The Effect of Chronic Digitoxin Administration

on the Contractile State of Normal and

Nonfailing Hypertrophied Myocardium

Joun F. WiLLiaMs, JR. and RavpH D. PoTTER

From the Cardiology Division, Department of Medicine, The University of

Texas Medical Branch, Galveston, Texas 77550

ABsSTRACT To determine the effect of prolonged
digitoxin administration on contractile function of non-
failing myocardium, right ventricular papillary muscle
mechanics were examined after 6 or 24 wk of glycoside
administration to control and pulmonary artery banded
cats. Resting length-tension relations were not affected
by digitoxin; however, isometrically developed force
and the maximal rate of force development at the peak
of the length-tension curve were increased in all treated
groups.

In untreated animals, banding resulted in a 289 in-
cidence of deaths from heart failure. 6 wk after con-
striction, contractile function was depressed whereas
normal function was observed 24 wk after banding.
Digitoxin significantly reduced mortality from heart
failure and enhanced the recovery of contractile func-
tion; contractile function in the 6 wk banded treated
group approached that of untreated control and 24-wk
banded groups. The long-term effects of digitoxin on
contractile function were not importantly related to the
temporal association between banding and institution
of glycoside administration. Development of myocardial
hypertrophy was comparable in treated and untreated
banded groups.

These results demonstrate that a significant positive
inotropic effect persists in both normal and nonfailing
hypertrophied myocardium during chronic digitoxin
administration.

INTRODUCTION

The efficacy of administering digitalis glycosides to pa-
tients with heart disease to prevent or delay the develop-
ment of heart failure remains controversial. Although
there is experimental evidence to support the “pro-
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phylactic” use of glycosides (1-4), results of these
studies have not been sufficiently convincing to generate
or justify widespread clinical acceptance of this use of
digitalis. Furthermore, Katz has raised the theoretical
possibility that maintenance of glycoside-induced posi-
tive inotropism in nonfailing myocardium for an ex-
tended period may be detrimental (5). In support of
the latter it has been reported that prolonged administra-
tion of digitalis to normal hearts resulted in the de-
velopment of myocardial hypertrophy (6). Surprisingly,
it is unclear whether the inotropic effect of the glyco-
sides on nonfailing myocardium, which has been dem-
onstrated conclusively in acute studies (7-15), persists
during prolonged glycoside administration; this is seem-
ingly a prerequisite for either a beneficial or harmful
effect under the latter condition. A chronic positive
inotropic effect was not demonstrable in patients with
heart disease after prolonged glycoside administration
(16, 17), whereas a persistent inotropic effect was ob-
served in a single animal study (18). However, in the
patient studies, indirect methods for assessing changes
in contractile state were employed, and in the latter
study contractile state of normal hearts was examined
after an average of only 8 days of digoxin administra-
tion. Thus, the effect of truly prolonged glycoside ad-
ministration and, in particular, the effect on the non-
failing but diseased heart remains unanswered.

The present study was undertaken to provide further
information in this area and the results demonstrate
that prolonged digitoxin administration does produce
a significant inotropic effect in both normal and non-
failing hypertrophied myocardium.

METHODS

Adl..llt cats (1.7-2.4 kg at entry) anesthetized with intra-
peritoneal pentobarbital (35 mg/kg) underwent main pul-
monary artery constriction using a circular band 4.0 mm

