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Abstract—In the present study, arrhythmogenic toxicity of cardiac glycoside ouabain was investigated
in guinea pigs after intravenous infusion (5 ug/kg/min). Guinea pigs of 18~24 months of age required
significantly (P < 0.05) lower doses of ouabain than 3-month-old animals (72 = 3 vs 100 + 3 ug/kg) for
the initiation of cardiac arrhythmias. Investigation of Na*-Ca?* exchange in the isolated sarcolemmal
vesicles revealed a marked reduction in the Na*-deperdent Ca?* uptake. Kinetic analysis of these data
has demonstrated a 70% reduction in V,,,, and reduced affinity for Ca’* in vesicles from 18-month-old
as compared to 3-month-old guinea pigs. The rate of Na*-dependent Ca?* efflux was also markedly
lower in the vesicles of older animals, and the vesicles retained more Ca?* after 3 min of Na*-dependent
Ca?" extrusion than did those from 3-month-old animals. The results suggest that the sensitivity to
cardiac glycocide increases with age and may be associated with altered sarcolemmal Na*-Ca?* exchange
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activity.

Despite the advent of new inotropes and vaso-
dilators, administration of digitalis still remains the
mainstay of treatment of congestive cardiac failure.
Treatment with digitalis is often complicated by the
development of cardiac arrhythmias due to its narrow
therapeutic index [1]. Manifestation of cardiac tox-
icity is increased further in elderly patients, resulting
in a narrow margin of safety for digitalis [2, 3]. The
increased sensitivity of the myocardium of the older
animal to digitalis has also been reported in exper-
imental animals of different species [4—6]. Variation
in the metabolism of digitalis within the different age
groups did not seem to be a major contributor to the
difference in digitalis tolerance [7, 8]. Furthermore,
the manifestation of arrhythmias in the elderly
patients does not correlate directly with the plasma
digoxin levels [9]. These reports suggest that the
increased sensitivity to digitalis is due most likely to
the changes in the myocardium with age.

Many reports, including reports from our labora-
tory, have suggested that the digitalis-induced
arrhythmias involve a state of “calcium overload”
[10-14] resulting from enzyme (Na*-K*-ATPase)
inhibition [15, 16] and a subsequent increase in Ca**
influx via Na*—Ca?* exchange [17, 18]. Recently, it
has been suggested that the reduction of Ca?* efflux
due to an increased [Na*]; may also contribute to the
elevation of cytoplasmic calcium in digitalis toxicity
[19). In either way, the Na*-Ca’* exchange is an
important intermediate step between enzyme inhi-
bition and elevation of cytoplasmic calcium, which
may rise to a level of “calcium overload” resulting
in digitalis-induced arrhythmias. With these obser-
vations, it is entirely logical to hg'pothesize that the
alterations in Na*-dependent Ca** exchange (which
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ultimately increases cytoplasmic calcium) of the
older animal heart may be responsible for the
increased sensitivity to digitalis-induced arrhyth-
mias.

Our earlier studies in guinea pig hearts have
demonstrated that there is an age-dependent pro-
gressive reduction in the activity of enzyme Na*-
K*-ATPase and over 50% reduction in binding sites
in aging from 6 weeks to 24 months [5]. The objective
of the present study was to investigate digitalis tol-
erance in the aging guinea pigs by using a whole
animal model and to study the state of the Na*—Ca?*
exchanger in the sarcolemmal vesicles isolated from
these older animal hearts.

METHODS

Male guinea pigs (Cavia porcellus), age ranging
from 3 to 24 months, were used in these experiments.
The breeders were purchased from Charles River,
Quebec, Canada, and bred in a controlled environ-
ment at the animal centre of the campus. These
guinea pigs attain sexual maturity at 3 months and
reach senescence (50% mortality) at 24 months.

Effects of ouabain in anesthetized animals

Guinea pigs, 18-24 months old, weighing 900-
1000 g were investigated for arrhythmogenic toxicity
of ouabain and compared with guinea pigs that were
3 months old (250-300 g).

