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Abstract
Lamotrigine has been used for patients with epilepsy and/or bipolar disorder, overdose of which induced the hypotension, 
elevation of the atrial pacing threshold, cardiac conduction delay, wide complex tachycardia, cardiac arrest and Brugada-like 
electrocardiographic pattern. To clarify how lamotrigine induces those cardiovascular adverse events, we simultaneously 
assessed its cardiohemodynamic and electrophysiological effects using the halothane-anesthetized dogs (n = 4). Lamotrigine 
was intravenously administered in doses of 0.1, 1 and 10 mg/kg/10 min under the monitoring of cardiovascular variables, 
possibly providing subtherapeutic to supratherapeutic plasma concentrations. The low or middle dose of lamotrigine did not 
alter any of the variables. The high dose significantly delayed the intra-atrial and intra-ventricular conductions in addition 
to the prolongation of ventricular effective refractory period, whereas no significant change was detected in the other vari-
ables. Lamotrigine by itself has relatively wide safety margin for cardiohemodynamics, indicating that clinically reported 
hypotension may not be induced through its direct action on the resistance arterioles or capacitance venules. The electrophysi-
ological effects suggested that lamotrigine can inhibit  Na+ channel in the in situ hearts. This finding may partly explain the 
onset mechanism of lamotrigine-associated cardiac adverse events in the clinical cases. In addition, elevation of J wave was 
induced in half of the animals, suggesting that lamotrigine may have some potential to unmask Brugada electrocardiographic 
genotype in susceptible patients.
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Introduction

Lamotrigine has been used for patients with epilepsy and/
or bipolar disorder, overdose of which caused hypotension, 
cardiac conduction delay, wide complex tachycardia and 
cardiac arrest [1]. Moreover, lamotrigine was reported to 
elevate the atrial pacing threshold in a patient who had been 
implanted a pacemaker [2], and also to induce Brugada-
like electrocardiographic changes in patients with its over-
dose [3] as well as in the presence of comorbidity diseases 
such as hypertension and dyslipidemia [4] and combined 
medicines like class Ia antiarrhythmic drug ajmaline [5]. 
The inhibitory effects of lamotrigine on ionic channels in 
the central nervous system have been extensively studied; 
namely,  Na+ channels in N4TG1 mouse neuroblastoma 
clonal cells, recombinant rat brain type IIA  Na+ channels 
expressed in Chinese hamster ovary cells, native  Na+ chan-
nels in rat hippocampal pyramidal neurons and cultured rat 

 * Atsushi Sugiyama 
 atsushi.sugiyama@med.toho-u.ac.jp

1 Department of Pharmacology, Toho University Graduate 
School of Medicine, 5-21-16 Omori-nishi, Ota-ku, 
Tokyo 143-8540, Japan

2 Department of Pharmacology, Faculty of Medicine, Toho 
University, 5-21-16 Omori-nishi, Ota-ku, Tokyo 143-8540, 
Japan

3 Department of Inflammation and Pain Control Research, 
Faculty of Medicine, Toho University, 5-21-16 Omori-nishi, 
Ota-ku, Tokyo 143-8540, Japan

4 Department of Translational Research and Cellular 
Therapeutics, Faculty of Medicine, Toho University, 5-21-16 
Omori-nishi, Ota-ku, Tokyo 143-8540, Japan

5 Department of Aging Pharmacology, Faculty of Medicine, 
Toho University, 5-21-16 Omori-nishi, Ota-ku, 
Tokyo 143-8540, Japan

http://crossmark.crossref.org/dialog/?doi=10.1007/s00380-020-01716-8&domain=pdf


425Heart and Vessels (2021) 36:424–429 

1 3

cerebellar granule cells, and R-type and T-type  Ca2+ chan-
nels in human embryonic kidney 293 cells [6–9]. However, 
information regarding in vitro and in vivo cardiac effects of 
lamotrigine that can explain the onset mechanisms of those 
clinically reported, cardiovascular adverse events remains to 
be lacking except that it can inhibit  IKr channel with  IC50 of 
229 µM in human embryo kidney 293 cells [10].

