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ABSTRACT — We tried to establish the halothane-anesthetized microminipigs as an alternative animal
model for non-clinical toxicity and/or safety pharmacology studies. In order to characterize the halothane-anesthetized microminipigs, we firstly clarified the effects of halothane anesthesia on their cardiovascular system (n = 5). Then, we examined the cardiovascular effects of dl-sotalol in doses of 0.1, 0.3 and
1 mg/kg, i.v. on the halothane-anesthetized microminipigs (n = 6). Induction of the halothane anesthesia
by itself prolonged the QT interval as well as QTcF, suggesting that the halothane anesthesia can reduce
the cardiac repolarization reserve in microminipigs like in dogs. dl-Sotalol showed more potent negative
chronotropic, dromotropic and hypotensive effects together with repolarization delay in microminipigs
than in dogs, although each cardiovascular response to dl-sotalol was directionally similar between them,
suggesting greater basal sympathetic tone and/or smaller volume of distribution of the drug in microminipigs than in dogs. Analyses of proarrhythmic surrogate markers indicate that Tpeak-Tend and short-term variability of QT interval may be more sensitive to detect the dl-sotalol-induced direct electrophysiological changes in microminipigs than in dogs, but its reverse will be true for J-Tpeakc. Thus, these results may
help better understand the drug-induced cardiovascular responses in microminipigs.
Key words: M
 icrominipig, Halothane, Safety pharmacology, Early and late repolarization,
Short-term variability
INTRODUCTION

Miniature pigs such as Göttingen are well known as
one of the ideal experimental animals because of their
similarities to humans including skin, cardiovascular,
respiratory, metabolic, gastrointestinal systems and so
on (Bode et al., 2010; Forster et al., 2010; Laursen et
al., 2011; Svendsen, 2006). However, it has been difficult to use not only regular pigs but also miniature pigs
for obtaining in vivo proof, since they require much larger dose of a test article than in dogs and monkeys which
have been used as non-rodent experimental animals. In
order to overcome such difficulty, microminipigs were
established by Fuji Micra Inc. (Shizuoka, Japan), which
weigh approximately 7.0 kg at 6 months of age when

they are young mature (Kaneko et al., 2011). In addition,
since dogs and monkeys may have some limitations on
animal welfare for their experimental use, microminipigs
are expected to replace the currently used in vivo non-rodent experimental animals.
While an atherosclerosis model as well as a chronic atrioventricular block model has been developed with
microminipigs (Kawaguchi et al., 2011; Sugiyama et al.,
2011), a model of microminipig for assessing cardiohemodynamic and electrophysiological effects of a drug has
not been yet provided. Since the halothane-anesthetized
dogs have been known to be effective and reliable for this
purpose (Sugiyama, 2008), in this study we tried to establish the halothane-anesthetized microminipigs as an alternative model to the canine one. In order to characterize
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the halothane-anesthetized microminipigs, we firstly clarified the effects of halothane anesthesia by itself on the
cardiovascular system of microminipigs. Then, we examined the cardiovascular effects of dl-sotalol on the halothane-anesthetized microminipigs by using the same experimental protocol as that used in the halothane-anesthetized
dogs. We have assessed cardiovascular effects of dl-sotalol in the halothane-anesthetized dogs (Ishizaka et al.,
2008), which can make it possible for us to directly compare the cardiovascular profile of the drug between the
halothane-anesthetized microminipigs and dogs.
dl-Sotalol is a potent IKr-inhibitor with β-adrenoceptor
blocking activity (Hohnloser and Woosley, 1994; Ishizaka
et al., 2008), which has been used as a positive control for
confirming the sensitivity and reliability of various animal models (Lynch et al., 2008; Sakaguchi et al., 2009;
Sugiyama, 2008). In order to better analyze proarrhythmic
potential of dl-sotalol with microminipigs, we adopted
the corrected J-Tpeak interval (J-Tpeakc) and Tpeak-Tend interval, which reflect the early and late repolarization phases, respectively. It has been reported that selective IKr-inhibitors dofetilide and E-4031 equally prolonged the early
and late repolarizations, whereas multichannel blockers
amiodarone, ranolazine and verapamil more preferentially prolonged the late repolarization phase than the early
one (Cao et al., 2016; Johannesen et al., 2014). Increase
in net inward currents during early repolarization phase
has been known to induce early afterdepolarization, leading to the onset of torsade de pointes (Aiba et al., 2005;
January and Riddle, 1989; Wu et al., 2008). Also, we
assessed another proarrhythmic surrogate marker, beat-tobeat variability of repolarization, which has been used for
quantifying the drug-induced temporal dispersion of ventricular repolarization (Takahara et al., 2008; Thomsen et
al., 2004, 2006).
MATERIALS AND METHODS
Animals of 12-13 months old were used for the experiments, which were obtained from Fuji Micra Inc. All
experiments were approved by the Toho University Animal Care and User Committee (No. 14-51-275) and performed in accordance with the Guidelines for the Care
and Use of Laboratory Animals of Toho University.
Experiment 1
Effects of halothane-anesthesia on the electrocardiogram
variables of the microminipigs
Experiments were performed using 5 male microminipigs weighing 10.9 ± 0.1 kg. A Holter recording and analysis system (QR2100 and HS1000, Fukuda M-E Kogyo,
Vol. 42 No. 1