Instrumentation. Animal preparation and meas-
urements of basal parameters were carried out by
methods described earlier [11]. Briefly, animals were
anesthetized with a-chloralose (60 mg/g) and
urethane (500 mg/kg) intraperitoneally. Tracheo-
stomy was performed, and the animals were ven-
tilated mechanically with room air, using a Harvard
respirator (model 680). The stroke volume of the
pump was adjusted according to the body weight.
The chest was cut open with minimal bleeding, and a
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Fig. 1. Simultaneous recording of EKG, LVP and its dp/dt in 18-month-old guinea pigs. Recordings
illustrate the basal parameters (top left) and changes during ouabain infusion (5 pg/kg/min): inotropy
(bottom left), arrhythmias (top right), and fibrillation (bottom right).

fluid-filled (heparinized saline) cannula was inserted
into the left ventricle through the apex and placed
in situ without any interference to the left ventricular
function. Left ventricular pressure and the rate of its
rise (dp/dt) were recorded using a Statham P23Gb
transducer and a Hewlett~Packard recorder (model
1308A). The external jugular vein was cannulated
for the infusion of drugs during the experiment. Lead
II EKG was monitored by the Hewlett-Packard
recorder throughout the experiment.

Infusion of ouabain. After all the surgical pro-
cedures were completed, 15-20 min was allowed for
stabilization before any physiological recordings
were taken. Then ouabain was infused at a rate of
5 pg/kg/min in saline (26 yL/min) via the external
jugular vein by using a Harvard infusion pump
(model 600-000) until fatal cardiac arrhythmias
appeared. The appearance of fatal cardiac arrhyth-
mias were characterized by 6-8 successive ventricular
ectopics leading to sustained ventricular tachycardia
and/or ventricular fibrillation.

Nat-Ca®* exchange in sarcolemmal vesicles

Na*-Ca?* exchange was studied in the sarco-
lemmal vesicles isolated from guinea pig ventricles
of three different age groups (3 months, 6 months,
and 18 months).

Preparation of sarcolemmal vesicles. Sarcolemmal

vesicles were prepared as described by us earlier
[20]. Briefly, guinea pig heart left ventricles from
three to four animals were homogenized in 0.6 M
sucrose, 10mM imidazole/HCl, pH7.0 (4 vol./g
tissue) using a Polytron PT-20 (4 X 15 sec; setting 5)
and centrifuged at 10,000 g for 20 min. The super-
natant fraction was diluted (2-fold} with 160 mM
NaCl/20 mM 3-(N-morpholino)propanesulfonic acid
(MOPS), pH 7.4, and centrifuged at 96,000 g for
60 min. The pellet was resuspended in NaCl/MOPS,
layered over 15mL of 30% sucrose solution con-
taining 0.3 M NaCl, 50 mM sodium pyrophosphate,
and 0.1 M Tris-HCl (pH8.3) and centrifuged at
95,000 g for 90 min. The white band at the sample
sucrose interface was recovered, diluted with 3 vol.
of NaCl/MOPS, and centrifuged at 100,000 g for
30 min. The pellet was resuspended in NaCl/MOPS
to a final protein concentration of approximately
1 mg/mL. The Na*-loaded vesicles were prepared
by the above method, and the K*-loaded vesicles
were prepared by substituting 160 mM KCI/MOPS
for 160mM NaCI/MOPS. The protein concen-
trations were determined by the method of Lowry ez
al. [21].

