"locate" and bind to their protein receptors in the heart has been
previously discussed (1,2,7). It may also be applicable to other
ligand/membrane receptor systems where the ligand is lipophilic.
Presently, whether or not this is the actual mechanism for such
interactions, the membrane bilayer model does offer a conceptual
framework for testing new concepts and rationalizing drug/membrane
effects.

For example, in Figure 3, a comparison of the ability to remove
amiodarone (a sodium channel inhibitor), nimodipine (a
1,4-dihydropyridine calcium channel antagonist), and propranolol (a
beta adrenergic antagonist) from the sarcoplasmic reticulum membrane

following incubation of these drugs with this membrane is shown. Under
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these conditions, amiodarone remains in the membrane bilayer whereas

nimodipine and propranolol can be removed to negligible levels.

Figure

4 provides a summary of the locations of these drugs in lipid bilayers

utilizing either x-ray or
neutron diffraction.
Interestingly, amiodarone is
buried deep within the lipid

bilayer near the terminal
AMIODARONE

methyl region, consistent with

' NIMODIPINE

its negligible removal from

2 ) PROPRANOLOL.

the bilayer as indicated by
the "washout" experiment in

Figure 3. Nimodipine and

propranolol are located near
the hydrocarbon core/water
interface, and can be easily
washed out of the lipid

bilayer. By comparing the
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clinical half lives for activity in Table 1 with these results, it is
reasonable to conclude that the pharmacokinetic properties of the drugs
at the molecular level which may be related to the duration of clinical

activity may at least depend upon the location of the drug in the lipid

bilayer.
Table 1 Clinical Halflives of Activity
Amiodarone >1,090!
Nimodipine 5.51
Propranolol 3.9
1

Goodman and Gilman, 7th Edition
Janis, R.A., Personal Communication

X-ray and neutron diffraction can provide valuable information
regarding the interaction of drugs with membranes with molecular
resolution. Apart from the significance in determining mechanisms for
drug-membrane and drug-receptor actions, these molecular data can be
used to define the activity and selectivity of drug substances. A drug
that does not penetrate to the proper depth within the membrane bilayer
(drug Y in Figure 5B) would not be as active or possibly inactive
compared to drug X which, at the proper depth within the membrane
bilayer, can diffuse to the receptor site and participate in a
successful interaction. This feature of the membrane bilayer model may
also accomodate a selection for activity, whereby only a portion of the
drug structure is the "active site" so that a hydrophobic (that portion
of the drug within the hydrocarbon core) or a hydrophilic (that portion
of the drug within the aqueous region of the membrane bilayer)
interaction may occur. The limited amount of information to date
indicates that cardiovascular agents have a precise location (i.e.
depth of penetration) within the membrane bilayer. The membrane
bilayer model imparts another form of selectivity related to the

optimal orientation (Figure 5C) and conformation (Figure 5E) within the
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membrane. Drug Y in Figure 5C and E would not be active since its
orientation or conformation respectively does not match that of the
receptor site whereas drug X does. The limited amount of structure
data to date also points to a precise orientation and conformation of
these cardiovascular agents within the membrane bilayer. Finally, the
partial reactivity of some drugs may be rationalized as a distribution

of the drug along the profile axis where the most probable location

Figure 5
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(center of the gaussian distribution) may not coincide precisely with
the location of the protein receptor site (Figure 5D).
These approaches to understanding drug/membrane/receptor
interactions may eventually play a role in allowing new breakthroughs

in drug design (see Figure 6). Single crystal studies of drug

Orientation
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mllrn-nul Crystal Crystal Biopolymer
Parameters

[y
Chea! Neasurement of
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Scattering
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Structure
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Figure 6
structures (obtained by both x-ray and neutron diffraction) could be

combined with drug structures (again obtained by x-ray and neutron
diffraction) as determined directly in biological membranes. These
experimentally determined structures for the drug in crystal and
membrane bound form could be inputed into molecular modeling schemes.
Based on the study of several drug substances in a particular class,
similarities and/or differences of the drug structures in the crystal
and membrane bound forms in addition to their structure when bound at a
protein receptor site, will allow calculations for potential site
reactivity and selectivity. Optimized drug structures calculated in
this manner would then be determined, completing the cycle. This

cyclic scheme of inputting experimentally determined drug structures
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(crystalline vs. membrane bound form) into molecular modeling programs
and predicting new structures should allow a rapid conversion of
optimizing therapeutic agents within a particular class of drugs and,
possibly, the prediction of new drug classes with clinical potential.

Implications of the Radius of Curvature Hypothesis

The intrinsic radius of curvature, R, is a lipid layer parameter
which essentially measures the average mismatch between the minimum
free energy projected areas of the hydrophilic and hydrophobic portions
of the lipid molecules. For many common membrane lipids, such as
unsaturated phosphatidylethanolamines, this mismatch is large,
corresponding to small values of R0 and large internal strains in the
bilayer. For other common lipids, such as phosphatidylcholines, Ro is
large, i.e., the bilayer is relaxed. Morever, R0 is a bulk parameter
of the lipid layer and results from contributions of all the molecules
in the layer. Thus, there are numerous lipid mixtures which result in
a given value of Ro. Bilayers characterized by widely different Ro
values present qualitatively and quantitatively different environments
to intrinsic membrane proteins. The important implication is that,
insofaras proteins are sensitive to the environmental variations

measured by R, the bilayer composition non-specifically affects the

functioning of the membrane proteins. It is also likely that the
relative partitioning of amphiphiles between different membranes is
dependent on their Ro values.

Amphiphilic drugs which partition into bilayers also contribute to
R, and substantially alter its value. This is the case for many
anesthetics at physiologically relevant concentrations. Moreover, the
affinity of the bilayer for the amphiphile is itself dependent on R,.