Co., Ltd., Tokyo, Japan) was used to record and analyze
electrocardiogram over 24 hr with a sampling rate of
150 Hz. Approximately 2 hr after the start of Holter electrocardiogram recording by M-X lead, the animals were
initially anesthetized with 4% halothane inhalation vaporized with 100% oxygen. After intubation with a cuffed
endotracheal tube, 1% halothane vaporized with 100%
oxygen was inhaled using a volume-limited ventilator
(SN-480-3; Shinano Manufacturing Co., Ltd., Tokyo,
Japan). Tidal volume and respiratory rate were set at
10 mL/kg and 15 strokes/min, respectively. The heart
rate, QT interval and corrected QT with Fridericia’s formula (QTcF): QTcF = QT/(RR/1000)1/3 were assessed just
before and 2 hr after the induction of anesthesia (Fridericia,
1920). Fridericia’s formula was chosen because of previously reported utility for correcting the QT interval of
miniature pigs (Authier et al., 2011; Kano et al., 2005).
The heart rate, QT interval and QTcF were expressed as
the mean of 5 consecutive complexes.
Experiment 2
Effects of dl-sotalol on the cardiovascular variables of
the halothane-anesthetized microminipigs
Experiments were performed using 11 male microminipigs weighing 11.0 ± 0.1 kg. The animals were initially
anesthetized with 4% halothane inhalation vaporized with
100% oxygen. After intubation with a cuffed endotracheal tube, 1% halothane vaporized with 100% oxygen was
inhaled using a volume-limited ventilator (SN-480-3;
Shinano Manufacturing Co., Ltd.). Tidal volume and
respiratory rate were set at 10 mL/kg and 15 strokes/
min, respectively. Heparin calcium (100 IU/kg) was
intravenously administered to prevent blood clotting.
Heparinized catheters were inserted through the right
femoral artery and vein for continuous monitoring of systemic blood pressure and drug administration, respectively.
The surface lead I, II and III electrocardiograms were
obtained from the limb electrodes. The lead II electrocardiogram and systemic blood pressure were monitored with
a polygraph system (RM-6000; Nihon Kohden, Tokyo,
Japan) and analyzed by using a real-time fully automatic data analysis system (WinVAS3 ver. 1.1R24; PhysioTech, Tokyo, Japan) with a sampling rate of 1,000 Hz.
J-Tpeak was corrected for the heart rate by using a coefficient as previously described: J-Tpeakc = J-Tpeak/RR0.58 with
RR in seconds (Johannesen et al., 2014). Correction was
not performed on the Tpeak-Tend, since previous QT studies
have shown that the Tpeak-Tend exhibited minimal heart rate
dependency at resting heart rate (Johannesen et al., 2014).
The cardiovascular variables were expressed as the mean
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of 3 consecutive complexes. Also, Poincaré plots with
QTn versus QTn+1 were prepared using total of 51 consecutive beats of electrocardiogram for each of analysis time
points, of which short-term variability was calculated by
the following equation: Σ|QTn+1−QTn|/[50×√2]) (Takahara
et al., 2008; Thomsen et al., 2004, 2006).
After the basal control assessment, the animals were
divided into 2 groups; namely, dl-sotalol administered
group (n = 6) and vehicle saline administered group
(n = 5). The dose of dl-sotalol was determined based on
the clinically recommended initial dose; 80 mg/body, p.o.
twice daily. In the former group, dl-sotalol in a low dose
of 0.1 mg/kg was infused over 10 min; and each variable was assessed at 10, 15, 20 and 30 min after the start
of the administration. Then, dl-sotalol in a middle dose of
0.3 mg/kg was infused over 10 min; and each variable
was assessed in the same manner. Finally, dl-sotalol in a
high dose of 1 mg/kg was infused over 10 min; and each
variable was assessed in the same manner. In the latter
group, the same volume of vehicle saline to that of dlsotalol solution was infused over 10 min for 3 times in
parallel with the former group; and each variable was
assessed in the same manner. After the cessation of the
study protocol, the animals were moved to the intensive
care unit for proper care of survival.
Drugs
dl-Sotalol was extracted from the commercial source
(Sotacor ® , Bristol-Myers Squibb Company, Tokyo,
Japan) and dissolved in 0.9% saline, giving concentrations of 0.1, 0.3 and 1 mg/mL. It was administered intravenously in a volume of 1 mL/kg. Other drugs used were
halothane (Fluothane®, Takeda Pharmaceutical Co., Ltd.,
Osaka, Japan) and heparin calcium (Caprocin ®, Sawai
Pharmaceutical Co., Ltd., Osaka, Japan).
Statistical analysis
Data are presented as the mean ± S.E.M. Differences
within a parameter were evaluated by one-way repeatedmeasures analysis of variance (ANOVA). When a p value was < 0.05 by ANOVA, the drug was judged as having
affected the parameter. In this case, statistical significance