Na*-dependent *Ca?" uptake. Vesicles were pre-
loaded with Na* by incubating them in 160 mM
NaCl/20mM MOPS (pH 7.4) for 60 min at 37°.
To initiate Na*-Ca?* exchange, aliquots of 20 uL,
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Table 1. Basal heart rates and left ventricular parameters in adult and aged guinea pigs

Age of Left ventricular

animals Heart rate pressure +dp/dt —dp/dt
(months) (beats/min) {mm Hg) (mm Hg/sec) (mm Hg/sec)
3 260 + 11 69 +5.6 2777 = 140 1420 + 100
18-24 213 + 6* 66 +4.2 1917 + 178* 944 + 81*

Values are means * SE of six to eight experiments.
* Significantly different from 3-month values (P < 0.05).

(equivalent to 20 ug protein) of Na*-loaded vesicles
were added to a series of tubes containing an incu-
bation mixture (160 mM KCl/20 mM MOPS, pH
7.4, at 37°) plus 50 uM *>CaCl, (100 cpm/pmol) in a
volume of 500 uL.. The exchange was terminated by
adding the “termination solution” (2mL ice-cold
160 mM KC1/20 mM MOPS/1 mM LaCl,, pH 7.4) at
desired times followed by filtration through Millipore
filters (0.45 um) under vacuum. Tubes and filters
were rinsed four times with 2 mL of “termination
solution.” The filters were placed into scintillation
vials, 10 mL of a scintillation fluid was added, and
the radioactivity was counted in a Beckman LS 8100
liquid scintillation counter [20]. In all experiments,
non-specific *Ca®* uptake was determined in the
vesicles that were loaded with potassium (160 mM
KC1/20 mM MOPS, pH 7.4) instead of sodium.

In another set of experiments, sarcolemmal ves-
icles isolated from 3- and 18-month-old guinea pigs
were first loaded with sodium and then incubated in
the incubation mixture (160 mM KC1/20 mM MOPS,
pH 7.4, at 37°) with various concentrations of ¥*Ca®*,
ranging from 20 to 80 uM. The Na*-dependent Ca?*
uptake was terminated after 5 sec of incubation. The
filtration and counting of *’Ca’* on the filter were
carried out as described above.

Na*-dependent *Ca’* efflux. Na*-loaded vesicles
were allowed to accumulate “Ca®* for 1min in
160 mM KC1/20 mM MOPS (pH 7.4) plus 50 uM
4Ca’* in a volume of 500 uL. Calcium efflux was
then initiated by increasing the Na* concentration
of the medium to 90 mM. The exchange was ter-
minated at desired times and filtered through the
Millipore filters, as in the ¥*Ca?* uptake study, and
the quantity of “*Ca®* was counted by liquid scin-
tillation.

Reagents

Analytical grade chemicals dissolved in deionized
glass-distilled water were used throughout. Ouabain-
octahydrate was purchased from the Sigma Chemical
Co., St. Louis, MO (U.S.A.).
Statistical analysis

Data are expressed as means = SE. Student’s #
test or analysis of variance was used wherever appro-
priate for statistical analysis, taking P < 0.05 as the
level of significance.

RESULTS

Basal cardiovascular parameters
Basal electrocardiographic and haemodynamic

BP 40:5-G

parameters were recorded after 15-20 min of sta-
bilization. A typical basal recording from an 18-
month-old guinea pig is shown in Fig. 1 (top left),
and the analysis of these recordings is given in Table
1. The basal heart rate of an 18- to 24-month-old
guinea pig was 18% lower than that of a 3-month-
old, and there was no change observed in the PR
interval between the two age groups [11]. The brady-
cardia in older animals was demonstrated in both
anesthetized (213 £ 6 vs 260 = 11 beats/min) and
conscious (209 + 15 vs 257 + 9 beats/min) guinea
pigs. The systolic left ventricular pressure (LVP) of
the older animals was similar to the LVP of the
younger guinea pigs. However, the +dp/dt and
—dp/dt, which measure the left venticular con-
tractility and relaxation, were reduced substantially
in the older guinea pigs.