This suggests a rational approach for the design of lipophilic drugs.
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There are two cases to be considered. The first case is where the
target proteins exhibit a function which is sensitive to the
environmental conditions measured by Ro' In this case, an under-
standing of the way different molecules affect R0 outlines a set of
molecular design criteria and a specific set of measurements to be
performed in vitro to optimize efficacy of the drug. This is also the
case of non-specific drug interactions which typically requrie
non-trivial (>1 mole %) membrane concentrations of the amphiphile.
Moreover, such drugs may be expected to exhibit a spectrum of side
effects resulting from the alteration of Ro and the concommitant
effects on a variety of proteins.

A second case is where a drug-membrane protein site-specific
interaction is involved, but where the site is accessible only after
the drug has partitioned into the bialyer in a specific orientation.
Because of the specificity of the interaction, this case may require
only very small membrane concentrations of the amphiphile. Here, an
understanding of the relationship between Ry and the relative bilayer
affinity of the drug can be used to optimize insertion of the drug into
the target membrane. This couples to the membrane pathway hypothesis
discussed, above.

Summary

The interaction of amphiphiles with biomembranes at the molecular
level is complex. This molecular interaction is further complicated by
the fact that amphiphiles, such as drugs, have both nonspecific and
specific interactions which may lead to different effects. By
definition, specific interactions usually involve binding of ligands to
site selective regions on protein receptors; nonspecific interactions

may be classified as all other types of interactions that occur in
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biomembranes (amphiphile-lipid bilayer or non-receptor protein
interactions). We have proposed two emerging molecular hypotheses to
aid our understanding of both nonspecific and specific amphiphile/-
membrane interactions. The membrane bilayer pathway hypothesis stated
simply, describes how amphiphiles, such as drugs, may locate specific
receptor proteins by first partitioning into the membrane lipid
bilayer, where the amphiphile (drug) assumes a well defined location,
orientation and conformation, and then diffuses laterally through a
plane in the bilayer to a protein receptor site. The intrinsic radius
of curvature hypothesis, stated simply, describes how amphiphiles
incorporated into the membrane bilayer, may distort the intrinsic
radius of curvature from some optimal value to cause perturbations
which may affect membrane protein operation. Taking these two
hypothesis together, an amphiphile could either enter the bilayer and
laterally diffuse to a protein receptor (specific interaction) or
non-receptor protein (nonspecific interaction) and/or alter bilayer
parameters to cause either specific or nonspecific perturbations to the
functioning of the protein. At the very least, we can begin to
rationalize the diverse effects of amphiphiles with membranes by
involving a role for the membrane bilayer such that amphiphiles may
follow nonspecific pathways to elicit both nonspecific and specific

effects.
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FORSKOLIN, A NEW INOTROPIC AGENT
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Forskolin is a labdane diterpene obtained from the plant Coleus
Forskohlii. Forskolin probably acts by activation of adenylcylase.
Forskolin was infused intravenously in patients with Jlow cardiac
output, commencing with 0.1 ug/kg/minute in Hemaccel solution.
The rate was doubled every 2 minutes to a maximum of 1.6 ug/kg/Min.
Ventricular functions was evaluated by a nuclear stethoscope before
infusion and 5, 10, 15 and 50 Minutes after stopping the infusion.
The cardiovascular parameters included heart rate, systolic blood
pressure, diastolic blood pressure, ejection fraction, cardiac
output, peak ejection rate, peak filling time and overall filling
time. The ejection fraction, in 8 patients, rose from the mean
basal value of 23.10+ 2.37 to 38+3.59(P< 0.001). There were also
significant increases in ejectionvelocity and filling velocity.
These effects were seen at a dose of 8-16 ug/kg/10minutes.  No
significant chronotropic or barotropic effects were noted.
Forskolin was extremely well tolerated at this dose.

INTRODUCTION:

It has been recognised for a long time that the strength of heart
muscle contraction is controlled by changes in cytosolic Ca*t levels
which are in turn governed by the interaction of endogenous cate-
cholamines with cardiac /§ -receptors. Increase in cellular
cyclic AMP Tevel normally accompany - receptor activation.
Indeed, fnotropic action is closely connected with cyclic APM
or the second messenger.

Forskolin is a labdane diterpene compound isolated from Coleus

Forskohlii.(Fig. 1) 1In isolated papillary muscles of the rabbit
Rodger and Shahid showed that Forskolin induces concentration
-related positive inotropic response and that this was related
to the intracellular cyclic AMP Tlevels (2). Metzger and Lindner
showed in 1981 that Forskolin is an activator of adenylate cyclase
in rabbit heart membranes (1). Furthermore, Seamon and Daly were
able to show that Forskolin could activate adenylate cyclase
directly in the absence of guanine nucleotide regulatory protein(3).
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FORSKOLIN
(A LABDANE DITERPENE)

Fig. 1.

The aim of the present study was to confirm in humans the positive
inotropic properties of Forskolin. In ten patients with clinical
and echo-cardiographic proof of poor LV function and low cardiac
output, the drug was given intravenously by drip method with graded
doses increasing every 10 minutes.

METHOD:

The nuclear stethoscope (Bios, New York) consists of an ECG-gated
scintillation probe with a dedicated microprocessor programmed
to measure hemodynamic data in real time. Red cells are labelled
with 99™ technetium and various parameters of cardiac function
are assessed on a beat-to-beat basis. These include heart rate,
stroke volume, end-diastolic volume, ejection fraction, relative
cardiac output, peak ejection and the peak filling rate (Fig.2).
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Fig. 2.
The 1inclusion criteria for the study were as follows:

1. Patients suffering from congestive cardiac failure due to
ischemic heart disease, cardiomyopathy or rheumatic heart
disease.

