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Abstract

Lithium is one of the classical drugs that have been widely used for treating bipolar disorder. However, several cardiac
side effects including sick sinus syndrome, bundle branch block, ventricular tachycardia/fibrillation, non-specific T-wave
abnormalities in addition to Brugada-type electrocardiographic changes have been noticed in patients who were given anti-
depressant, anticonvulsant, and/or antipsychotic drugs besides lithium. In this study, we assessed cardiohemodynamic and
electrophysiological effects of lithium carbonate by itself to begin to analyze onset mechanisms of its cardiovascular side
effects. Lithium carbonate in intravenous doses of 0.1, 1, and 10 mg/kg over 10 min was cumulatively administered with
an interval of 20 min to the halothane-anesthetized beagle dogs (n=4), which provided peak plasma Li* concentrations
of 0.02, 0.18, and 1.79 mEq/L, respectively, reflecting sub-therapeutic to toxic concentrations. The low and middle doses
prolonged the ventricular effective refractory period at 30 min and for 5-30 min, respectively. The high dose decreased the
heart rate for 45-60 min, delayed the intraventricular conduction for 15-20 min and the ventricular repolarization at 45 min,
and prolonged the effective refractory period for 5-60 min. No significant change was detected in the other cardiovascular
variables. Thus, lithium alone may have a wide safety margin against hemodynamic adverse events; however, it would directly
and/or indirectly inhibit Na™ and K* channels, which may synergistically increase the ventricular refractoriness from the
sub-therapeutic concentration and decrease the heart rate at the supra-therapeutic one. These findings may partly explain its
clinically observed various types of arrhythmias as well as electrocardiographic changes.
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Introduction

Lithium is one of the classical drugs that have been widely
used for the treatment of bipolar disorder. However, several
cardiac side effects have been reported including the brad-
ycardia-tachycardia (“sick” sinus) syndrome, atrial flutter,
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atrioventricular block, bundle branch block, ventricular tach-
ycardia/fibrillation in addition to non-specific T-wave abnor-
malities in electrocardiogram [1, 2]. More importantly, Bru-
gada-type electrocardiographic changes have been reported
in three patients with long-term treatment of lithium [3, 4].
Two out of three patients showed serum Li* level of 1.0
and 2.5 mEq/L (therapeutic range 0.8—1.2), respectively,
who were also given antidepressant, anticonvulsant and/or
antipsychotic drugs in combination with lithium, whereas no
information is available for the last patient [3, 4]. Since most
of the cardiac side effects of lithium are noticed in patients
who were also treated with other drugs, effects of lithium
by itself on the cardiovascular system need to be clarified to
begin to analyze the onset mechanisms of its cardiovascular
side effects, which have not been fully investigated before.
In this study, we simultaneously assessed the cardio-
hemodynamic and electrophysiological effects of lithium
carbonate using the halothane-anesthetized beagle dogs,
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which have been known to be able to predict the electrop-
harmacological responses in healthy human subjects [5]. In
order to better analyze the proarrhythmic potential of lithium
carbonate, we analyzed early (J-T ) and late (7T epq)
repolarization periods in the electrocardiogram. The dura-
tion of early repolarization has been considered to reflect
the net balance between the inward Na* and Ca®* currents
and the outward K* current [6, 7], of which prolongation
may indicate intracellular Ca?* overload. Meanwhile, the
prolongation of late repolarization can estimate the extent of
inhibition for human ether-a-go-go-related gene (hERG) K*
channel [6, 7]. Furthermore, we simultaneously measured
monophasic action potential (MAP) and effective refractory
period at the same site to predict the terminal repolariza-
tion period, which can quantify the risk of a drug to induce
reentrant ventricular arrhythmias [5].

Materials and Methods

Experiments were performed in female beagle dogs weigh-
ing approximately 10 kg (n=4). Animals were obtained
through Kitayama Labes Co., Ltd. (Nagano, Japan). The
dogs were initially anesthetized with thiopental sodium
(30 mg/kg, i.v.). After intubation with a cuffed endotra-
cheal tube, 1% halothane vaporized with 100% oxygen was
inhaled with a volume-limited ventilator (SN-480-3; Shi-
nano Manufacturing Co., Ltd., Tokyo, Japan). Tidal volume
and respiratory rate were set at 20 mL/kg and 15 breaths/
min, respectively.