To clarify how lamotrigine induces those cardiovascular 
adverse events, we simultaneously assessed its cardiohe-
modynamic and electrophysiological effects using the hal-
othane-anesthetized beagle dogs, which have been known 
to be able to predict the electropharmacological responses 
in healthy human subjects [11]. Moreover, to better per-
form in vivo reverse translational study, we measured the 
following electrophysiological variables. First, His bundle 
electrogram and monophasic action potential (MAP) were 
recorded in addition to standard lead II electrocardiogram so 
as to precisely analyze its effects on the depolarization and 
repolarization phases. Second, MAP and effective refractory 
period were simultaneously assessed at the same site to pre-
dict the terminal repolarization period, which can quantify 
the risk of a drug to induce reentrant ventricular arrhythmias 
[11]. Third, J wave in the electrocardiogram was monitored 
to analyze the magnitude of drug-induced early repolariza-
tion [12, 13].

Materials and methods

Experiments were performed in female beagle dogs weigh-
ing approximately 9 kg (n = 4). Animals were obtained 
through Kitayama Labes Co., Ltd. (Nagano, Japan). All 
experiments were approved by the Toho University Animal 
Care and User Committee (No. 19-52-395) and performed 
in accordance with the Guidelines for the Care and Use of 
Laboratory Animals of Toho University. Dogs were initially 
anesthetized with thiopental sodium (30 mg/kg, i.v.). After 
intubation with a cuffed endotracheal tube, anesthesia was 
maintained by inhalation of halothane (1% v/v) vaporized in 
oxygen with a volume-limited ventilator (SN-480-3; Shinano 
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 ventricular 

pressure through the right femoral artery, whereas the aor-
tic 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 using a 
cardiac output computer (MFC-1100; Nihon Kohden Cor-
poration, Tokyo, Japan). The total peripheral vascular resist-
ance was calculated with the basic equation: total peripheral 
vascular 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 × (RR − 1,000) with RR given in ms [14]. 
J wave was defined as an elevation of the QRS-ST junc-
tion of at least 0.1 mV from baseline, manifested as QRS 
slurring or notching [12]. A standard 6 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 combi-
nation catheter (1675P; EP Technologies, Inc., Sunnyvale, 
CA, USA) was positioned at the endocardium of the right 
ventricle through the catheter sheath placed at the left femo-
ral vein to obtain MAP signals. The signals were amplified 
with a DC preamplifier (model 300; EP Technologies, Inc.). 
The MAP duration (ms) at 90% repolarization level was 
defined as  MAP90. The heart was electrically driven using 
a cardiac stimulator (SEC-3102; Nihon Kohden Corpora-
tion) with 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  MAP90 was 
measured during sinus rhythm  (MAP90(sinus)) and at pac-
ing cycle lengths of 400 ms  (MAP90(CL400)) and 300 ms 
 (MAP90(CL300)).

The effective refractory period of the right ventricle was 
assessed with programmed electrical stimulation. The pac-
ing protocol consisted of 5 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  MAP90(CL400) and effective refractory period at 
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the same site, which reflects the extent of electrical vulner-
ability of the ventricular muscle [11].

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 Cor-
poration), which were analyzed with a real-time fully 
automatic data analysis system (WinVAS3 ver. 1.1R24; 
Physio-Tech Co., Ltd., Tokyo, Japan). Each measurement 
of electrocardiogram 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 assessment, lamotrigine in a low dose of 0.1 mg/kg 
was intravenously administered over 10 min, and each vari-
able was assessed at 5, 10, 15, 20 and 30 min after the start 
of infusion. Then, lamotrigine in a middle dose of 1 mg/kg 
was intravenously administered over 10 min, and each vari-
able was assessed in the same manner. Finally, lamotrigine 
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.