2. The diagnosis was established by clinical examination, X-ray
Chest, ECG, 2-D Echo studies and lab. tests.

3. The age 1imit was 15-75 years.

Cases excluded from the study were those who were in renal or
hepatic failure. Patients with concurrent serious illness 1like
severe infection or cancer were excluded. Our 1list of selected
patients contained two with dilated Cardiomyopathy, six with
ischemic heart disease and two with rheumatic heart disease(Tablel).
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FORSKOLIN - INOTROPIC EFFECT

DEMOGRAPHY
PT. NO. DIAGNOSIS AGE (YRS.) WEIGHT (Kg) SEX

1. CARDIOMYOPATHY 66 50 M
S.  CARDIOMYOPATHY 65 63 M
7 LLH.D. 56 50 M
9. L HD. 47 70 M
40. 1. H.D. 56 70 M
2. c.c.F [VALVULAR

DISEASE] 22 40 M
3. CCF [VALVULAR 29 45

DISEASE] M
4. 1LHD.+ C.CF 59 70 M
6. LH.D.+ C.CF 55 60 M
8. ILHD.+ C.CF 61 52 F

Table I

Forskolin was given intravenously by a micro-drip set. The starting
dose was 0.1 ug/kg/min. Every ten minutes the dose was doubled
to a maximum of 1.6 ug/kg/min. The compound was dissolved in
Haemacce1® (Hoechst polymer from degraded protein).

RESULTS:

Table II gives the effect of Forskolin infusion on the ejection
fraction (EF). In all ten patients there was a significant increase
in the EF (mean + SE increase from 23.10+ 2.37 to 38.30+3.59
p<0.001 Table II). Fig. 3 & 4 depict the nuclear stethoscope
derived data from a typical case before and after Forskolin
(1.6 ug/kg/10Min.).
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FORSKOLIN - INOTROPIC EFFECT
EJECTION FRACTION

PT. NO. BASAL [%] INCREASE [ %]
1 14 32
5 24 34
7 19 32
9 34 56
10 30 52
2 22 29
3 20 38
4 10 20
6 29 40
8 32 50
MEAN +S.E. 23:10+2-37 38:30+ 3-59
P<0-004

Table II
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Fig. 3 & 4,



313

Table III gives the details of a typical study. Note the excellent
increase in ejection fraction and stroke volume with a slight
increase in end-diastolic volume and heart rate. In every case
there was also an increase in peak ejection rate and peak filling
rate. In all of the ten cases there was no appreciable change
in systolic or diastolic blood pressure from control values.

NUCLEAR STETHOSCOPE FINDINGS
AFTER FORSKOLIN

PATIENT MRS. MARGARET

BASAL 0-8 /ug/Kg 1-2 /Jg/Kg 4-6/ug/Kg

HR 4108 442 1412 148

RCO $50-4 74-7 71-7 72-3
SV 0-42 0-64 0-72 0-76
EDV 41-29 4-30 1-41 1-44
EF 32 42 50 55

ER 1-8 2-05 3-00 3-05
FR 2-77 3-45 3-40 3-36

Table III

None of the patients suffered from any side effects. Forskolin
was very well tolerated.

DISCUSSION:

The pronounced increase in ejection fraction stroke volume and
peak filling rate without significant changes in blood pressure
or heart rate clearly show that Forskolin has a definite positive
inotropic effect in patients who have an dimpaired LV function
with low cardiac output. The nuclear stethoscope has been shown
to be a useful device in estimating the effect of a new inotropic

drug during a continuous infusioni.
CONCLUSIONS:

1. Forskolin produces clinically significant increase in ejection
fraction, ejection velocity, and filling velocity.
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2. Forskolin has significant inotropic effect at doses of
0.8 - 1.6 ug/kg/10 mts.

3. At the dose of 0.8 ug/kg/10mts, no chronotropic effect was
seen and at 1.6 ug chronotropic effect was present.

4, The volume of infusion with the dose 1is very small.
(approx. 0.5 - ml/mt.)

5. The drug was well tolerated at the dosage studied.
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DEPENDENCE OF VASOCONSTRICTOR RESPONSES ON EXTRACELLULAR CALCIUM
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INTRODUCTION

Vascular tone is regulated by metabolic, hormonal, ionic, and
neuronal mechanisms. The adrenergic nervous system plays a major role
in regulating vascular tone in physiologic and pathophysiologic states.
Adrenergic stimulation increases vasoconstrictor tone by stimulating
alpha adrenoceptors on the plasma membrane of resistance vessels.
Recent studies have provided evidence that postsynaptic receptors with
pharmacological properties similar to those of alpha-1 and alpha-2
adrenoceptors are present in the systemic and pulmonary vascular beds
(1-6). It has been shown in in vivo studies that pressor responses to
exogenous and neurogenically released norepinephrine may be mediated by
different alpha adrenoceptor subtypes (2,7,8). In the canine hindlimb
and pithed rat, responses to sympathetic nerve stimulation are selectively
blocked by alpha-1 adrenoceptor antagonists whereas responses to
exogenous norepinephrine are attenuated by alpha-2 adrenoceptor antago-
nists (2,7-9). It was, therefore, postulated that alpha-1 adrenoceptors
are located intrasynaptically and are preferentially activated by
neurogenically released norepinephrine whereas exogenous norepinephrine
acts mainly on alpha-2 receptors which are located extrasynaptically
(2,7,8). There are, however, exceptions to this concept in that
neuronally released norepinephrine does not preferentially activate
postjunctional alpha-1 adrenoceptors in isolated human blood vessels (10).

In addition to a possible different anatomic location of alpha-1
and alpha-2 adrenoceptors on the postjunctional membrane, it has been
postulated that these receptor subtypes may be distinguished by the
source of calcium jons utilized to elicit a pressor response (3,11-13).
Calcium entry blocking agents have been reported to selectively inhibit
pressor responses to agonists which stimulate alpha-2 adrenoceptors (3,11-13).
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The purpose of the present investigation was to characterize the alpha
adrenoceptor subtypes present in the feline mesenteric vascular bed

in vivo and to determine which receptor subtypes are stimulated by
exogenous and nerve released norepinephrine and which responses are
influenced by calcium entry blockade. The results of these studies
demonstrate that both receptor subtypes are present and that vasocon-
strictor responses elicited by activation of both receptor subtypes are
inhibited by calcium entry blockade.