Arrhythmogenic toxicity of ouabain

In the control (3-month-old) animals, infusion of
ouabain at a rate of 5 ug/kg/min produced an initial
inotropic response (manifested as increase in dp/dt
and elevation of LVP) in 7-9 min of infusion, and a
ouabain dose of 43 + 6 ug/kg produced a maximum
increase in +dp/dt of 43.33% (Table 2).On the other
hand, the older guinea pigs (18-24 months) devel-
oped the maximum inotropic response of only 25%
and required 28 =2 ug/kg of ouabain. The con-
tinuous infusion of ouabain to the control animals
initiated ventricular ectopics in 20-22 min. A dose
of 100 = 3 ug ouabain/kg was necessary to initiate
arrhythmias, and 140 + 4 ug/kg was lethal to this
group of animals (Table 2). The older guinea pigs,
on the other hand, developed arrhythmias within
15 min of ouabain infusion. A dose of ouabain of
only 72 + 3 ug/kg initiated ventricular ectopy, which
quickly progressed to ventricular tachycardia and/or
ventricular fibrillation. A dose of 93 + 5 ug ouahain/
kg was lethal to these older guinea pigs (Table 2).
Changes in heart rates and PR intervals with the
infusion of ouabain, however, were not significantly
different between the two age groups.

Na*-Ca®* exchange

Na*.-dependent **Ca’* uptake. The uptake of
45Ca?* was studied using Na*-loaded vesicles. ¥*Ca?*
uptake in K*-loaded vesicles was taken as non-
specific and thus subtracted from the respective
values of Na*-loaded vesicles to obtain net Na*-
dependent calcium uptake. The time—courses of
Na*-dependent “*Ca®* uptake in the presence of
50 uM *Ca’* for vesicles of three different age
groups are shown in Fig. 2. In all three groups of
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Table 2. Effects of ouabain infusion (5 ug/kg/min) in young adult and aged guinea pigs
Inotropic response Toxic response
Age of Dose of % Maximum Arrhythmogenic Lethal dose
animals ouabain increase in dose of ouabain of ouabain
(months) (ug/ke) +dp/dt (ug/kg) (ng/ke)
3 436 4333+ 6 100 =3 140 = 4
18-24 28 + 2* 25.00 = 4* 72 £ 3* 93 + 5%
Values are means + SE of six to eight experiments.
* Significantly different from 3-month values (P < 0.05).
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Fig. 2. Time—course of Na®-dependent Ca’" uptake in

sarcolemmal vesicles of 3- (O—0), 6- (M—#) and 18-

(A—A) month-old guinea pigs. The [Ca®*], was 50 uM.

Each value is the mean = SE of five experiments carried

out in duplicate in five independent membrane prepara-

tions. Key: (*) significantly different from the appropriate
contro! (3-month) values (P < 0.05).

vesicles, there was an initial rapid uptake of **Ca®*
followed by a plateau phase. However, substantial
differences were seen in the amount of ¥*Ca’* taken
up both in the initial period and in the plateaun phase.
The maximum uptake of ¥Ca®* in vesicles of the
control hearts (3 months) was seen within 15-30 sec,
and the ¥*Ca’* content of the vesicles at this time
was 6.4 = 0.34 nmol/mg protein. In the following 1~
1.5 min, calcium content of the vesicles was reduced
slowly and reached a steady state within 2 min. On
the other hand, the vesicles of the older animal hearts
(18 months) accumulated calcium at a relatively
slower rate with substantially lower maximum
accumulated calcium. The calcium content of these
vesicles at 45 sec was 4.63 = 0.05 nmol/mg protein
which then was reduced slowly to 3.13 = 0.4 nmol/
mg protein at Smin. The Na*-dependent Ca?*
uptake in the vesicles of 6-month-old guinea pigs did
not show any significant difference in the amount of
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Fig. 3. Top panel: Eadie-Hofstee plot of calctum uptake.
V: rate of calcium uptake measured in 5 sec of incubation
and calculated per second. V/S: rate of uptake/con-
centration of **Ca**. The data represent typical experiments
performed in duplicate. The line was determined by linear
regression analysis. The Michaelis-Menten constant (K.}
was calculated from the slope, and the maximum initial
velocity (Vi) was determined from the intercept of the
line with the ordinate. Experiments were repeated five
times with independent membrane preparations from
{0O—0) 3- and (@—@) 18-month-oid guinea pigs. Bottom
panel: Rate of Na*-dependent *Ca?* uptake as a function
of [Ca®"], ranging from 20 to 80 uM. Each value is the
mean * SE of five experiments carried out in duplicates
with independent membrane preparations from (O—0O) 3-
and (A—A) 18-month-old guinea pigs.
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Fig. 4. Time—course of Na*-dependent Ca®* efflux in sarco-
lemmal vesicles of 3- (O—0), 6- (B—W), and 18- (A—A)
month-old guinea pigs. The efflux was initiated after 1 min
of Na*-dependent *Ca** influx in 50 uM “Ca?* (as in Fig.
2) and transferring the vesicles into 90 mM Na* medium.
Each value is the mean * SE of five experiments, carried
out in duplicate in five membrane preparations. The initial
rates in older animals determined during 5 sec were sig-
nificantly (P < 0.05) different from those in 3- to 6-month-
olds.