The Journal of Clinical Investigation Volume 56 July 1975-71-78 71



in jnternal diameter. The band was composed of silastic
tupmg through which was inserted a copper wire of appro-
priate length and a silk suture. After placement of the band
ar'ound the main pulmonary artery the edges of the copper
wire were approximated and the sutures tied. The circum-
ference of the pulmonary artery was measured before con-
striction. The animals were then divided into two groups.
One group received 75 pg/kg of digitoxin subcutaneously
‘immediately after the chest had been closed and 15 ug/kg
per day for 6 days of each week thereafter. The remaining
animals did not receive the glycoside. Animals were reanes-
thetized 6 or 24 wk after banding, the chest opened, and
right ventricular or right atrial pressure measured by a
short catheter inserted through the right atrial appendage.
Inadvertently, right ventricular pressure was measured in
only a few 6-wk banded animals. Cardiac output was deter-
mined in duplicate by the dye dilution technique with in-
jection of indocyanine green dye into the right atrium and
sampling from a short catheter inserted into a carotid
artery. The heart was then removed and the right ventricu-
lar papillary muscles dissected free and placed in a muscle
chamber containing a solution of the following millimolar
composition: Na*, 144; K+ 4.0; Ca*, 2.5; Mg*, 0.05;
H.PO.", 1.0; HCOs", 25; Cl, 128; and glucose 5.6. The
solution was maintained at a temperature of 30°C and was
bubbled vigorously with 95% 0:-5% CO.. The nontendinous
end of the papillary muscle was held in a plastic clip into
which was inserted a short metal rod. The rod in turn
passed through the bottom of the muscle chamber and
was connected to a Statham force transducer (Model G1-4-
250, Statham Instruments, Inc., Oxnard, Calif.). A short
piece of braided silk suture was tied to the tendinous end
of the muscle and secured to one arm of a lever attached to
a rigid stand located above the bath. A micrometer located
above the opposite arm of the lever and attached to the
stand was employed as a stop to produce isometric con-
tractions and to alter resting length by known amounts. The
muscle was stimulated at a frequency of 12/min using field
electrodes parallel to the long axis of the muscle. Stimuli
of 5 m/s duration and 10% above threshold voltage were
provided by an American Electronics stimulator (American
Electronics Laboratories, Inc., Lansdale, Pa.). After the
muscle had contracted for approximately 1 h at a light
preload, generally 0.5 g, isometric length-tension relation-
ships were determined by increasing muscle length by 0.1
mm increments from a point where active force was just
apparent to that where active force first declined from its
peak value. Resting muscle length was then fixed at the
peak of the active length-tension curve. In addition to active
force, the maximal rate of force development (dF/dt)* and
time to peak force were also determined at this muscle
length (Lmax, peak of active length-tension curve). Paired
electrical stimulation was then instituted at a rate of 12
pairs/min. The interval between pairs was adjusted to
produce a maximal contractile response. During continued
paired electrical stimulation small increments of norepi-
nephrine were added to the bath until no further increase
in active force was observed: addition of norepinephrine
generally produced only a slight additional increase in
force. Preliminary observation demonstrated that the addi-
tion of calcium to the bath at this time did not result in a
further augmentation of contractile force. Therefore, maxi-
mal contractile response with paired stimulation and nor-

* Abbreviations used in this paper: dF/dt, maximal rate of

force development; Lmax, peak of active length-tension
curve.

72 J. F. Williams Jr. and R. D. Potter

epinephrine is hereafter referred to as “maximal force in-
dex.” All variables were recorded on a multichannel oscillo-
graph at a paper speed of 100 mm/s. An operational am-
plifier was used to determine the maximal dF/dt. Muscle
length at Lmax was measured using a calibrated reticle,
and cross-sectional area was determined from this length
and wet muscle weight by assuming cylindrical configura-
tion and a specific gravity of 1.000.

The great vessels and atria were removed. The right
ventricular-free wall was dissected from the left ventricle
and septum and the wet weight of the ventricular specimens
determined. Dry weight was also determined after exposure
to 100°C for 24 h.

12 nonbanded cats received digitoxin in a manner identical
to that described above and were studied after 6 wk of
glycoside administration. 17 nonbanded untreated cats were
studied in an identical manner after 6 wk of observation and
an additional 9 cats after 24 wk.

After completion of this phase of the study and analysis
of the results presented below, two groups of additional
animals were studied 6 wk after banding. One group re-
ceived digitoxin for the first 3 wk after banding after which
glycoside administration was discontinued. The remaining
animals were given digitoxin only during the last 3 wk of
the 6-wk study period.

With one exception all statistical analyses were per-
formed using analysis of variance as described by Snedecor
(19). To determine the significance of difference in mor-
tality between treated and untreated groups the chi-square
method was employed.

RESULTS

Pulmonary artery banding resulted in a reduction in
cross-sectional area ranging from 55 to 859, (average
70%). Of 131 banded animals not given digitoxin, 37
died of congestive heart failure characterized by pleural
effusions, ascites, and hepatomegaly. In contrast, only
9 of 64 digitoxin-treated animals died with these find-
ings: the difference in mortality from congestive heart
failure is statistically significant (P < 0.05). All but
one death from heart failure occurred within 21 days
of banding. 12 untreated and 14 treated animals were
sacrificed 6 wk after banding, whereas 11 untreated and
12 treated animals were studied 24 wk after constriction.
The remainder of the banded animals were utilized for
other experiments (none before 6 wk after banding) or
died of causes other than congestive heart failure. There
was no significant difference between treated and non-
treated groups in mortality from cause other than heart
failure.

Comparison of ventricular weights, papillary muscle
cross-sectional area, and hemodynamics among groups
is presented in Table I.