METHODS

Experiments were performed in cats under conditions of controlled
superior mesenteric blood flow so that changes in intestinal perfusion
pressure directly reflected changes in intestinal vascular resistance.
Briefly, animals were sedated with pentobarbital sodium, intubated, and
femoral arterial and jugular venous catheters were positioned for
measurement of systemic arterial pressure and administration of subse-
quent anesthetic. An extracorporeal circuit was created so that blood
withdrawn from a common carotid artery was pumped under constant flow
into the superior mesenteric artery (14). A1l agonists studied were
administered as an intra-arterial injection in small volumes directly
into the perfusion circuit whereas all antagonists were administered
intravenously. Calcium entry blockers were infused directly into the
perfusion circuit as well. Agonists used in the study were phenylephrine,
a selective alpha-1 agonist; UK 14304, a selective alpha-2 agonist;
norepinephrine; tyramine; angiotensin II; U46619, a thromboxane mimic;
and Bay K 8644, a calcium channel agonist.

In experiments in which the sympathetic nerves were stimulated
electrically, the nerve plexus of the superior mesenteric artery was
carefully isolated and placed on a shielded Palmer electrode. The
nerve was decentralized by crushing it proximally to the electrode and
was stimulated with a Grass stimulator (SCMG) in a random sequence with
square wave pulses, 2 msec duration, 12 volts, at 1, 3, and 10 Hz for
periods of 30 sec.

In animals in which 6-hydroxydopamine was used to destroy the
integrity of adrenergic terminals, the animals were treated with
6-hydroxydopamine HC1 (Sigma), 100 mg/kg i.p., for 3 days and were
studied 3-6 days later.
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RESULTS
Intra-arterial injections of phenylephrine and UK 14304 caused
dose-related increases in mesenteric perfusion pressure (Fig. 1). The
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Fig. 1. Top left panels: effects of prazosin and of prazosin +
yohimbine on increases in mesenteric arterial perfusion pressure in
respense to phenylephrine. Top right panels: effects of yohimbine and
of yohimbine + prazosin on vasoconstrictor responses to phenylephrine.
Lower left panels: influence of prazosin and of prazosin + yohimbine
on responses to UK 14304. Lower right panels: effects of yohimbine
and of yohimbine + prazosin on responses to UK 14304. n indicates
number of animals and the asterisk indicates that the response is
significantly different than the corresponding control.

effects of prazosin, an alpha-1 adrenoceptor antagonist, and yohimbine, an
alpha-2 adrenoceptor antagonist, on responses to the alpha-adrenoceptor
agonists were investigated and these data are shown in the left-hand
panels of Fig. 1. Prazosin, 0.1 mg/kg i.v., significantly reduced the
increases in mesenteric arterial pressure in response to phenylephrine
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but had no significant effect on responses to UK 14304 (Fig. 1, top

left panel). The administration of yohimbine, 1 mg/kg i.v., to the same
animals that had received prazosin significantly reduced the mesenteric
vascular response to UK 14304 but had no additional blocking effect on
responses to phenylephrine (Fig. 1, left panel).

In the second group of cats in this series, the order of administration
of prazosin and yohimbine were reversed. Yohimbine, 1.0 mg/kg i.v., had
no significant effect on mesenteric vascular responses to phenylephrine;
however, responses to UK 14304 were reduced significantly (Fig. 1, right
panel). Subsequent administration of prazosin, 0.1 mg/kg i.v., to the
same animals that had received yohimbine resulted in a significant
decrease in the mesenteric vascular responses to phenylephrine but no
additional effect on responses to UK 14304 (Fig. 1, right panel).

The results from experiments with phenylephrine and UK 14304
suggest the presence of alpha-1 and postjunctional alpha-2 adrenoceptors
in the feline mesenteric vascular bed. Since experimental evidence
suggests that alpha-2 adrenoceptors are located at both pre- and
postjunctional sites (15), it is important to preclude a prejunctional
effect of the alpha-2 agonist by pretreating the animals with 6-
hydroxydopamine. Pretreatment with 6-hydroxydopamine significantly
reduced the mesenteric vasoconstrictor response to tyramine. Following
treatment with 6-hydroxydopamine, phenylephrine and UK 14304 produced
similar increases in mesenteric perfusion pressure as observed in
untreated animals (Fig. 1). In 6-hydroxydopamine treated animals,
prazosin, 0.1 mg/kg i.v., significantly decreased vasoconstrictor responses
to phenylephrine whereas responses to UK 14304 were unchanged. Subse-
quent administration of yohimbine to these same animals significantly
decreased vasoconstrictor responses to UK 14304 with no further change
observed in the vasoconstrictor response to phenylephrine. The effects
of reversing the order of administration of the alpha-adrenoceptor
blocking agents on vasoconstrictor responses were investigated in another
group of cats pretreated with 6-hydroxydopamine. When yohimbine was
given first, vasoconstrictor responses to UK 14304 were decreased
significantly whereas responses to phenylephrine were not changed.

After administration of prazosin to these same animals, vasoconstrictor
responses to phenylephrine were reduced significantly.
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Recent studies have provided evidence that vasoconstrictor responses
elicited by alpha-2 adrenoceptor agonists may be dependent on the influx
of extracellular calcium ions whereas alpha-1 mediated responses are not
sensitive to blockade by calcium entry antagonist. In order to test this
hypothesis in the feline mesenteric vascular bed, the effects of
nitrendipine, a dihydropyridine calcium entry blocking agent, on vaso-
constrictor responses to phenylephrine and UK 14304 were investigated.

