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Digitalis Toxicity and Baroceptor in Rabbits

Kenichi Kujime! Hisayuki Sawatari? Junko Sasaki®
and Yasuyuki Ueba'

It 1s well-known that digitalis induces arrhyhmias associated with its
toxicity. It has been reported that one of the mechanisms is direct
stimulous action on myocardium and the other is indirect stimulous ac-
tion through the autonomic nervous system. On the other hand, baro-
reflex plays a role to control autonomic nerve activity. Although digi-
talis seems to activate baroceptors and also denervation of baroceptors

hastens digitalis toxicity, it 1is still unclear of dose-related change
in baroceptor activity and baroceptor sensitivity in vivo.
Arterial blood pressure, cardiac rate, aortic nerve activity, renal

sympathetic nerve activity were recorded simultaneously in anesthetized
rabbits. The relationship between blood pressure and aortic nerve ac-
tivity was figured using a X-Y recorder during a period of change in
blood pressure induced by coarctation of the aorta. Ouabain in a dose
of 30 ug kg was administered intravenously each 10 minutes until death.
Aortic nerve activity increased by 78% and became more sensitive with
the non-toxic dose of ouabain than the control level. However, aortic
nerve activity and sensitivity decreased below the control level in
larger dose than 60 #g kg which was compatible with toxic dose.

Thus, ouabain in therapeutic dose raised baroceptor activity by sensi-
tization, whereas decreases in both sensitivity and activity were found
in toxic dose. indicate that the same effect as baro-

These findings

ceptor denervation may be developed by digitalis toxicity.
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INTRODUCTION

Rational treatment generally begins
with digitalis. Although the favora-
ble hemodynamic effects of digitalis
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reduce congestive heart failure, this
drug may provoke arrhythmias and
conduction disturbances in as many as
20% of patients receiving this drug
for treatment of heart failure (1).
The two mechanisms have been re-
ported about arrhythmogenesis. One
is direct myocardial stimulation (2)
and another 1is indirect stimulation
through the adrenergic hyperactivity
@3, 4.

As we and others have reported
before (5, 6), digitalis has some
effects on the autonomic nervous
system. According to these reports,
ouabain, a preparation of digitalis,
induced biphasic change in sympathe-
tic nerve activity. Before the appear-
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ance of arrhymias, ouabain induced
suppression of sympathetic nerve ac-
tivity which followed by arrhythmias
and hyperexcitation of the activity.
In these reports, it was concluded
that digitalis stimulated the central
nervous system (such as the vaso-
motor center) and sympathetic hyper-
activity might play a role in digi-
talis arrhythmogenesis.

In the same study, furthermore, the
diminution of lethal dose of ouabain
and the shortening of survival period
were observed following the removal
of buffer nerves, whereas sympathetic
nerve discharge was significantly
increased. Since these results were
not observed in intact animals, it was
clarified that this defense mechanism,
provided by buffer nerves, had the
potent role to prevent fatal ar-
rhythmias induced by digitalis tox-
1city.

Baroreflex has an action to stabi-
lize arterial blood pressure by con-
trolling sympathetic nerve activity
(7), while there were several reports
on the effects of digitalis on baro-
ceptor activity (5, 8 —11). They
suggested that digitalis rendered
the baroceptors hyperexcitable and
thereby increased the afferent traffic
to the medullary vasomotor centers.
Although these results wereobtained
by direct recording in cats (8) or
dogs (9), in vivo (8) or in vitro (10),
it has been reported that in these
species, baroceptor afferentsof both
the aortic and carotid sinus nerves,
are mingled with chemoreceptor af-
ferents (12, 13). These evidences in-
dicate that effect of digitalis on
baroceptors in wviwo is still unclear.
In addition, we are not aware of a
report that mentioned about the

grade of sensitization of baroceptors
in vivo by direct recording with ex-
amination of the difference between
before and after appearance of ar-
rhythmias.