Cardiohemodynamic Variables

Four clinically available catheter-sheath sets (FAST-
CATH™ 406119; St. Jude Medical Daig Division, Inc.,
Minnetonka, MN, USA) were used; two were inserted into
the right and left femoral arteries toward abdominal aorta;
the other two were done into the right and left femoral veins
toward inferior vena cava, respectively. A pig-tail catheter
was placed at the left ventricle to measure the left ventricu-
lar pressure through the right femoral artery, whereas blood
pressure was measured at a space between inside of the
catheter sheath and outside of the pig-tail catheter through
a flush line. The maximum upstroke velocities of the left
ventricular pressure and the left ventricular end-diastolic
pressure were obtained during sinus rhythm to estimate the
inotropic status and the preload to left ventricle, respectively.
A thermodilution catheter (132F5; Edwards Lifesciences,
Irvine, CA, USA) was positioned at the right side of the
heart through the right femoral vein. The cardiac output was
measured with a standard thermodilution method by using
a cardiac output computer (MFC-1100; Nihon Kohden Co.,
Ltd., Tokyo, Japan). The total peripheral vascular resistance

was calculated with the basic equation: total peripheral vas-
cular resistance =mean blood pressure/cardiac output.

Electrophysiological Variables

The surface lead II electrocardiogram was obtained
from the limb electrodes. Corrected QT interval
(QTc) was calculated with Van de Water’s formula:
QTc=QT -0.087 x (RR — 1000) with RR given in ms [8]. A
standard six French quad-polar electrodes catheter (Cordis-
Webster Inc., Baldwin Park, CA, USA) was positioned at
the non-coronary cusp of the aortic valve through the left
femoral artery to obtain the His bundle electrogram.

A bi-directional steerable MAP recording/pacing com-
bination catheter (1675P; EP Technologies, Inc., Sunny-
vale, CA, USA) was positioned at the endocardium of the
right ventricle through the left femoral vein to obtain MAP
signals. The signals were amplified with a DC preampli-
fier (model 300; EP Technologies, Inc.). The interval (ms)
at 90% repolarization level was defined as MAP,,. The
heart was electrically driven by using a cardiac stimulator
(SEC-3102; Nihon Kohden Co., Ltd.) through the pacing
electrodes of the combination catheter placed in the right
ventricle. The stimulation pulses were rectangular in shape
1-2 V of amplitude (about twice the threshold voltage) and
of 1-ms duration. The MAP,, was measured during sinus
rthythm [MAPg,.s)] and at a pacing cycle length of 400 ms
[MAPgycp400)] and 300 ms [MAPgy ¢y 300)]-

The effective refractory period of the right ventricle was
assessed with programmed electrical stimulation. The pac-
ing protocol consisted of five beats of basal stimuli in a cycle
length of 400 ms followed by an extra stimulus of various
coupling intervals. The duration of the terminal repolariza-
tion period of the ventricle was calculated by the difference
between the MAPg 490, and effective refractory period at
the same site, which reflects the extent of electrical vulner-
ability of the ventricular muscle [5].

The J-T e, and Ty —Tenq Were measured separately
[7]. When the end of T-wave was obscure, we used MAP
signal as a guide to estimate it. The J-T ., was corrected
for the heart rate with a coefficient as previously described
(=T pear€ =T e /RR**® with RR given in seconds) [6].
Correction was not performed on the 7}, T, Since previ-
ous QT/QTc studies have shown that the 7}, —T,q exhibited
minimal heart rate dependency at the resting heart rate [6].

Experimental Protocol

The aortic and left ventricular pressures, electrocardiogram,
His-bundle electrogram, and MAP signals were monitored
with a polygraph system (RM-6000; Nihon Kohden Co.,
Ltd.) and analyzed with a real-time fully automatic data
analysis system (WinVAS3 ver. 1.1R24; Physio-Tech Co.,
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Ltd., Tokyo, Japan). Each measurement of electrocardio-
gram and MAP variables as well as atrio-His (AH) and
His-ventricular (HV) intervals adopted the mean of three
recordings of consecutive complexes. After the basal assess-
ment, lithium carbonate in a low dose of 0.1 mg/kg was
intravenously administered over 10 min, and each variable
was assessed at 5, 10, 15, 20, and 30 min after the start of
infusion. Then, lithium carbonate in a middle dose of 1 mg/
kg was intravenously administered over 10 min, and each
variable was assessed in the same manner. Finally, lithium
carbonate in a high dose of 10 mg/kg was intravenously
administered over 10 min, and each variable was assessed
at 5, 10, 15, 20, 30, 45, and 60 min after the start of infusion.