Rationale of the drug doses

According to the drug information from the manufac-
turer (Glaxo Smith Kline K.K., Tokyo, Japan, published 
November 2018, version 11), usual maintenance doses for 
epilepsy and bipolar disorder of lamotrigine are described 
as 100–200 mg/day and 200 mg/day, respectively, both of 
which can be elevated up to 400 mg/day. Also, the single 
oral administration of 200 mg of lamotrigine was shown 
to provide peak plasma concentration  (Cmax) of 3.08 µg/
mL (12 µmol/L). In our previous studies [13, 15, 16], we 
used the same doses and the same experimental protocol 
to assess cardiovascular effects of some drugs including 
TK159, milnacipran and fluvoxamine, and simultaneously 
determined the plasma drug concentrations. In those studies, 
intravenous infusion of 0.1, 1 and 10 mg/kg over 10 min of 
the 3 drugs provided  Cmax values of 0.10 ± 0.02, 0.85 ± 0.29 
and 9.40 ± 2.88 µg/mL at the end of infusion, respectively 
in the halothane-anesthetized dogs [13, 15, 16]. Using 
this information, we roughly estimated that lamotrigine in 
doses of 0.1, 1 and 10 mg/kg would provide similar  Cmax 
values, which could be considered to reflect its subthera-
peutic to supratherapeutic concentrations. As the plasma 
protein-binding ratio of lamotrigine was reported to be 
53.1–56.2%, the low, middle and high doses could provide 
peak free plasma concentrations of approximately 0.04–0.05 
(0.17–0.18), 0.37–0.40 (1.45–1.56) and 4.1–4.4 µg/mL 
(16.0–17.2 µmol/L), respectively.

Drugs

Lamotrigine (Tokyo Chemical Industry Co., Ltd., Tokyo, 
Japan) was dissolved with 2% lactic acid 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  (Caprocin®, 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.

Effects on the cardiohemodynamic variables

The time courses of changes in the cardiohemodynamic 
variables are summarized in Fig. 1. The pre-drug basal 
control values (C) of the heart rate, mean blood pressure, 
cardiac output, total peripheral vascular resistance, maxi-
mum upstroke velocity of left ventricular pressure and left 
ventricular end-diastolic pressure were 112 ± 7 beats/min, 
121 ± 12 mmHg, 3.2 ± 0.4 L/min, 39 ± 5 mmHg·min/L, 
2,592 ± 455 mmHg/s and 12 ± 1 mmHg, respectively. The 
low, middle or high dose did not alter any of the variables.

Effects on the electrocardiographic variables

Typical tracings of the electrocardiogram are depicted in 
Fig. 2, and the time courses of changes in the electrocardio-
graphic variables are summarized in Fig. 3. The pre-drug 
basal control values (C) of the PR interval, QRS width, 
QT interval, QTc and P-wave duration were 108 ± 6 ms, 
64 ± 2 ms, 290 ± 15 ms, 330 ± 14 and 52 ± 2 ms, respectively. 
The low and middle doses did not alter any of the variables. 
The high dose prolonged the PR interval for 45–60 min, the 
QRS width at 10 and 60 min and the P-wave duration for 
5–60 min after the start of infusion, whereas no significant 
change was detected in the other variables. J wave that satis-
fied its criteria was not observed before the administration 
of the drug, whereas it was detected in 2 out of 4 animals for 
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5–60 min and 30–60 min, respectively, after the high dose, 
the latter of which was depicted in Fig. 2. 

Effects on the AH and HV intervals, and  MAP90(sinus) 
during sinus rhythm

The time courses of changes in the AH and HV intervals, 
and  MAP90 during sinus rhythm are summarized in Fig. 3. 
Their pre-drug basal control values (C) were 73 ± 7, 22 ± 2 
and 247 ± 4 ms, respectively. The low or middle dose did not 
alter any of the variables. The high dose prolonged the HV 
interval at 15 min and for 45–60 min, whereas no significant 
change was detected in the other variables.

Effects on the  MAP90(CL400),  MAP90(CL300), effective 
refractory period and terminal repolarization period

The time courses of changes in the  MAP90(CL400), 
 MAP90(CL300), effective refractory period and terminal repo-
larization period are summarized in Fig. 3, of which pre-
drug basal control values (C) were 247 ± 4, 227 ± 9, 204 ± 6 
and 43 ± 9 ms, respectively. The low or middle dose did not 
alter any of the variables. The high dose prolonged the effec-
tive refractory period for 45–60 min, whereas no significant 
change was detected in the other variables.

Discussion

We performed a reverse translational research to analyze 
the onset mechanisms of cardiovascular adverse events of 
lamotrogine by assessing its electropharmacological effects 
on the in situ hearts, and obtained several interesting find-
ings as discussed below.