Nonbanded control animals studied after 24 wk of
observation had right ventricular-to-body weight ratios
and left ventricular-to-body weight ratios significantly
smaller than animals observed for 6 wk, as reported
previously (20). These differences appear to be due
to an increase in body fat during prolonged inactivity
rather than any dimunition in mass of the heart since



TaBLE I
Anatomic and Hemodynamic Data for All Groups*

Papillary
muscle
Body RV wt/ LV wt/ RV wt/ cross- Cardiac RV PR RA PR
Group No. wt Body wt Body wt LV wt section output Sys/dias mean
kg g/ke &/ke mm? ml/min kg1 mm Hg mm Hg
Controls (6) 17 2.8 0.71 2.35 0.31
+0.1 +0.04 +0.10 +0.01 1.1 158 23/2 2.8
Untreated (24) 9 2.8 0.58% 1.86§ 0.31 +0.06 +14.7 +1/0.2 +0.4
+0.1 +0.01 +0.05 +0.01
Controls(6) 12 2.8 0.69 2.19 0.32 1.2 183 31/3 3.5
Treated +0.2 +0.05 +0.10 +0.02 +0.10 +18.0 +4/0.3 +0.3
Banded (6) 12 2.7 1.19¢ 2.32 0.49% 2.01 154 62/4 2.5
Untreated +0.1 +0.07 +0.16 +0.02 +0.28 +17.0 n=3) +0.4
Banded (6) 14 2.3t 1.15% 2.26 0.531 2.1 160 57/3 2.0
Treated +0.1 +0.05 +0.08 +0.03 +0.22 +15.2 (n =4) +0.4
Banded (24) 11 3.1 1.08¢ 2.03 0.53% 1.8 121 59/3% 2.6
Untreated +0.2 +0.08 +0.09 +0.03 +0.20 +12.5 +8/1 +0.6
Banded (24) 12 31 0.991% 1.91 0.52% 1.9% 189 60/3% 31
Treated +0.2 +0.08 +0.06 +0.04 +0.20 +16.2 +7/1 +0.5

* Values represent meanSEM.

1 Values significantly different from that of the respective nonbanded control group.
§ Values significantly different from that of untreated controls observed 6 wk.
(6) and (24), duration of observation or banding in weeks; RV, right ventricular; LV, left ventricular; RV PR, right ventricular

pressure (systolic-diastolic) ; RA PR, right atrial pressure.

the liver-to-body weight ratios in the 24-wk control
animals were also significantly less than those of the
6-wk controls. Right-to-left ventricular weight ratios
in the control groups were identical. No statistically
significant differences in any of the other measured
variables were observed in the untreated 6 and 24-wk
control groups, and these results were therefore com-
bined. Administration of digitoxin for 6 wk to non-
banded animals did not result in a significant change in
any of the measured anatomic variables when compared
to the nontreated 6-wk control group. Hemodynamic
variables in treated and nontreated control animals also
were not significantly different.

Banding resulted in an increase in right ventricular
mass in all constricted animals as evidenced by a right-
to-left ventricular weight ratio in each banded animal
which exceeded the largest ratio in the controls. The
ratio of right ventricular weight-to-body weight in the
24-wk banded groups was less than that observed in
the 6-wk banded animals. However, the increase in this
ratio in banded groups was similar when each was com-
pared to its respective nonbanded control group ob-
served for a comparable period of time. Right-to-left
ventricular weight ratios among all banded groups were

also insignificantly different. Thus the magnitude of
right ventricular hypertrophy was not affected by digi-
toxin administration or the period of banding before
study. Left ventricular weight-to-body weight ratios in
the banded groups were not significantly different from
their respective nonbanded control groups.

Right and left ventricular dry weight was approxi-
mately 259 of the wet weight, and no statistically sig-
nificant differences among groups were observed.

Neither banding nor digitoxin administration re-
sulted in a significant change in cardiac output or right
atrial mean pressure. Right ventricular systolic pres-
sure in the 24-wk banded groups was increased 2-2.5
times by banding, and the values in the treated and un-
treated banded groups were essentially identical. Al-
though ventricular pressure was not measured in the
majority of 6-wk banded animals, the similarity of the
increase in right ventricular mass in the 6 and 24 wk
untreated banded groups suggests that the loads were
also similar. Furthermore, the similarity of right ven-
tricular systolic pressure in 24-wk banded treated and
nontreated animals indicate that digitoxin did not ef-
fect the load. These observations plus the similar in-
creases in right ventricular systolic pressure in the few
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TasLe II
Functional Data from Nonbanded Control Animals*

Resting Active Maximal

force force force

Group at Lmax atLmax dF/dt TTPF index

8/mm? g/mm? g/mm? m/s g/mm?

sec™t

Controls 1.2 5.1 31.9 243 8.1
Untreated +0.1 +0.3 +1.4 +6.8 +0.4
Controls 1.2 6.21 38.6% 260 7.8
Treated +0.2 +0.5 +2.6 +10.3 +0.6

* Values represent mean+SEM.