Plasma Drug Concentration

Blood was sampled from the left femoral artery at 5, 10,
15, and 30 min after the start of the low and middle doses
infusion, and 5, 10, 15, 30, and 60 min after the start of
the high-dose infusion. The blood samples were centrifuged
at 1500xg for 15 min at 4 °C. The plasma was stored at
— 80 °C until the drug concentration was measured. The
plasma drug concentration was detected as Li*, which was
measured by atomic absorption spectrometry at LSI Medi-
ence Corporation (Tokyo, Japan). The detection limit of Li*
was 0.01 mEq/L.

Drugs

Lithium carbonate (Sigma-Aldrich Co., LLC., St. Louis,
MO, USA) was dissolved with saline in concentrations of
0.1, 1, and 10 mg/mL. Other drugs used were thiopental
sodium (Ravonal® 0.5 g for Injection, Mitsubishi Tanabe
Pharma Co., Osaka, Japan), halothane (Fluothane®, Takeda
Pharmaceutical Co., Ltd., Osaka, Japan), and heparin cal-
cium (HEPARIN Ca, Sawai Pharmaceutical Co., Ltd.,
Osaka, Japan).

Statistical Analysis

Data are presented as mean + SEM. Differences within a
parameter were evaluated with one-way, repeated-measures
analysis of variance (ANOVA) followed by Contrasts as a
post hoc-test for mean values comparison. A p value <0.05
was considered to be significant.

Results
No animals exerted any lethal ventricular arrhythmias or

hemodynamic collapse leading to the animals’ death during
the experiment.

@ Springer

Effects on the Cardiohemodynamic Variables

Typical tracings of the aortic and left ventricular pressures
are depicted in Fig. 1, and the time courses of changes
in the plasma concentration of Li* and the cardiohemo-
dynamic variables are summarized in Fig. 2. The peak
plasma concentrations of Li* were observed at 10 min
after the start of 0.1, 1 and 10 mg/kg infusion, which
were 0.02 +£0.00, 0.18 £0.02, and 1.79+0.17 mEq/L,
respectively. The pre-drug basal control values (C) of
the heart rate, mean blood pressure, cardiac output,
total peripheral vascular resistance, maximum upstroke
velocity of left ventricular pressure, and left ventricu-
lar end-diastolic pressure were 103 + 10 beats/min,
105+ 6 mmHg, 2.4+ 0.2 L/min, 46 + 5 mmHg min/L,
1,887 £267 mmHg/s, and 10 + 2 mmHg, respectively. The
low and middle doses did not alter any of the variables.
The high dose decreased the heart rate for 45-60 min after
the start of infusion, whereas no significant change was
detected in the other variables.

Effects on the Electrocardiographic Variables

Typical tracings of the electrocardiogram are depicted in
Fig. 1, and the time courses of changes in the electrocardi-
ographic variables are summarized in Fig. 3. The pre-drug
basal control values (C) of the PR interval, QRS width,
QT interval, QTc, J-T,eyc, and Ty —Tpq Were 11145,
66+2, 266+ 19, 301 +14, 158+ 10, and 84+ 17 ms,
respectively. The low, middle, or high dose did not alter

any of the variables.
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Fig.1 Typical tracings showing the His-bundle electrogram (His),
lead II electrocardiogram (ECG), aortic pressure (AoP), left ven-
tricular pressure (LVP), and monophasic action potential (MAP) dur-
ing sinus rhythm at pre-drug basal control (control, left) and 45 min
after the start of 10 mg/kg of lithium carbonate infusion (45 min after
10 mg/kg i.v., right)
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Fig.2 Time courses of changes in the plasma concentration of Li*,
heart rate (HR), mean blood pressure (MBP), cardiac output (CO),
total peripheral vascular resistance (TPR), maximum upstroke veloc-
ity of the left ventricular pressure (LVdP/dt,,,.), and left ventricular
end-diastolic pressure (LVEDP) after the administration of lithium
carbonate (n=4). Data are presented as mean+SEM. Closed sym-