From these point of view, this
study was designed to evaluate the
relationship between ouabain and a
baroceptor in greater detail. First
purpose is to evaluate the magnitude
of dose-response of baroceptor acti-
vity to ouabain especially in the re-
spect of the occurrence of cardiac
arrhythmias. Adult rabbits have an
advantage to this purpose because
their aortic nerve consists of baro-
sensitive fibers alone (14). Second
purpose is to evaluate the grade of
sensitization of a baroceptor by
ouabain. For this purpose, we de-
veloped a method to assess the grade
of sensitization by recording the
correlation between arterial blood
pressure and aortic nerve activity.

MATERIALS AND METHODS

Adult rabbits of unselected as to
sex and ranging from 2.5 to 3.0 kg in
weight were used. They were anes-
thetized with urethane (600 mg, kg)
and chloralose (50 mg. kg) adminis-
tered intraperitoneally. After a tra-
cheotomy was performed, each rabbit
was ventilated on room air using a
Harvard respirator pump. Gallamine
(0.2 mg kg, i. m.) was injected in-
itially to prevent movement and was
repeated during the course of the ex-
periment as required. Blood gas was
measured on occasion and kept within
the physiological range with supple-
ment of bicarbonate or oxygen as ne-
cessary.
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1. Surgical Procedures

The right femoral vein was can-
nulated for intravenous administra-
tion of drugs. A cannula was also
introduced into the left lingual ar-
tery for recording arterial blood
pressure or sampling arterial blood.
This procedure permitted us to meas-
ure blood pressure and cardiac rate
without harmful influence on cerebral
blood flow. Blood pressure and elec-
trocardiogram were used to monitor
cardiac rhythm throughout the ex-
periment.

2 . Recording of Nerve Activity

The left aortic nerve was exposed
at the level of the larynx with fine
forceps under a binocular microscope
and placed on bipolar platinum elec-
trodes. The left renal nerve was ex-
posed retroperitoneally. The two elec-
trical activities were recorded by
a high gain amplifier simultane-
ously. Quantification of nerve ac-
tivities were carried out using an In-
tegrator with a time constant of one
second and compared with other pa-
rameters.

As other investigators (13) have
reported, both the aortic and carotid
sinus nerve in cats or dogs contain
of not only baroceptor fibers but
also chemoreceptor fibers. However,
as Charlmers et al (14) reported,
rabbits have few chemoreceptor fibers
in their aortic nerves.

On the other hand, several reports
(15) indicate that action on heart
rate differs in the carotid sinus
nerve and the aortic nerve. They in-
sist that the stimulation of the a-
ortic nerve induces bradycardia more
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significantly than the another. These
evidences support the method of re-
cording aortic nerve activity in rab-
bits for the present purpose.

3 . Correlation between Aortic
Nerve Discharge and Arterial
Blood Pressure

A left thoracotomy was performed

and a snare was placed around the
descending thoracic aorta (Fig. 1).

XY RECORDER

=P —=
CR

RSND >——SNARE

Figure1. Schematic model of experiment.
Aortic blood pressure (BP) is
measured through a cannula in-
serted into the left lingual artery.
Cardiac rate (CR) is counted by
triggering the pulse. Aortic nerve
discharge (AND) and renal sym-
pathetic nerve discharge (RSND)
are recorded. A snare is placed
around the descending thoracic
aorta to stimulate baroceptor by
raising blood pressure. The correla-
tion between BP and AND are
figured using a XY recorder dur-
ing the coarctation.
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Coarctation of the aorta stimulated
baroceptors by a raise of arterial
blood pressure in the upper half of
the body.

Correlation of arterial blood pres-
sure and aortic nerve activity was
figured and superimposed three times
on each occasion using an X—Y re-
corder. This slope or shift was
measured (16). The correlation was
normalized by taking the center of
both linear part of aortic nerve ac-
tivity and blood pressure at 50 per-
cent point. It becomes possible to
examine the sensitivity of baro-
ceptor .in vivo with this method.