1 Value significantly different from the respective untreated value
(P £ 0.05).

TTPF, time to peak isometric force development at Lmax.

6-wk banded animals in which measurements were ob-
tained provide strong evidence that the loads in all
banded groups were comparable.

None of the banded animals had evidence of con-
gestive heart failure at the time of sacrifice and liver-
to-body weight ratios among groups, although not pre-
sented, were not statistically different from their re-
spective control groups. Furthermore, the lowest cardiac
output in any constricted animal exceeded the lowest
value found in the controls (76 ml/min kg™).

There were no significant differences in papillary
muscle cross-sectional area among banded groups. How-
ever, the value for each banded group was significantly
greater than the controls (P =0.05). Inasmuch as the
detrimental effect of increasing papillary muscle size on
muscle function has been well demonstrated (21), it was
not possible to compare meaningfully data from control
and banded animals. Therefore, papillary muscle func-
tion data from nonbanded and banded animals is pre-
sented separately in Tables II and III, respectively.
However, a valid comparison of data from nonbanded
and banded animals is possible by using only data from
banded muscles whose cross-sectional area did not ex-
ceed that of the largest nonbanded muscle, i.e., 2.0 mm®
Comparison of this data is presented in Fig. 1-3. When
selected in this manner, average cross-sectional area of
the banded muscle was not significantly different from
that of the control groups (Fig. 1). Also, there were no
significant differences in right-to-left ventricular weight
ratios among these groups of selected hypertrophied
muscles and those from the entire group of banded
animals.

Control animals (Table I). Both peak active force
and the maximal dF/dt were increased by an average
of 219, in the digitoxin-treated animals (P < 0.05 for
both). In contrast the mean values for resting force at
Lmax, time to peak active force and maximal force in-
dex were not significantly different.
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Banded awimals (Table IIT). In 6-wk banded ani-
mals, peak active force, maximal dF/dt, and maximal
force index were all significantly greater statistically in
treated than in nontreated animals; the increases av-
eraged 409, 719, and 249, respectively. In the 24-wk
banded animals, peak active force and maximal dF/dt
were greater in treated animals by an average of 18 and
239, respectively. However, neither of these increases
were significant statistically. Maximal force index was
essentially identical in 24-wk banded groups. No sta-
tistically significant differences in time to peak active
force development were observed among banded groups.

Nonbanded controls vs. banded animals (Fig. 1-3).
No significant differences in resting force over a range
of 85 to 1039 of Lmax were observed among groups.
Active force development at Lmax in the 24 wk banded
treated and nontreated groups was essentially identical
to that of the respective nonbanded control groups.

In contrast, peak active force in the 6 wk banded
nontreated group was significantly less than that of the
nontreated control animals (P <0.05). In the 6 wk
banded treated group, peak active force was comparable
to that of untreated controls.

Changes in dF/dt were similar (Fig. 2). 24 wk
banded treated and untreated groups had values insig-
nificantly different from their respective controls,
whereas 6 wk banded untreated animals had values sig-
nificantly less than untreated controls (P < 0.05). How-
ever, dF/dt in the 6 wk banded treated group was iden-
tical to that of untreated controls.

Maximal force index (Fig. 3) in the 24 wk banded
treated and untreated groups also was not significantly
different from their respective controls, whereas the
value in the 6 wk banded untreated group was less than
in untreated controls (P < 0.01). Maximal force in the

TaBLe III
Functional Data from Banded Animals*
Resting  Active Maximal
force force force
at Lmax at Lmax dF/dt TTPF index
g/mm? g/mm? g/mm? m/s g/mm?
sl
Banded (6) 1.3 3.1 18.6 269 4.7
Untreated +0.1 +0.4 +3.0 +7.9 +0.5
Banded (6) 1.1 4.61 33.7¢ 267 5.8t
Treated +0.1 +0.5 +2.7 +8.3 +0.4
Banded (24) 1.0 4.0 23.4 260 6.3
Untreated +0.1 +0.5 +2.8 +10.2 +0.5
Banded (24) 1.2 4.7 28.7 286 6.2
Treated +0.1 +0.6 +3.1 +7.8 +0.5

* Values represent mean+SEM.