As in previous experiments, intra-arterial injections of phenylephrine

and UK 14304 increased mesenteric arterial perfusion pressure in a dose-
related manner (Fig. 2). During the infusion of nitrendipine, 1.0 ug/min,
into the mesenteric vascular bed, vasoconstrictor responses to phenyl-
ephrine and to UK 14304 were decreased significantly (Fig. 2). Moreover,
60 min after the end of the nitrendipine infusion, vasoconstrictor
responses to phenylephrine and UK 14304 returned to control value (Fig. 2).
Nitrendipine caused a significant reduction in mesenteric and systemic
arterial pressures whereas infusion of the nitrendipine vehicle had no
significant effect on vascular pressures.

It has been postulated that responses to sympathetic nerve
stimulation result mainly from activation of alpha-1 adrenoceptors
whereas responses to exogenous norepinephrine are due mainly to an effect
on postjunctional alpha-2 receptors. In order to determine which
receptor subtypes released by electrical excitation of the sympathetic
nerves and exogenous norepinephrine act on, the effects of prazosin and
yohimbine were investigated in two groups of cats and these data are
presented in Fig. 3. In the first group of cats, responses to electrical
stimulation of the sympathetic nerves were reduced significantly after
administration of prazosin, 0.1 mg/kg i.v., whereas responses to norepi-
nephrine were not changed significantly (Fig. 3, left panels). Subse-
quent administration of yohimbine, 1 mg/kg i.v., to these same animals
resulted in a significant decrease in mesenteric vasoconstrictor responses
to norepinephrine whereas no additional blocking effect was observed on
responses to electrical stimulation of the sympathetic nerves (Fig. 3,
left panels). In a second group of cats, administration of yohimbine,

1 mg/kg i.v., significantly decreased mesenteric vasoconstrictor responses
to norepinephrine whereas responses to electrical stimulation of the
nerves were not changed significantly (Fig. 3., right panels).
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Fig. 2. Effects of intra-arterial infusion of nitrendipine, a calcium
entry blocking agent, 1 ug/min, on increases in mesenteric perfusion
pressure in response to phenylephrine (upper panel) and UK 14304
(Tower panel). Responses to phenylephrine and UK 14304 were measured
before, during, and 60 min after termination of the nitrendipine
infusion. n indicates number of animals and the asterisk denotes that
the response is significantly different than control.
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Fig. 3. Top left panels: effects of prazosin and of prazosin +
yohimbine on increases in mesenteric arterial perfusion pressure in
response to norepinephrine. Top right panels: effects of yohimbine
and of yohimbine + prazosin on responses to norepinephrine. Lower
left panels: influence of prazosin and of prazosin + yohimbine on
responses to electrical stimulation of the sympathetic nerves. Lower
right panels: effects of yohimbine and of yohimbine + prazosin on
responses to electrical stimulation of the sympathetic nerves. n
indicates number of animals and the asterisk denotes that the response
is significantly different than control.

Administration of prazosin, 0.1 mg/kg i.v., to these same animals
significantly decreased mesenteric vasoconstrictor responses to elec-
trical excitation of the nerves. The release of norepinephrine from
sympathetic nerve terminals by electrical excitation of the nerves can
be modified by agonists and antagonists which act on presynaptic

alpha-2 receptors. However, norepinephrine released by tyramine is not
subject to autoreceptor regulation. Therefore, the effects of yohimbine
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on responses to tyramine were investigated in the mesenteric vascular
bed in another series of animals. Intra-arterial injections of tyramine
caused dose-dependent increases in mesenteric perfusion pressure.
Vasoconstrictor responses to tyramine were decreased significantly by
yohimbine, 1 mg/kg i.v., and were decreased to an even greater extent by
the administration of prazosin, 0.1 mg/kg i.v., in these same animals.
Moreover, in other animals when prazosin was administered first, responses
to tyramine were reduced significantly and were decreased to an even
greater extent by yohimbine. To ascertain the extent to which responses
to tyramine were indirectly mediated in the mesenteric vascular bed, the
effects of cocaine were investigated. The administration of cocaine,

5 mg/kg i.v., markedly reduced responses to tyramine but had no signifi-
cant effect on responses to UK 14304 or phenylephrine.

In order to ascertain if extracellular calcium is required for
mesenteric vasoconstrictor responses to sympathetic nerve stimulation
and norepinephrine, the effects of nitrendipine, a calcium entry blocking
agent, were investigated. In these experiments, a dose-response curve
for norepinephrine and a frequency-response curve for electrical
stimulation of the sympathetic nerves were obtained, and nitrendipine
was infused into the mesenteric perfusion circuit at a rate of 1 ug/min.
Responses to nerve stimulation and norepinephrine were determined 5-10
min after the onset of the nitrendipine infusion and again 60 min after
the end of the infusion. During infusion of the calcium entry blocking
agent, mesenteric vasoconstrictor responses to nerve stimulation and
exogenous norepinephrine were decreased significantly and responses
returned to control value 60 min after the termination of the infusion.