#Ca?* accumulated either in the initial period or at
the plateau phase. The non-specific calcium uptake
(taken up by the K'-loaded vesicles, 1.55=
0.12 nmol/mg protein) was similar in vesicles of all
three age groups.

Na*-dependent $Ca’* uptake in the presence of
various concentrations of “*Ca’*, The difference
observed in Na*-dependent *Ca’* uptake of the
older guinea pigs was characterized further by study-
ing the initial rate of **Ca’* uptake. The ¥Ca**
u})take was measured in the first 5 sec (the uptake of
#Ca?* appeared to be linear within this period), and
the rate of Ca?* uptake was then calculated. The
lower panel of Fig. 3 illustrates the initial rates of
4Ca?* uptake in the presence of external ¥Ca’*,
ranging from 20 to 80 uM. The data show that there
was a substantial reduction in the rate of “*Ca**
uptake in the vesicles from the older animal hearts
(18 months). An Eadie-Hofstee plot of the data
shown in the top panel of Fig. 3 demonstrates that
the apparent maximum initial rate of **Ca®* uptake
(Vax) Was reduced by 70% in the vesicles of the
older animal hearts (20+0.82 vs 54.2+1.7 in 3
month olds). The K, values were 58.4 £ 6.7 and
35.78 = 1.14 uM for vesicles of 18-month- and 3-
month-old guinea pig hearts respectively.

Na*-dependent Ca’* efflux. Calcium efflux was
initiated afer 1 min of Na*-dependent **Ca?* uptake
by increasing Na*™ concentration in the incubation
medium. Figure 4 illustrates the time—course of
4Ca? efflux for vesicles of three different age
groups. The initial rate of Ca®* efflux during the 5~
10 sec was substantially lower in 18-month-old than
in 3-month-old animals (0.11 + 0.03 as compared to
0.25 = 0.02 nmol - mg protein™!, P < 0.05). When
the efflux activity was evaluated as percent “*Ca?*
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Fig. 5. Time—course of percent ¥*Ca®* remaining after incu-
bation of vesicles in high Na* {90 mM) medium. The per-
cent ¥Ca’* retention indicates the amount of ¥Ca’* at a
particular time in proportion to its initial content at zero
time. The data represent typical experiments performed
in duplicate. Experiments were repeated five times with
independent membrane preparations. Key: vesicles from
3- (0—0), 6- (M—M) and 18- (A—A) month-old guinea
pigs.

retained in proportion to its basal value (Fig. 5), the
initial efflux did not seem to differ. However, at the
end of 120180 sec of incubation, the vesicles from
the older animal hearts retained 40% of the basal
calcium, which was significantly higher than the ves-
icles isolated from 3-month-old animals, which
retained only 21% of the basal **Ca’*, indicating
that the Na*-dependent ¥Ca?* efflux was reduced in
older animals. The ¥*Ca’* efflux in vesicles of 6-
month-old guinea pigs was almost similar to the
control vesicles (3 months) with a slightly greater
retention of calcium.