1 Value significantly different from the respective untreated value
(P £ 0.05).

TTPF, time to peak isometric force development at Lmax.
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Ficure 1 Comparison of length-tension relations of papillary muscles from nonbanded
animals and muscles of comparable cross-sectional area from banded animals. Figures in
parenthesis represent cross-sectional area of papillary muscles. Values represent mean=SEM.
* denotes value significantly different (P =0.05) from the respective nonbanded group.

6 wk banded treated group, although greater than in
the untreated banded group, remained significantly less
than in the untreated controls (P < 0.05).

Results from the banded animals given digitoxin for
only 3 wk are presented in Table IV. No significant
differences in right-to-left ventricular weight ratios
were observed between these groups or when com-
pared to other banded groups. Papillary muscle cross-
sectional area was significantly larger in the on-off
group than in the off-on animals. However, it was pos-
sible to obtain meaningful information since the size of
the papillary muscles in the on-off group was quite com-
parable to that of the entire group of 6 wk banded un-

301

201

dF/dt, g/mm? 57!

3

Fi1Gure 2 Comparison of maximal rate of force develop-
ment at Lmax among groups of papillary muscles included
in Fig. 1. C, controls: 6, 6-wk banded; 24, 24-wk banded;
U, untreated; T, digitoxin treated; and * denotes value sig-
nificantly different (P =0.05) from the respective non-
banded group.
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treated animals, whereas that of the off-on group was
similar to that of the 6 wk banded treated animals with
papillary muscles less than 2.0 mm® To facilitate this
comparison data from these 6-wk banded groups are
reproduced in Table IV. Animals in which digitoxin
was discontinued 3 wk after banding had values of peak
force, maximal dF/dt, and maximal force index com-
parable to the group which did not receive the glycoside
during the entire 6-wk study period. In contrast, con-
tractile function of animals treated only during the last
3 wk was comparable to that of muscles of similar size
from banded animals treated for 6 wk.

N

N

MAXIMAL FORCE INDEX, g/mm2

C-U C-T 6-U 6-T 24-U 24-T

Ficure 3 Comparison of maximal force index among
groups of papillary muscles included in Fig. 1. For abbre-
viations see Fig. 2. *, denotes value significantly different
(P=0.05) from the respective nonbanded group.
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TaBLE IV
Comparison of Anatomic and Functional Data in Banded Animals Recetving Digitoxin for 3 or 6 Wk

Papillary
muscle Resting Active Maximal

RV wt/ cross- force force force

Group No. LV wt section at Lmax at Lmax dF/dt TTPF index
mm? g/mm? g/mm? g/mm? st m/s g/mm?

On-off 5 0.56 2.1 1.0 2.8 15.6 251 51
+0.05 +0.2 +0.2 +0.4 +0.9 +8.4 +0.3
Banded (6) 12 0.49 2.0 1.3 3.1 18.6 269 4.7
Untreated +0.02 +0.3 +0.1 +0.4 +3.0 +7.9 +0.5
Off-on 5 0.60 1.1 1.0 5.1 31.6 257 6.8
+0.03 +0.2 +0.2 +0.9 +6.5 +8.4 +1.2

Banded (6) 6 0.53 1.4 1.0 4.7 31.2 282 6.2
Treated +0.06 +0.1 +0.2 +0.8 +3.0 +10.8 +0.6

On-off and off-on refer to animals receiving digitoxin during only the first 3 wk and last 3 wk, respectively,

of the 6-wk banding period.

For method of selecting data from 6-wk treated and untreated animals see Results section.

For other abbreviations see Tables I and II.

In four treated control animals digitoxin serum levels
were determined by radioimmunoasay 7, 14, and 21
days after commencing the study. The values averaged
15, 46, and 54 ng/ml, respectively.

DISCUSSION

The results of this study clearly demonstrate that the
positive inotropic effect of digitoxin persists in both
normal and nonfailing hypertrophied myocardium dur-
ing 6 wk of glycoside administration. Furthermore, the
data suggest that maintenance of this effect for 24 wk
in the nonfailing heart is not detrimental. Although
statistically peak active force and maximal dF/dt were
not significantly different in the 24 wk banded treated
and untreated animals, the larger values occurred in
the treated animals, and the magnitude of the increase
was essentially identical to that in the treated control
group (Fig. 1 and 2).