The influence of the calcium entry blocking agent on responses to
agonists which induce vasoconstriction by way of receptor-operated and
voltage-dependent mechanisms and which release norepinephrine by a
calcium-independent process were also investigated in another series of
animals and these data are summarized in Fig. 4. During infusion of
nitrendipine, 1 ug/min, mesenteric vasoconstrictor responses to KCI1,
U46619, tyramine, and angiotensin II were reduced significantly and
responses to these agents returned to baseline value 60 min after the
nitrendipine infusion was terminated (Fig. 4). The vasoconstrictor
response to intra-arterially injected KC1 was not dependent on the
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Fig. 4. Effects of intra-arterial infusion of nitrendipine, 1 g/min,

on increases in mesenteric arterial perfusion pressure in response to

KC1 2 M (top left), tyramine (top right), U46619 (bottom left), and
angiotensin II (bottom right). Responses to KC1, tyramine, U46619, and
angiotensin II were obtained before, during, and 60 min after termina-
tion of the nitrendipine infusion. n indicates number of cats and the
asterisk denotes that the response is significantly different from control.

activation of alpha adrenoceptors since responses to depolarizing agent
were not modified by phenoxybenzamine in a dose (5 mg/kg i.a.) which
reversed the vasoconstrictor response to norepinephrine. Although the
alpha blocking agent had no significant effect on the response to
norepinephrine, subsequent infusion of nitrendipine, 1 ug/min, into the
mesenteric vascular bed significantly reduced the responses to
norepinephrine.
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DISCUSSION

Results of the present study in the cat show that phenylephrine
and UK 14304, alpha-1 and alpha-2 adrenoceptor agonists, increase
mesenteric arterial perfusion pressure in a dose-related manner.
Inasmuch as blood flow to the intestinal vascular bed was maintained
constant, the increases in perfusion pressure indicate that both types
of agonists cause vasoconstriction. Vasoconstrictor responses to
phenylephrine were blocked in a selective manner by prazosin, whereas
responses to UK 14304 were selectively blocked by yohimbine. Moreover,
similar data were obtained in experiments in which 6-hydroxydopamine
was used to destroy the integrity of adrenergic terminals and exclude a
presynaptic action of the alpha-2 adrenoceptor agonists and antagonists
(6,16,17). The present data suggest the presence of postjunctional
receptors mediating vasoconstriction in the mesenteric vascular bed
with pharmacologic characteristics similar to alpha-1 and alpha-2
adrenoceptors (1,4,18,19). These data support previous work showing the
presence of alpha-2 adrenoceptors in the peripheral and pulmonary
vascular beds and suggest that the magnitude of the alpha-2 receptor
mediated vasoconstriction in the mesenteric vascular bed may be greater
than observed in other organ systems (1,4,6,18,19).

In addition to suggesting the existence of postjunctional alpha-1
and alpha-2 adrenoceptors, the present data demonstrate that vasocon-
strictor responses to electrical excitation of the sympathetic nerves
are blocked by prazosin whereas responses to exogenous norepinephrine
are blocked by yohimbine. These data support the hypothesis that
responses to exogenous norepinephrine in the systemic vascular bed are
mediated mainly by stimulation of postjunctional alpha-2 adrenoceptors
whereas responses to norepinephrine released by nerve impulses are due,
for the most part, from activation of alpha-1 receptors (2,7-9).
However, the receptor subtype stimulated by exogenous norepinephrine may
not be similar in all organ systems. Recent studies have shown that
vasoconstrictor responses to exogenous norepinephrine in the lung are
due mainly to activation of alpha-1 adrenoceptors (6,20). Thus, in the
cat pulmonary and mesenteric vascular bed, responses to norepinephrine
are mediated differently. Tyramine also releases norepinephrine from
adrenergic terminals (21-23). However, the effects of prazosin on
vasoconstrictor responses to tyramine and to sympathetic nerve stimulation
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are different in the mesenteric vascular bed. Whereas prazosin, but not
yohimbine, was effective in reducing responses to electrical excitation
of the sympathetic nerves, prazosin and yohimbine had similar blocking
effects on the response to tyramine. These data suggest that norepi-
nephrine released by tyramine may act on both alpha-1 and postjunctional
alpha-2 adrenoceptors whereas transmitter released by nerve excitation
only acts on alpha-1 receptors. The explanation for the differences in
the effects of the blocking agents on responses to tyramine when compared
to responses to nerve stimulation is uncertain, but similar results have
been obtained in the rat vas deferens (24). It is possible that the
transmitter pool displayed by tyramine may differ from the stores
released by electrical stimulation and that transmitter released by
tyramine may diffuse to greater distances and thereby interact with
postsynaptic alpha-2 adrenoceptors which are remote from the nerve
terminal. Tyramine is an indirect acting amine which displaces norepi-
nephrine from adrenergic.terminals by a calcium-independent process
(21,22). Although tyramine may possess some direct activity (25),
vasoconstrictor responses to this agent are mainly indirect in the
feline mesenteric vascular bed since they are almost entirely blocked
by cocaine.

Although yohimbine reduced responses to tyramine by approximately
50%, the effects of this agent on responses to electrical stimulation of
the sympathetic nerves are difficult to interpret since pre- and
postsynaptic blocking actions of the antagonist would be expected to
have opposing effects on the response (15).

The present studies suggest that the mesenteric vascular bed
possesses alpha-1 and postsynaptic alpha-2 receptors mediating vasocon-
striction. It has been reported that alpha-2 adrenoceptor-mediated
vasoconstriction may be primarily dependent on the entry of extracellular
calcium ions whereas alpha-1 mediated responses depend on the release
of calcium from intracellular stores. This hypothesis is based on
studies showing that calcium entry blocking agents have a differential
effect on responses to alpha-1 and alpha-2 adrenoceptor agonists (3,11-13).
Moreover, it has been suggested that alpha-2 mediated responses may be
distinguished by the source of calcium utilized for vasoconstriction
(3,11,13). Since the mesenteric vascular bed has alpha-1 as well as
alpha-2 vasoconstrictor mechanisms, this would be an appropriate model
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system to examine the sensitivity of alpha-1 and alpha-2 mediated
responses to the effects of a calcium entry blocking agent. The results
of these studies show that vasoconstrictor responses to alpha-1 and to
alpha-2 adrenoceptor agonists are blocked to a similar extent and in a
reversible manner by nitrendipine, a dihydropyridine calcium entry
blocking agent. Similar results have also been obtained with other
calcium entry blocking agents in the feline mesenteric vascular bed (26).
These data are not in agreement with results obtained in the pithed rat
or cat and in the ganglion-blocked rabbit in which calcium entry blocking
agents had a selective blocking effect on alpha-2 mediated responses
(3,11-13). The reason for the difference in results in the feline
mesenteric circulation and in previous work is uncertain but is not
related to species since it has been previously reported that nifedipine
had a greater inhibitory effect on increases in diastolic pressure
elicited by BHT 920 than by phenylephrine in the cat (27). However,
cardiac output and regional vascular responses were not measured in the
pithed animals, so that the effects of the alpha adrenoceptor agonists
and their interactions with the calcium entry blocking agents on vascular
resistance are difficult to assess (3,11,13,27). The present data
provide support for an alternate hypothesis that similar sources of
calcium are required for vasoconstriction elicited by selective alpha-1
and alpha-2 adrenoceptor agonists in the feline mesenteric vascular bed.