Effects on the AH and HV Intervals, and MAP,,
During Sinus Rhythm

Typical tracings of the His-bundle electrogram and MAP
are depicted in Fig. 1, and the time courses of changes in the
AH and HV intervals, and MAP,, during sinus rhythm are
summarized in Fig. 3. Their pre-drug basal control values
(C) were 80+7, 27 +2, and 253 + 17 ms, respectively. The
low or middle dose did not alter any of the variables. The
high dose prolonged the HV interval for 15-20 min, whereas
no significant change was detected in the other variables.

Effects on the MAP,, During the Ventricular
Pacing, Effective Refractory Period, and Terminal
Repolarization Period

Typical tracings showing the aortic and left ventricular pres-
sures and MAP during the ventricular programmed electrical
stimulation at a basic cycle length of 400 ms in Fig. 4. The
time courses of changes in the MAPgc400), MAPgocL300),
effective refractory period and terminal repolarization
period are summarized in Fig. 3, of which pre-drug basal
control values (C) were 245+ 14, 229+ 11, 209+ 10, and
36 +4 ms, respectively. The low and middle doses pro-
longed the effective refractory period at 30 min and for
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bols represent significant differences from the corresponding pre-drug
basal control value (C) by p <0.05. Since we could not obtain actual
values of Li* at 5, 15, and 30 min after the start of administration of
0.1 mg/kg of lithium carbonate possibly due to the lower concentra-
tions than its detection limit of 0.01 mEq/L, we plotted these results
as 0.01 mEq/L using gray symbol line

5-30 min, respectively, whereas no significant change was
detected in the other variables. The high dose prolonged the
MAPy 1100y, MAPgy 1 300), and effective refractory period
at 45 min, at 45 min, and for 5-60 min, respectively, whereas
no significant change was detected in the terminal repolari-
zation period.

Discussion

In this study, we analyzed the onset mechanisms of the car-
diovascular side effects of lithium carbonate by assessing
its cardiovascular profile, and obtained several interesting
findings as discussed below.

Rationale of the Drug Dose

According to the interview form published September 2012,
version 5 from the manufacturer (Taisho Pharmaceutical Co.
Ltd., Tokyo, Japan), initial oral dose of lithium carbonate is
400-600 mg/day in 2-3 divided doses, which can be gradu-
ally elevated to 1200 mg/day, and the C,,, of Li* after a
single oral administration of 200 mg/body was 0.22 mEq/L.
Meanwhile, the target plasma concentration has been clini-

cally considered to be 0.6—1.4 mEq/L [1]. Since the peak
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Fig.3 Time courses of changes in the PR interval, QRS width,

QT interval, QTe, J-TyeuC TpearTengs the atrio-His (AH) and

His-ventricular (HV) intervals, and MAP,, during sinus rhythm
[MAPyginys)l; and the MAPy, at a cycle length of 400 ms
[MAPgcrLagp)] and 300 ms [MAPgy 300, effective  refrac-
tory period of the right ventricle (ERP) and terminal repolariza-
tion period (TRP) after the administration of lithium carbonate

plasma concentrations of Li* after the administration of 0.1,
1, and 10 mg/kg were 0.02, 0.18, and 1.79 mEq/L, respec-
tively, in this study, currently used doses would provide sub-
therapeutic to toxic plasma concentrations.