The inotropic effect of digitoxin was manifest by an
increase in peak active force and maximal rate of force
development in all groups, whereas maximal force index
was not significantly increased in either 24-wk banded
or control groups. This latter observation is not sur-
prising since Beiser et al. have demonstrated that the
maximal increase in contractile force produced by cate-
cholamines is greater than that produced by digitalis
glycosides (22). Furthermore, in the same study, the
combination of the two did not result in greater con-
tractile force than occurred with catecholamines alone.
However, in our 6-wk banded animals, maximal force
index was significantly greater in the treated than in
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the nontreated group although the percent increase above
peak active force was comparable.

We previously reported that sudden sustained pul-
monary artery banding in the cat resulted in depression
of contractile state 6 wk after banding with subsequent
recovery of normal contractile function by 24 wk after
constriction (20). In the present study values for peak
force and maximal dF/dt in the 6 wk banded treated
group were comparable to those of untreated nonbanded
animals indicating that digitoxin significantly enhanced
the rate of recovery of myocardial function after band-
ing. However, contractile function was not completely
restored in this banded group since maximal force index
remained significantly less than that of untreated con-
trols. This suggests that a decrease in maximal force
may be a more sensitive indicator of depressed contrac-
tile state than a decrease in active force or maximal
dF/dt at Lmax. Others previously have emphasized the
usefulness of maximal force development as a measure
of contractile function (23).

In this animal model myocardial wall stress is prob-
ably greatest during the early period after pulmonary
artery constriction, i.e., before significant myocardial
hypertrophy has occurred. Because it seemed possible
that the presence of digitoxin during this period could
produce a long-term effect on contractile function un-
like that which would occur with later administration of
the glycoside, we examined the effect of the glycoside
in banded animals treated for only 3 of the 6 wk. This
data demonstrates that it was not necessary to institute
digitoxin treatment at the time of acute loading to ob-
tain an inotropic effect quantitatively similar to that



which resulted when glycoside administration was be-
gun much later. Neither did administration of digitoxin
at the time of acute loading result in any sustained en-
hancement of contractile function if the glycosides were
subsequently discontinued. However, since all deaths
from heart failure occurred early after banding prompt
administration of digitoxin was necessary to reduce
mortality from heart failure in this particular model.

The significant reduction in mortality from conges-
tive heart failure is in agreement with previous studies
(3). Importantly, all but one death from heart failure
occurred within 21 days of banding, the single exception
occurring in the nontreated group, and in a number of
banded animals the period of observation has now ex-
ceeded a year. Therefore, changes in contractile func-
tion between 6 and 24 wk after banding cannot be at-
tributed to “selection,” i.e., survival for 24 wk only in
those animals with lesser depression of contractile func-
tion. Conversely, we do not believe that the administra-
tion of digitoxin to banded animals affected our results
by delaying death from heart failure beyond 24 wk in
animals which otherwise would have died within the
first 3 wk. Such an occurrence would be expected to
result in animals whose contractile function was even
less than that of nontreated surviving ones rather than
enhanced function as observed in treated animals.

The results of this study differ from those of previous
investigations in which the magnitude of left ventricu-
lar hypertrophy in response to pressure loading was re-
duced in rats given digitoxin (3, 4). No significant dif-
ferences in the magnitude of right ventricular hyper-
trophy were observed among our banded treated and
nontreated groups. The reason for this disparity is un-
clear but it is of interest that digitoxin has been re-
ported to retard the development of left ventricular hy-
pertrophy but not the development of right ventricular
hypertrophy in rats exposed to prolonged hypoxia (24).
In addition, determination of serum digitoxin levels re-
vealed that the “loading” dose we selected resulted in
a relatively low serum level at the end of the 1st wk of
treatment. It is possible that the presence of larger
amounts of glycoside during the early period after band-
ing might have produced somewhat different results.
Digitoxin administration to control animals did not re-
sult in a significant increase in ventricular mass in con-
trast to the observations of others (6).

The dose of digitoxin was selected on the basis that
the dog and cat respond similarly to the glycoside and
this dose is a therapeutic one in the former animal (25).
In addition, we administered 30 ug/kg per day of digi-
toxin as a maintenance dose to five normal animals.
Four animals died within 2 wk and no definite cause
of death could be established at autopsy. An additional
five animals received a maintenance dose of 20 ug/kg

per day. Four animals developed anorexia and progres-
sive weight loss which was reversed when the glycoside
was discontinued. Thus, 15 pg/kg appears to be near the
maximal maintenance dose that can be administered to
these animals. However, as noted above, our “loading”
dose was probably not optimum.