If calcium entry blockers are effective in inhibiting both alpha-1
and alpha-2 mediated vasoconstrictor responses, then responses to nerve
released and exogenous norepinephrine should be reduced by calcium entry
blocking agents. The present results show that responses to electrical
stimulation of the sympathetic nerves and to injected norepinephrine are
blocked in a reversible manner by nitrendipine. The finding that vaso-
constrictor responses to electrical stimulation of the sympathetic
nerves are reduced by calcium entry blocking agents is similar to the
findings of Holck and Gerold (9) in the pithed rat. The present data
extend the studies of Holck and Gerold (9) by showing that responses to
electrical stimulation, tyramine, and alpha-1 agonists are attenuated by
calcium entry blocking agents. Since the release of norepinephrine from
adrenergic nerves by tyramine is not dependent on the influx of calcium
(22), and since responses to nerve excitation and tyramine are reduced
to a similar extent, these data suggest that the major effect of the
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calcium entry blocking agent in resistance vessels of the intestine is
postsynaptic. The inhibitory effect of nitrendipine on vasoconstrictor
responses in the mesenteric vascular bed is nonspecific in that responses
to U46619, a thromboxane A2 mimic, angiotensin II, and potassium chloride,
which depolarizes smooth muscle, require extracellular calcium. The
response to potassium chloride is not reduced by an alpha adrenergic
blocking agent, suggesting that it is not dependent on the release of
norepinephrine from adrenergic terminals. The present data indicate

that vasoconstrictor responses in the cat mesenteric vascular bed
elicited by agents which stimulate receptors on the postsynaptic membrane
or depolarize resistance vessels require an extracellular source of
calcium and differ from studies in isolated vascular tissue (28,29).

The present results suggest that the inhibitory effects of calcium
entry blocking agents on vasoconstrictor responses to both sympathetic
nerve stimulation and exogenous vasoconstrictor hormones may be involved
in the mechanism of the antihypertensive action of these drugs.
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CYTOSOLIC FREE CALCIUM TRANSIENTS INDUCED BY ERGONOVINE IN CULTURED
VASCULAR SMOOTH MUSCLE CELLS

H. KANAIDE, M. HASEGAWA and M. NAKAMURA

Research Institute of Angiocardiology and Cardiovascular Clinic, Faculty
of Medicine, Kyushu University, Fukuoka 812, Japan

INTRODUCTION

Ergonovine is a vasoconstrictor and now widely used as a diagnostic
test in patients with suspected variant angina. However, the etiology
underlying ergonovine-induced vasoconstriction remains uncertain. Constriction
of vascular smooth muscle cells (VSMC) is regulated by changes in the
concentration of cytosolic free calcium ( (Ca)i ). Using the microfluorometry
of quin 2, the effects of ergonovine on (Ca)i in cultured rat VSMC were

investigated.

MATERIALS AND METHODS

Rat aortic medial VSMC in primary culture were used throughout the
experiments. On day 5 to 6, just before reaching confluence, the cultured
VSMC on Lux chamber slides were loaded with quin 2, as the acetoxy-methyl
ester (quin 2/AM, DOTITE), as described (1). Unless otherwise indicated,
recording of (Ca)i transients were performed in normal physiological saline
solution (normal PSS) containing 1 mM CaCl2 at 25°C. The millimolar composition
of the normal PSS (pH 7.4) was: NaCl 135; KCl1 5; CaCl2 1; MgCl2 1; glucose
5.5; HEPES 10. A calcium-free version of this solution (Ca-free PSS) was
prepared by replacing CaCl2 with 2 mM EGTA.

Cytosolic fluorescence intensity of VSMC was recorded using a fluorescence
microscope (model 18, Zeiss) equipped with a water immersion objective lens
(Plan-Neofluor 63, Zeiss) and an appropriate combination of filters, in
which VSMC were excited at wavelengths between 350 and 360 nm and analyzed
at wavelengths between 470 and 560 nm. Using a pinhole diaphragm (Zeiss)
in the light axis, the fluorescence intensity in a spot (<1 pmz) of the
cytosol 3 um apart from the nucleus was measured. Each cell was exposed to

the excitation light, only once, for not longer than 2 sec in order to
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avoid the photobleaching effect on the dye. VSMC showed no morphological
change during the course of all experiments, as assessed in a phase-contrast
microscope at 400X.

Drugs used were ergonovine maleate (SIGMA), ketanserin tartrate (JANSSEN),
phentolamine mesylate (CIBA-GEIGY) and 2,4-dinitrophenol (WAKO). Drugs were
dissolved in either normal PSS or Ca-free PSS.

The results obtained were expressed as the meant+S.D. of 5 experiments,
and the number of cells counted in each experiments was 8, and statistical
significance was assessed using an analysis of variance. Difference of

p <0.05 were considered significant.

RESULTS

Both in the presence (in normal PSS containing 1 mM CaClZ) and the
absence (in Ca-free PSS containing 2 mM EGTA) of extracellular calcium,
ergonovine induced transient, dose-dependent and double-peaked elevations
of (Ca)i with similar time course and extent. The first and the second peaks
were observed at 8 and 20 min, respectively.