Irisawa and Ninomiya (16) re-
ported the different response of baro-
ceptor to given pressure between In
pulsatile and non-pulsatile mode. It
must be much relevant to examine the
change in sensitivity of aortic nerve
activity by fluctuation in blood pres-
sure. From these point of view, we
employed above method to investigate
the response of baroceptor to given
pressure in pulsatile mode in vivo.

4 . Protocol for Ouabain
Administration

After all parameters were stabi-
lized and the control level was re-
corded, ouabain was administered in-
travenously in a single dose of 30
4g per kilogram of body weight as a
bolus injection each 10 minutes un-
til death. The relationship between
blood pressure and aortic nerve dis-
charge was recorded five minutes
after each injection.

5. Data Analysis

The results are graphed in terms

of mean = S.E. M. Analysis of data
was performed wusing Student’s t
test, ANOVA test (17) and linear
regression with correlation coef-
ficient. The criterion for statis-
tical significance was P<0.05. De-
termination of arrhythmia in this
experiment was settled as five ven-
tricular premature beats in a min-
ute.

6 . Materials

The drugs used in this experiment
were as in the following: Ouabain

(Takeda Pharm. Co.), Gallamine
( Teikoku Sangyo Co.), Urethane
( Wako Chem. Co.), Chloralose

(Wako Chem. Co.).

RESULT

1. Dose-Related Changes in Each
Parameter Induced by Ouabain
Administration

Figure 2 shows typical changes in
cardiac rate, mean arterial blood
pressure, aortic nerve discharge and
renal sympathetic nerve discharge
obtained from one experiment. After
the first administration of ouabain
in a dose of 30 #g/ kg, aortic nerve
discharge was elevated in parallel
with arterial blood pressure. How-
ever, renal sympathetic nerve activ-
ity was decreased and bradycardia
was developed.

The dose-response relationship for
change in blood pressure, cardiac
rate, aortic nerve discharge and
renal sympathetic nerve discharge by
ouabain administration in 8 rabbits
are shown in Figure 3. Arbitrary
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Figure2. Typical changes in cardiac rate
(CR), mean blood pressure (BP),
mean aortic nerve discharge (AND)
with time constant of 1 second,
renal sympathetic nerve discharge
(SND) with time constant of 1
second. At an arrow, ouabain in a
dose of 30 #g kg of body weight
was administered intravenously as
a bolus injection.

units of the ordinate are presented
as relative percent change from each
control value.

First administration of ouabain
in a dose of 30 #g kg induced sig-
nificant increase in aortic nerve
discharge and blood pressure by 46%
and 8% , respectively On the other
hand, cardiac rate and renal sympa-
thetic nerve discharge decreased by
4% and 2%, respectively. The sec-
ond injection (cumulative dose of 60
# g/ kg) increased aortic nerve ac-
tivity by 78% above the control lev-
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Figure 3. Statistical analysis of relative
percent change of aortic nerve
discharge (AND), blood pressure
(BP), cardiac rate (CR) and renal
sympathetic nerve discharge (SND)
in 8 rabbits. Ouabain in a dose
of 30 pug/ kg is injected by each
arrow. Following abbreviations are
used. : SE ( standard error of
the mean), min (miniutes).

el while Dblood pressure relatively
decreased in comparison with the
value of first injection. This phe-
nomenon suggested that sensitiza-
tion of baroceptor was developed,
because the change in aortic nerve
activity was not related to the
change in blood pressure. In this
phase, sympathetic nerve discharge
increased slightly by 10% above the
control but not significantly.
However, after the third injection
(cumulative dose of 90 #g . kg),
aortic nerve discharge and also blood
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pressure started to decrease, while
sympathetic nerve discharge increased
significantly by 34 % . This phase
was coincided with the initiation of
arrhythmias. Four out of 8 rabbits
died after the fourth injection (cu-
mulative dose of 120 #gkg).