DISCUSSION

The present data obtained from the anesthetized
guinea pigs demonstrate that the contractile and
relaxation functions of the left ventricle were im-
paired in the older animal hearts without any change
in the systolic LVP pressure. In vitro studies have
also revealed an impairment of these functions in
aging rat papillary muscle [22]. In addition to the
alteration in the left ventricular performance, the
older guinea pigs also demonstrated a sinus brady-
cardia which may be due to the reduced sympathetic
tone [23]. Since reduction in the heart rate was
also demonstrated in non-anesthetized animals, it is
unlikely that the observed bradycardia in the older
animals was due to any differential age-related sen-
sitivity to the anesthesia used. The lower heart rate
in senescence has also been demonstrated in non-
anesthetized rats [24]. When the older guinea pigs
were treated with ouabain intravenously, the devel-
opment of inotropic response was reduced but the
appearance of ventricular arrhythmias was enhanced
substantially when compared to the younger animals.

The Na*-dependent “’Ca’* uptake also was
reduced substantially in the vesicles of the older
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animal hearts. The apparent maximal initial rate
(Vmax) declined by 70% with a significant reduction
in the affinity for calcium. The passive diffusion of
Ca?* from the vesicles was not determined in the
different age groups. However, the substantial
reduction in the rate of ¥*Ca®* uptake and the affinity
for Ca’* in the vesicles of the older animal hearts
were unlikely to be due to the differences in passive
diffusion. The apparent rates of vesicular **Ca’*
efflux also were found to be significantly lower in
older animals. In addition, the remaining Ca?* in the
vesicles after 2-3 min of efflux was significantly more
in 18-month-old than in 3- to 6-month-old animals.

Na*-Ca?* exchange is considered to be an inter-
mediate step between enzyme inhibition and the
pharmacological response to cardiac glycosides. The
current evidence of reduction of Na*-Ca®* exchange
in the older animal hearts may suggest an impairment
of the calcium transport in and out of the cell. At
low concentrations of cardiac glycosides, only a frac-
tion of the Na* pumping sites become inhibited and
[Na*]; rises in the close proximity of the inhibited
sites, which in turn decreases the efficiency of the
Nat-linked Ca®* extrusion mechanism. The in-
creased [Ca?*);is captured by sarcoplasmic reticulum
(SR) and released during successive beats, thus giv-
ing larger Ca’* and tension transient (positive
inotropy). When, because of the greater inhibition
of the Na*-K* pump with toxic concentrations of
cardiac glycosides, there is further reduction of Na*-
linked Ca®* extrusion, the [Ca?*]; and the resting
tension begin to increase. There is also an excessive
uptake of Ca>* by the mitochondria, leading to ultra-
structural damage and reduced production of ATP
[25]. This in turn can lead to reduced Ca®* pump
activities. The large increases in [Ca?*]; under these
conditions can give rise to after-depolarization [14]
and to ectopic electrical activation of the myocar-
dium.

In the present study, the membrane vesicles
employed were largely right-side out vesicles
(>70%). Since the activities of Na*—Ca®* exchanger
were found to be significantly lower in older animals
and since Na*-dependent efflux of Ca?* is important
in the regulation of [Ca®*]; [17], it may be justified
to propose that older animals may have a higher
tendency to develop cellular Ca** overload than
younger animals (3-6 months). This concept is
further supported by the observation that the vesicles
from older animal hearts retained significantly higher
Ca’* even after several minutes of the inhibition
of Na*-dependent efflux. In the presence of toxic
concentrations of cardiac glycosides, a further
reduction of the Na*-linked Ca?" extrusion mech-
anism may thus make older animals much more
susceptible to cellular Ca®* overload, ectopic beats
and arrhythmias than 3- to 6-month-olds. Na*-
dependent Ca®* influx was also found to be lower in