In the presence of extracellular calcium, the first peak elevations
were inhibited and finally abolished by phentolamine or ketanserin dose-
dependently. However, the second peak elevations were not affected
at all by ketanserin, and were only partially, if any, inhibited by
phentolamine.

In contrast, in the absence of extracellular calcium, the first peak
elevations in response of (Ca)i to ergonovine were not completely abolished
by phentolamine or ketanserin alone. However, when VSMC stimulated with
ergonovine were exposed simultaneously to phentolamine and ketanserin, the
first peak elevations were completely abolished (Figure).

In the absence of extracellular calcium, dinitrophenol caused a
transient elevations in (Ca)i; (Ca)i reached a maximal level at 20 min,
and then declined to a pre-exposure level within 30 min, despite the
continuous application of dinitrophenol. When VSMC were pretreated with
1076 M ergonovine for 40 min, (Ca)i elevations elicited by 1074 M
dinitrophenol were completely abolished. Conversely, when VSMC were pretreated
with 10'4
fluorescence elicited by lO-6 M ergonovine were atteruated by 50 % and

M dinitrophenol for 30 min, the second peak elevations of

the first peak elevations were not affected at all.
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A typical example of the effect of 10_6 M ergonovine on fluorescence signal
in VSMC in Ca-free PSS containing 2 mM EGTA. When VSMC were exposed to
Ca-free PSS prior to the application of ergonovine, (Ca)i decreased gradually
and reached a steady state level in 5 min. This level remained unchanged

for at least 60 min, as previously noted (1,2,3). VSMC were pre-incubated
with Ca-free PSS for 10 min, and then, exposed to ergonovine in Ca-free

PSS (at time O in the figure). Ergonovine (®) caused transient elevations

in the fluorescence with peaks at 8 and 20 min.laﬂe first peak elevations
were inhibited only partially by ketanserin 10~ (A) or phentolamine

10"° M (O) alone (doses sufficient to exert maximum responses of fluorfﬁcence
. decrease in VSMC, stimulated with ergonovine. Combined blockade (O, 107 M
ketanserin + 107~ M phentolamine) completely abolished the first peak
elevations.

DISCUSSION

The present study clarifies the partial mechanism of ergonovine action
on VSMC. Both in the presence and the absence of exracellular calcium,
ergonovine induced transient and double peaked elevations of (Ca)i with
almost similar time course and extent in rat aortic VSMC in primary culture.
This indicates that transient (Ca)i elevations induced by ergonovine are
primarily due to a release of calcium from cellular store sites.

Although both phentolamine (alpha adrenoceptor antagonist) and ketanserin
(serotonin Sz-selective antagonist) could completely abolish the first
peak elevations of (Ca)i elicited by ergonovine in the presence of extra-
cellular calcium, the abolition of the first peak elevations by each antagonist
was partial and only combined blockade completely suppressed the first
peak elevations in the absence of extracellular calcium. At present,

since truly selective antagonists for alpha adrenoceptors and serotonin
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receptors are not vailable, it is not possible to determine whether
ergonovine preferentially activates the former or the latter. However,

the present study demonstrates that the alpha and serotonergic blocking
effects of these highly selective antagonists, phentolaimine and ketanserin,
on ergonovine action were additive. Thus, it is indicated that the first
peak elevations of (Ca)i elicited by ergonovine are due to activation of
the alpha afrenergic receptors and/or serotonin Sz-receptor as an agonist,
and that alpha adrenoceptors and serotonin streceptors, although distinct
entities, have features in common.

Many investigators have considered that ergonovine is an alpha
adrenoceptor agonist or constrict the vascular smooth muscle by a "direct"
action (4,5). On the other hand, recent work in experimental animals has
shown that coronary arterial contractions induced by ergonovine are mediated
by serotonergic receptors (6,7). Species and organ differences may account
for many of the diverse effects of ergonovine. Recently, it was reported
that ergonovine constricted "normal" arteries by stimulating alpha adrenergic
receptors, but the supersensitivity of "atherosclerotic" arteries to
ergonovine was mediated predominantly by a serotonergic mechanism (8). The
results of the present study that ergonovine can act both at alpha

adrenoceptors and at serotonin S,-receptors to induce the first peak

elevations of (Ca)i may explain ihe diversity of the results of these
previous studies of ergonovine-induced vasoconstriction in different tissues
and animals.

Dinitrophenol is known to act mainly on mitochondria to induce a
release of stored calcium (9). Our results demonstrated that dinitrophenol-
sensitive calcium store sites were mostly depleted when VSMC were treated
with ergonovine, and that the second peak elevations of (Ca)i were partially
attenuated when VSMC were pretreated with dinitrophenol. This suggests
that ergonovine acts directly at mitochondria to induce a release of stored

calcium, which results in the second peak elevations of (Ca)i.

SUMMARY

Cytosolic calcium transients induced by ergonovine were recorded
microfluorometrically in primary cultured rat aortic smooth muscle cells
treated with quin 2. Both in the presence and the absence of extracellular
calcium, ergonovine induced transient, dose-dependent and double-peaked

elevations of cytosolic calcium with similar time course and extent, the
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first and the second peaks being observed at 8 and 20 min, respectively.

In the absence of extracellular calcium, the first peak elevations were
partially inhibited by phentolamine or ketanserin dose-dependently, and
completely inhibited when phentolamine and ketanserin were added at the

same time. The second peak was partially abolished when cells were pretreated
with dinitrophenol. When cells were treated with ergonovine, dinitrophenol-
sensitive calcium store sites were mostly depleted. Thus, ergonovine activates
both serotonin receptors and alpha adrenoceptors to induce a release of
calcium from the cellular store sites, and also induces calcium release

from mitochondria, which result in the transient and double-peaked elevations

of cytosolic calcium in cultured rat aortic vascular smooth muscle cells.
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