Cardiohemodynamic Effects

The low to high doses of lithium carbonate did not alter
the cardiohemodynamic variables except that the high dose
decreased the heart rate for 45-60 min after its adminis-
tration. These observations may partly support a previous
finding by an isolated, perfused heart preparation that Li*
has little acute, direct effect on the function of the heart [9].
Since Li* is closely related to Na* in its properties, it could
substitute for Na* both in generating action potentials and
in Na*-Na™ exchange across the membrane, whereas it does
not significantly affect the Na™-Ca>* exchanger or the Na*/
K*-ATPase pump at therapeutic concentrations [1]. Impor-
tantly, as discussed below, Li* may inhibit both Na* and K*
channels, which may explain the late onset of bradycardic
action of this study, that might be partly related to clinically
reported sick sinus syndrome. Nonetheless, these results
at least suggest that lithium carbonate may have a certain
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(n=4). QT interval was corrected with Van de Water’s formula:
QTc=QT—-0.087x (RR—-1000). J-T ., was corrected by the fol-
lowing formula: J-T . c=J-T ., /RR . MAP,,: monophasic action
potential duration at 90% repolarization level. Data are presented as
mean=+ SEM. Closed symbols represent significant differences from
the corresponding pre-drug basal control value (C) by p <0.05

extent of safety margin against the hemodynamic adverse
events except for the bradycardic action.

Electrophysiological Effects

Lithium carbonate did not alter the atrioventricular nodal
conduction at any dose, but its high dose prolonged the
intraventricular conduction time and repolarization period.
Importantly, lithium carbonate prolonged the effective
refractory period from the low-dose administration. These
results suggest that lithium carbonate may moderately inhibit
both Na* and K* channels, which might have prolonged the
effective refractory period through a synergetic mechanism.
Qualitatively similar action of lithium gluconate on the atrial
effective refractory period has been reported [10]. In a previ-
ous study using Chinese hamster ovary cells transfected with
SCNS5A encoding cardiac Na* channel, lithium chloride sup-
pressed Iy, with IC5, values of 6.8 umol/L [3]. Since lithium
does not bind serum protein [1], currently obtained in vivo
results did not reflect such a potent in vitro Iy, inhibition of
lithium. Further study is needed to clarify the difference in
the potency of Iy, inhibition between in vivo and in vitro
experiments, which can be approximately 1000 times less
potent in the former than the latter. In addition, another
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Fig.4 Typical tracings showing the aortic (AoP) and left ventricular
(LVP) pressures and monophasic action potentials (MAP) during the
ventricular programmed electrical stimulation at a basic cycle length
(CL) of 400 ms, which estimate the ventricular effective refractory
period (ERP) at pre-drug control (Control) and 45 min after the start
of 10 mg/kg, i.v. of lithium carbonate infusion (45 min after 10 mg/kg
i.v.). At pre-drug control (upper panels), premature electrical stimula-

potential mechanism may include the lithium-induced
increase of plasma K* level [11], although we did not meas-
ure it in this study. Hyperkalemia can depolarize the resting
membrane potential through a change in the K* equilibrium
potential. If the depolarization is great enough, it may inacti-
vate Na™ channels, resulting in increased refractoriness and
slowed ventricular conduction.

Proarrhythmic Effects

The high dose of lithium carbonate delayed the repolariza-
tion period in this study, which is qualitatively in accord-
ance with a clinical study that Li* concentration correlates
with QTc in patients with psychosis [12]. However, lithium
carbonate did not alter the J-T ., ¢, Tpeq—Teng OF terminal
repolarization period. These results indicate that lithium car-
bonate by itself may not possess electrophysiological proper-
ties leading to the onset of long QT-interval related, lethal
ventricular arrhythmias [6, 7], which may explain why there

tion (pacing) with a coupling interval (CI) of 190 ms induced ventric-
ular electrical activity (left), whereas that of 185 ms failed to develop
it (right), indicating that the ERP was 190 ms. After the administra-
tion of lithium carbonate (lower panels), premature electrical stimula-
tion with a CI of 205 ms induced ventricular electrical activity (left),
whereas that of 200 ms did not develop it (right), indicating that the
ERP was 205 ms

are no reported case of lithium-induced torsade de pointes
[13].

Conclusion

Lithium carbonate by itself may have a wide safety margin
against hemodynamic adverse events; however, it would
directly and/or indirectly inhibit both Na™ and K* chan-
nels, leading to the increase of ventricular refractoriness
from the sub-therapeutic concentration and the decrease
of heart rate at the supra-therapeutic one. These findings
may partly explain its clinically observed adverse events of
various types of arrhythmias as well as electrocardiographic
changes. In order to further analyze the onset mechanisms
of adverse effects of lithium, cross-reaction between lith-
ium and other medications, background pathophysiology
of patients who had adverse events, and long-term effects
should be clarified.
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