* Navaratnam S and Khatter JC, Enhancement of
inotropic  response to BAY K-8644 with aging rats. In:
Cell Calcium Metabolism '87. Physiology, Biochemistry,
Pharmacology and Clinical Implications. Seventh Inter-
national Washington Spring Symposium, Washington, DC,
May 19-22, 1987 (Ed. Fiskum G), Abstract No. 176.
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vesicles from the older animal hearts. The sig-
nificance of this observation in the manifestation of
cardiac glycoside toxicity is not clear to us. However,
this may play a significant role in reduced inotropic
response observed in the older animals, which would
mean that in the presence of a therapeutic con-
centration of digitalis the Na*-dependent Ca’" influx
may be more important, and this has been demon-
strated to be lower in older animals. Mechanisms
other than Na*—Ca’* exchange may also contribute
to the altered sensitivity of the myocardium to digi-
talis. Studies indicate that the reduction of trans-
membrane calcium influx via voltage-gated calcium
channels protects the heart against digitalis-induced
arrhythmias [10, 11]. On the other hand, enhance-
ment of Ca’* influx through these channels by BAY
K-8644 potentiates ouabain toxicity [36]. These
reports may indicate a significant role of Ca®* influx
(and the elevation of cytoplasmic calcium) through
the voltage-gated calcium channels in digitalis
toxicity. Our recent studies in rats have demon-
strated that the aging hearts are more sensitive to
the calcium agonist BAY K-8644, suggesting that the
voltage-gated calcium channels could be modified in
the process of aging.* The increased calcium influx
through the voltage-gated calcium channels may con-
tribute to the development of calcium overload and
may be an additional factor contributing to the
increased sensitivity to digitalis.

In conclusion, the present study demonstrated that
the older animal hearts are more sensitive to digitalis-
induced arrhythmias. The increased arrhythmogenic
toxicity of aging hearts to digitalis may partially be
explained by the altered Na'-Ca?* exchange
activity. However, other possible factors, namely the
role of release of catecholamines during ouabain
administration and the alterations in sarcolemmal
calcium transport through mechanisms other than
Na*-Ca®* exchange, need further investigation.

Acknowledgements—This work was supported by the
Manitoba Heart Foundation. The authors are grateful to
Jacqueline Cantin for typing the manuscript.

REFERENCES

1. Smith TW, Drug therapy: Digitalis glycosides. N Engl
J Med 288: 942-946, 1973.

2. Raisebeck JM, The use of digitalis in the aged. Geri-
atrics 7: 12-19, 1952.

3. Irons GV and Orgain ES, Digitalis-induced arrhyth-
mias and their management. Prog Cardiovasc Dis 8:
539-569, 1966.

4. Katano Y, Akera T, Temma K and Kennedy RH,
Enhanced ouabain sensitivity of the heart and myo-
cardial sodium pump in aged rats. Eur J Pharmacol
105: 95-103, 1984.

5. Khatter JC, Mechanisms of age-related differences in
the cardiotoxic action of digitalis. J Cardiovasc Phar-
macol 7: 258-261, 1985.

6. Wollenberger A, Jehl J and Karsh ML, Influence of
age on the sensitivity of the guinea pig and its myo-
cardium to ouabain. J Pharmacol Exp Ther 108: 52—
60, 1953.

7. Berman W and Musselman J, The relationship of age
to the metabolism and protein binding of digoxin in
sheep. J Pharmacol Exp Ther 208: 263-266, 1979,



10.

11.

12.

13.

14.

15.

16.

17.

Age-related digitalis tolerance and Na*/Ca’* exchange

. Wettrell A and Andersson KB, Clinical pharma-

cokinetics of digoxin in infants. Clin Pharmacokinet 2:
17-31, 1977.