2 . Correlation between Aortic
Nerve Activity and Arterial
Blood Pressure

To investigate the sensitization of
aortic baroceptor furthermore, corre-
lation between arterial blood pres-
sure and aortic nerve discharge was
observed. As shown in Figure 4, the
curve was shifted to upper left with
the cumulative dose of either 30 or
60 #g, kg in comparison with the
control. But, after injection of 90
#g/ kg which was compatible dose to
develop ventricular arrhythmias, the
inclination became dull and the peak
value stayed below the peak of the
control in spite of the higher level

of the nerve activity at low pressure
(left part of the curve). This sug-
gests that ouabain in toxic dose de-
sensitizes the responseof baroceptor
to arterial blood pressure.

The statistical results of shifts
in five rabbits were summarized in
Figure 5. This figure depicts re-
lative change from the control after
administration of each cumulative
dose of ouabain. The center of peak
aortic nerve activity of the control
was taken as 50 percent point and
relative percent change was calcu-
lated. Regression analysis plus
ANOVA test on slopes and y in-
tercepts were compared.

In a dose of 30 #g. kg, the line
was shifted to upper left and the
slope became steeper (Y=1.13X+2.3)
in contrast with the control (Y=X).
After second injection of ouabain
(cumulative dose of 60 2g . kg),
the line shifted to further upper
left, but slope was the approximate-
ly same as the control (Y=0.95X+

QOuabain 90 vg/kg

Control Ouabain 30wgkg Ouabain 60wvg/kg
‘ 50 50 50
0 W o W
|
1
( L v — ¥ T T
100mmHg 100mmHg 100mmHg 100 mmHg

Figure 4. Typical changes in the relationship between mean aortic nerve
discharge (ordinate) and aortic blood pressure (abscissa). From
left to right, figure depicts the control, ouabain in a cumulative
does of 30 #g. kg, 60 2g/ kg and 90 #gkg.
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Figureb. Statistical analysis of the rela-
tionship between aortic nerve dis-
charge (AND) and aortic blood
pressure (BP) in percent change
obtained from 5 rabbits.

The regression equations are
given in the text.
(1: control, 2: 302g/ kg,
3: 60ug kg, 4: Werg kg)

18.5). After the third injection
(cumulative dose of 90 u#g . kg),
the base (y-intercept) of the line
stayed still higher than the control
but the slope became dull (Y=0.59 X
+26). Each line was different with
each other significantly (p<{0.05).
It was impossible to examine the
property in larger doses than 90 «# g
/kg because of fatal arrhythmias.

Thus, baroceptor became much sen-
sitive to blood pressure under the
ouabain administration to the cumu-
lative dose of 60 « g, kg. However,
in the dose larger than 60 «g. kg,
the sensitivity started to decline
and desensitization occurred.

Vol. 1, 1985
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DISCUSSION

These results indicate the diffe-
rent role of baroceptors in digitalis
effects before and after appearance
of toxicity. This suggests us to
discuss on difference between ef-
fects of ouabain in therapeutic dose
and those in toxic dose.

1 . Ouabain in Therapeutic Dose

Other investigators have sug-
gested that ouabain increases baro-
ceptor activity by sensitization in
cats (8), dogs (9), or rabbits (11).
However, we are not aware of any
studies which show the grade of sen-
sitization of baroceptor activity in
vitro by non-pulsatile stimulation
with the statistical evaluation of
baroceptor activity.

Quest and Gillis (10) examined
the sensitization in 1isolated carotid
sinus preparation of cats in non-
pulsatile mode. Since they employed
functional chemoreceptor elimination
with acetic acid, it was not clear
whether chemoreceptor fibers of the
nerve was totally inactivated. Fu-
thermore, since their study was made
in vitro, it was impossible to know
the relationship between arrhythmias
and baroceptor activity.

From our results, in less dose than
60 #g. kg, ouabain induced increase
in aortic nerve activity and blood
pressure, and decrease in sympathetic
nerve activity and cardiac rate. The
elevation of aortic nerve activity
was partly due to rise in arterial
blood pressure, whereas ouabain has
a vasoconstrictive effect on the ex-
cised artery in animals (18), and
partly due to increase in the sensi-
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tivity which was shown as a shift of
relationship between aortic nerve
activity and blood pressure.