Electropharmacological effects

Lamotrigine in any dose examined did not alter the hemo-
dynamic variables, indicating that lamotrigine has relatively 
wide safety margin for them, and that clinically reported 
hypotension may not be induced through its direct action on 
the resistance arterioles or capacitance venules [1]. Mean-
while, the high dose of lamotrigine significantly delayed the 
intra-atrial and intra-ventricular conductions in addition to 

Fig. 1  Time courses of changes in the heart rate (HR), mean blood 
pressure (MBP), cardiac output (CO), total peripheral vascular 
resistance (TPR), maximum upstroke velocity of the left ventricu-
lar pressure (LVdP/dtmax) and left ventricular end-diastolic pressure 
(LVEDP) after the administration of lamotrigine. Data are presented 
as mean ± SEM (n = 4)

Fig. 2  Typical tracings showing the lead II electrocardiogram (ECG) 
during sinus rhythm at pre-drug basal control (Control, top) and 
60  min after the start of 10  mg/kg of lamotrigine infusion (60  min 
after 10 mg/kg, i.v., bottom). Note the enlarged J wave after the drug 
administration (arrow)
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the prolongation of ventricular effective refractory period, 
suggesting that lamotrigine can inhibit  Na+ channel in the 
in situ hearts. However, such in vitro effects on cardiac ionic 
channels have not been studied as far as we know. Thus, 
these in  vivo electrophysiological findings may partly 
explain the onset mechanism of lamotrigine-associated 
elevation of the atrial pacing threshold, cardiac conduction 
delay, wide complex tachycardia and cardiac arrest in clini-
cal cases [1–3].

We found that lamotrigine did not delay the ventricular 
repolarization, which would bridge the gap between the 
“clinical experience” that lamotrigine has not induced tor-
sade de pointes and the “basic research” that lamotrigine 
inhibited  IKr with large  IC50 value of 229 µM in human 
embryo kidney 293 cells [10] which would be > 30 times 
greater than its unbound free therapeutic plasma concen-
tration. On the other hand, lamotrigine has been clinically 
shown to induce Brugada-like electrocardiographic pat-
tern in 3 cases [3–5] and J-wave-like electrocardiographic 

abnormality in 2 cases [17]. Since lamotrigine was shown to 
be able to inhibit the ventricular  Na+ channels in vivo, and 
to elevate J wave in half of the animals studied, lamotrigine 
may have potential to unmask Brugada electrocardiographic 
genotype in susceptible patients.

Study limitation

First, higher dose of more than 10 mg/kg would be required 
to clarify the pharmacological effect of lamotrigine, since 
estimated  Cmax in this study after the administration of 
10 mg/kg could be approximately 3 times greater than that 
after single oral dose of 200 mg in human subjects, and more 
higher plasma concentrations might be expected in patients 
with impaired hepatic and/or renal function. Second, we 
did not evaluate the rate-dependent effect of lamotrigine on 
QRS width, which may further confirm that lamotrigine can 
directly block the voltage-gated  Na+ channel. Third, lamo-
trigine inhibited  Na+ channels in the in situ hearts, which 

Fig. 3  Time courses of changes in the PR interval, QRS width, QT 
interval, QTc, P-wave duration (P duration), atrio-His (AH) and 
His-ventricular (HV) intervals; and the  MAP90 during sinus rhythm 
 (MAP90(sinus)),  MAP90 at cycle lengths of 400 ms  (MAP90(CL400)) and 
300  ms  (MAP90(CL300)), effective refractory period of the right ven-
tricle  (ERP(CL400)) and terminal repolarization period (TRP) after the 

administration of lamotrigine. QT interval was corrected with Van de 
Water’s formula: QTc = QT − 0.087 × (RR − 1,000).  MAP90: mono-
phasic action potential duration at 90% repolarization level. Data are 
presented as mean ± SEM (n = 4). Closed symbols represent signifi-
cant differences from the corresponding pre-drug basal control value 
(C) by p < 0.05
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may support the depolarization hypothesis of J wave appear-
ance. However, since we did not simultaneously record the 
local action potentials at the epicardial and endocardial sur-
faces, the currently obtained results may not provide enough 
information to support the repolarization hypothesis, but 
might at least support the utility of J wave appearance as a 
marker for predicting the drug-induced early repolarization 
in susceptible patients.

Conclusion

While lamotrigine may have wide safety margin for hemo-
dynamic variables, its supratherapeutic concentration will 
inhibit  Na+ channel in the in situ hearts, explaining clinically 
reported lamotrigine-associated cardiac adverse events. It 
should be also noted that lamotrigine by itself will not be 
associated with the onset of torsade de pointes, but might 
induce Brugada syndrome in some patients having genetic 
risk factors.
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