Comparison of our results with those of acute studies
revealed certain similarities in the myocardial response
to the glycosides. As reported by others in acute stud-
ies (26), the inotropic effect of digitoxin was quantita-
tively greater in our animals with depressed function,
i.e. the 6 wk banded group, than in those with normal
function. Interestingly, the 219 increase in peak force
and maximal dF/dt in our treated control animals is
identical to the increase in an index of contractile state
reported in acute in vivo studies in normal animals
(26). These increases are also comparable to those re-
ported by Mahler, Karliner, and O’Rourke after 8 days
of digoxin administration to normal dogs (18). How-
ever, time to peak force, a reflection of the duration of
active state (27), was not reduced in our chronically
treated animals in contrast to previous reports in acutely
studied papillary muscles (28). This raises the possi-
bility that some alteration in the basic mechanism re-
sponsible for the inotropism does occur during chronic
glycoside administration.

The average cross-sectional area of the papillary
muscles from banded animals was larger than optimum,
and some degree of hypoxia was probably present (29,
30). Although the use of smaller muscles would have
been desirable, it is difficult to obtain hypertrophied
muscles less than 1.0 mm® in cross-sectional area. To
obtain data from a significant number of muscles it was
therefore necessary to use larger ones. However, we
believe our conclusions are valid since we limited our
comparisons to muscles of similar cross-sectional area.

The hazard of extrapolating our data to the clinical
situation is apparent since our model employs sudden
sustained right ventricular loading, a condition unlike
the more common forms of pressure-induced human
heart disease in which a slowly progressive load is ap-
plied to the left ventricle. A definitive answer concerning
the usefulness of “prophylactic” digitalization must
therefore await the development of a more suitable ani-
mal model. Nevertheless, we have demonstrated that a
significant positive inotropic effect persists during pro-
longed glycoside administration to the nonfailing heart,
and that persistance of this effect for a protracted pe-
riod is not detrimental to contractile function.

ACKNOWLEDGMENTS

We are deeply grateful to Mrs. Jeanne Arceneaux for
her secretarial assistance in the preparation of this manu-
script.

This study was supported by U. S. Public Health Service
Grants HL 13639 and HL 05940.

Chronic Digitoxin Administration and Myocardial Contractile Function 77



10.

11

12.

13.

14.

15.

78

REFERENCES

. Schwab, E. H., and G. Herrmann. 1937. Effect of digi-

talis administration on experimental hypertrophy. Proc.
Soc. Exp. Biol. Med. 36: 837-838.

. Kuschinsky, G. 1947. Die Verhiitung von Erschopfungs-

zustanden des Herzens durch Digitalissubstanzen. Klin.
Wochenschr. 24: 502-503.

. Williams, John F., Jr., and E. Braunwald. 1965. Studies

on digitalis. XI. Effects of digitoxin on the development
of cardiac hypertrophy in the rat subjected to aortic
constriction. Am. J. Cardiol. 16: 534-539.

. Turto, H., and S. Lindy. 1973. Digitoxin treatment and

experimental cardiac hypertrophy in the rat. Cardiovasc.
Res. 7: 482-489.

. Katz, A. M. 1973. Biochemical “defect” in the hyper-

trophied and failing heart: deleterious or compensatory?
Circulation. 47: 1076-1079.

. Wendt, L., M-P. Geppert, and H. Hesse. 1951. Uber

die Beziehungen zwischen Herzhypertrophie und Digi-
talis Wirkung. Virchows Archiv. Abt. B Zellpathol.
210: 291-325.

. Wiggers, C. J., and B. Stimson. 1927. Studies on the

cardiodynamic action of drugs. III. The mechanism of
cardiac stimulation by digitalis and g-strophanthin. J.
Pharmacol. Exp. Ther. 30: 251-269.

. Cattell, M., and H. Gold. 1938. The influence of digi-

talis glycosides on the force of contraction of mam-
malian cardiac muscle. J. Pharmacol. Exp. Ther. 62:
116-125.

. Walton, R. P., J. S. Leary, and H. P. Jones. 1950.

Comparative increase in ventricular contractile force
produced by several cardiac glycosides. J. Pharmacol.
Exp. Ther. 98: 346-357.

Cotton, M. deV., and P. E. Stopp. 1958. Action of digi-
talis on the nonfailing heart of the dog. Am. J. Physiol.
192: 114-120.