Baroreflex has effects to control
the autonomic nervous system (19).
Rise in blood pressure decreases
sympathetic nerve activity and in-
creases vagal nerve activity by
stimulation of baroceptors, and vice
versa. In this point of veiw, these
results suggest that the increase in
baroceptor activity with ouabain in
therapeutic dose decreased sympa-
thetic nerve discharge and developed
bradycardia (20).

2 . Ouabain in Toxic Dose

Although, as far as we know, there
are no detailed reports on changes
in baroceptor activity induced by
ouabain in toxic dose, ouabain In
larger dose than 60 #g./ kg devel-
oped toxicity with decrease in aortic
nerve discharge and blood pressure
in contrast with an increase in sym-
pathetic nerve activity.

The decrease in aortic nerve dis-
charge might be due to poor sensi-
tivity of a baroceptor to blood pres-
sure as well as a fall in blood pres-
sure induced by poor contlactile
force of myocardium because of arrhy-
thmias (21).

As we (5) and others (6) reported,
sympathetic hyperactivity, induced
by stimulous action of digitalis on
the central nervous system, must be
one of the possible mechanisms of
digitalis toxicity. They also re-
ported that baroceptors had protec-
tive action to digitalis toxicity
because denervation of baroceptors
forced arrhythmias to appear earlier
than in the intact. This phenomenon

is due to the release of the central
nervous system (vasomotor center )
from the suppression induced by baro-
reflex. In this manner, denervation
of baroceptors induced myocardium
more sensitive to stimulation by in-
creased sympathetic nerve activity.

These evidences suggest that over-
therapeutic dose of ouabain may de-
velop the toxication with increased
sympathetic nerve activity by the
desensitization of baroceptors. Thus,
the poor response of a baroceptor to
blood pressure may be called as che-
mical denervation.

Quest and Gillis explained the
detailed mechanism concerning the
sensitization of baroceptors (10).
According to their report, ouabain
can inhibit the active transport of
K and Na by the membrane. Since
inhibition of this transport system
abolishes post-stimulated hyperpolar-
ization of unmyelinated fibers and
these reaction may further elevate
the level of the membrane potential,
it 18 concluded that these phenomena
possibly lower the threshold level.
Therefore, these effects easily en-
able the stimulus to come close to
decreased threshold for a great num-
ber of fibers, those are resulted in
increase of frequency in discharge.

On the other hand, if the level of
the membrane potential rises further
and beyond the threshold potential,
poor response to given pressure (.
e., desensitization) may be devel-
oped. According to electrophysiol-
ogy of the myocardium (22), ouabain
elevates the resting level whereby
membrane potential become close to
threshold of activation. If the
resting level rises higher than the
threshold potential, the membrane
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1s not activated by a stimulation.
These phenomena are suggested by
Figure 5 (90 #g./ kg, at appearance
of arrhythmias) which shows dull-
ness of the slant and also a suppres-
sion In the peak value, in contrast
to elevation of the level at low
pressure (left half of the curve).
Even under minimal pressure (leftest
part of the curve), where nerve ac-
tivity was always silent in intact
animals, hyperactivity was developed
because the fibers were still acti-
vated by sensitization. However, be-
cause the great number of fibers was
inactivated by hyperpolarization, sum-

Digitalis toxicity and baroceptor

mation of activity became less. This
mechanism can shift the curve higher
at low pressure, and also make the
slant dull as shown in Figure 5.
Thus, ouabain elevated aortic
nerve activity as a result of in-
crease in sensitivity to blood pres-
sure in 1nitial phase. Consequently,
the toxicity of ouabain was sup-
pressed easily in therapeutic dose.
However, overdose of the drug deve-
loped poor response of baroceptor
(chemical denervation). This phe-
nomenon may participate in sympa-
thetic hyperactivity in toxic dose
and the development of arrhythmias.
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