. Ward M and Blatman M, Drug therapy in the elderly.

Am Fam Physician 19: 143-152, 1979.

Navaratnam S and Khatter JC, Protective effect of
nifedipine upon ouabain induced arrhythmias. In:
Pharmacological Aspects of Heart Disease (Eds. Beam-
ish RE, Panagia V and Dhalla NS), pp. 59-73. Martinus
Nijhoff, Boston, MA, 1987.

Khatter JC, Navaratnam S and Hoeschen RJ, Pro-
tective effect of verapamil upon ouabain-induced car-
diac arrhythmias. Pharmacology 36: 380-389, 1988.
Khatter JC, Agbanyo M, Navaratnam S, Hoeschen RJ
and Bains R, Digitalis induced mechanical toxicity:
Protection by slow Ca** channel blockers. J Pharmacol
Exp Ther 239: 206-210, 1986.

Kass RS, Tsien RW and Weingart R, Ionic basis of
transient inward current induced by strophantidin in
cardiac Purkinje fibres. J Physiol (Lond) 281: 209-226,
1978.

Kass RS, Lederer WJ, Tsien RW and Weingart R, Role
of calcium ions in transient inward currents and after
contractions induced by strophantidin in cardiac Pur-
kinje fibres. J Physiol (Lond) 281: 187-209, 1978.
Akera T, Quantitative aspects of the interaction
between ouabain and (Na* + K*)-activated ATPase in
vitro. Biochim Biophys Acta 249: 53-80, 1971.
Schwartz A, Whitmer K, Grupp G, Grupp I, Adams
RJ and Lee S-W, Mechanism of action of digitalis: Is
the Na,K-ATPase the pharmacological receptor? Ann
NY Acad Sci 402: 253-271, 1982.

Reuter H, Exchange of calcium ions in mammalian

18.

19.

20.

21.

22.

23.

24.

25.

26.

1003

myocardium. Mechanisms and physiological signifi-
cance. Circ Res 34: 599-605, 1974.

Langer GA and Serena SS, Effects of strophanthidin
upon contraction and ionic exchange in rabbit ven-
tricular myocardium: Relation to control and of active
state. J Mol Cell Cardiol 1: 65-90, 1970.

Ocampo MC and Orrego F, Differential effects of
ouabain and 2,4-dinitrophenol on contractile tension
and on sodium and calcium efflux from frog heart
ventricular strips. Br J Pharmacol 74: 341-351, 1981.
Khatter JC, Agbanyo M, Navaratnam S and Hoeschen
RJ, Mechanism of developmental increase in the sen-
sitivity to ouabain. Dev Pharmacol Ther 12: 128-136,
1989.

Lowry OH, Rosebrough NJ, Farr AL and Randall RJ,
Protein measurement with the Folin phenol reagent. J
Biol Chem 193: 265-275, 1951.

Wei JY, Spurgeon HA and Lakatta EG, Excitation—
contraction in rat myocardium: Alterations with adult
aging. Am J Physiol 246: H784-H791, 1984.

Fleisch JH, Age-related decrease in beta adrenoceptor
activity of the cardiovascular system. Trend Pharmacol
Sci 2: 337-339, 1981.

Roberts J and Goldberg PB, Changes in cardiac mem-
branes as a function of age with particular emphasis on
reactivity to drugs. Adv Exp Med Biol 61: 119-148,
1975.

Khatter JC, Agbanyo M, Navaratnam S, Nero B and
Hoeschen RJ, Digitalis cardiotoxicity: Cellular Ca’*
overload a possible mechanism. Basic Res Cardiol 84:
553-563, 1989.

Kennedy RH, Seifen E, Akera T and Brody TM,
Effects of BAY K 8644 on inotropic and arrhythmo-
genic actions of digoxin. Eur J Pharmacol 124: 11-22,
1986.