Braunwald, E., R. D. Bloodwell, L. I. Goldberg, and
A. G. Morrow. 1961. Studies on digitalis. IV. Ob-
servation in man on the effects of digitalis preparations
on the contractility of the nonfailing heart and on total
vascular resistance. J. Clin. Invest. 40: 52-59.

Mason, D. T., and E. Braunwald. 1963. Studies on digi-
talis. IX. Effects of ouabain on the nonfailing human
heart. J. Clin. Invest. 42: 1105-1111.

Sarnoff, S. J., J. P. Gilmore, A. G. Wallace, N. S.
Skinner, Jr., J. H. Mitchell, and W. M. Daggett. 1964.
Effect of acetyl strophanthidin therapy on cardiac dy-
namics, oxygen consumption, and efficiency in the iso-
lated heart with and without hypoxia. Am. J. Med.
37: 3-13.

Sonnenblick, E. H., J. F. Williams, Jr., G. Glick, D. T.
Mason, and E. Braunwald. 1966. Studies on digitalis.
XV. Effects of cardiac glycosides on myocardial force-
velocity relations in the nonfailing human heart. Circu-
lation. 34: 532-539.

Ogden, P. C., A. Selzer, and K. E. Cohn. 1969. The
relationship between the inotropic and dromotropic ef-

J. F. Williams Jr. and R. D. Potter

16.

17.

18.

19.
20.

21.

22,

23.

24.

25.
26.

27.

28.

30.

fects of digitalis: the modulation of these effects by
autonomic influences. Am. Heart J. 77: 628-635.
Starr, I, and R. J. Luchi. 1969. Blind study of the
action of digitoxin on elderly women. Am. Heart J.
78: 740-751.

Davison, C., and D. Gibson. 1973. Clinical significance
of positive inotropic action of digitoxin in patients with
left ventricular disease. Br. Heart J. 35: 970-976.
Mahler, F., J. S. Karliner, and R. A. O’Rourke. 1974.
Effects of chronic digoxin administration on left ven-
tricular performance in the normal conscious dog. Cir-
culation. 50: 720-727.

Snedecor, G. W. 1956. Statistical methods. Iowa State
University Press. Ames, Iowa. 5th edition. 237-290.
Williams, J. F., Jr., and R. D. Potter. 1974. Normal
contractile state of hypertrophied myocardium following
pulmonary artery constriction in the cat. J. Clin. Invest.
54: 1266-1272.

Bing, O. H. L., S. Matsushita, B. L. Fanburg, and H.
J. Levine. 1971. Mechanical properties of rat cardiac
muscle during experimental hypertrophy. Circ. Res. 28:
234-245.

Beiser, G. D., S. E. Epstein, R. E. Goldstein, M.
Stamper, and E. Braunwald. 1970. Comparison of the
peak inotropic effect of a catecholamine and a digitalis
glycoside in the intact canine heart. Circulation. 42:
805-813.

Fisher, V. J., and F. Kavaler. 1971. Maximal force
development of hypertrophied right ventricular papillary
muscles remaining in situ. In Cardiac Hypertrophy.
N. R. Alpert, editor. Academic Press, Inc., New York.
371-386.

Van Liere, E. J., S. K. Roberts, D. A. Sizemore, and
J. C. Stickney. 1974, Effect of digitoxin on hypoxia-
produced cardiac hypertrophy in rats. Proc. Soc. Exp.
Biol. Med. 145: 220-221.

Detweiler, D. K. 1967. Comparative pharmacology of
cardiac glycosides. Fed. Proc. 26: 1119-1124,

Vatner, S. F., C. B. Higgins, T. Patrick, D. Franklin,
and E. Braunwald. 1971. Effects of cardiac depression
and of anesthesia on the myocardial action of a cardiac
glycoside. J. Clin. Invest. 50: 2585-2595.

Sonnenblick, E. H. 1967. Active state in heart muscle.
Its delayed onset and modification by inotropic agents.
J. Gen. Physiol. 50: 661-676.

Buccino, R. A., E. H. Sonnenblick, J. F. Spann, Jr.,
W. F. Friedman, and E. Braunwald. 1967. Interactions
between changes in the intensity and duration of the
active state in the characterization of inotropic stimuli on
heart muscle. Circ. Res. 21: 857-867.

Cranefield, P. F., and K. Greenspan. 1960. The rate of
oxygen uptake of quiescent cardiac muscle. J. Gen.
Physiol. 44: 235-249.

Koch-Weser, J. 1963. Effect of rate changes on strength
and time course of contraction of papillary muscle. Am.
J. Physiol. 204: 451-457.