between the pre-drug control and a value at a particular
time point after the drug administration was determined
by Contrast as a post-hoc test for mean values comparison, and a p value < 0.05 was considered to be significant.
RESULTS
Experiment 1
Effects of halothane-anesthesia on the electrocardiogram
variables of microminipigs
The effects of halothane anesthesia on the heart rate,
QT interval and QTcF are summarized in Table 1 (n = 5)
and the typical tracings of electrocardiogram before and
after the induction of halothane anesthesia are depicted in
Fig. 1. Halothane anesthesia increased the heart rate by
30%, whereas it prolonged the QT interval and QTcF by
4% and 12%, respectively.
Experiment 2
Effects of dl-sotalol and a vehicle saline on the
cardiovascular variables of the halothane-anesthetized
microminipigs
Typical tracings of the lead I, II and III surface electrocardiogram at pre-drug control and 10 min after
the start of intravenous infusion of 1 mg/kg of dl-sotalol are depicted in Fig. 2. The time courses of changes in the heart rate, mean blood pressure and electrocardiogram variables after the administration of dl-sotalol
(n = 6) and vehicle saline (n = 5) are summarized in Fig.
3. In dl-sotalol administered group, the heart rate, mean
blood pressure, PR interval, QRS width, QT interval and
QTcF at the pre-drug control (C) were 107 ± 10 beats/
min, 64 ± 6 mmHg, 98 ± 5 ms, 39 ± 4 ms, 312 ± 15 ms
and 373 ± 11, respectively. The low dose of 0.1 mg/kg
infusion decreased the heart rate for 10-30 min and the
mean blood pressure for 10-15 min; and prolonged the
PR interval for 10-20 min, the QT interval at 20 min and
the QTcF for 10-20 min, whereas no significant change
was detected in the QRS width. The middle dose of 0.3
mg/kg infusion decreased the heart rate for 10-30 min and
the blood pressure for 10-20 min; and prolonged the PR

Table 1. Effects of halothane anesthesia on the heart rate, QT interval and QTcF.
Conscious
Anesthesia
Change (%)
HR (beats/min)
77 ± 7
99 ± 10
+30
QT (ms)
310 ± 11
320 ± 17
+4
QTc
335 ± 11
374 ± 12
+12
ECG was obtained by Holter recording system before and after the halothane anesthesia. Corrected QT interval was calculated
using Fridericia’s formula (QTcF). The heart rate (HR), QT interval (QT) and QTcF were expressed as the mean of 5 consecutive
complexes. Data are presented as the mean ± S.E.M. (n = 5).
Vol. 42 No. 1
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Fig. 1.

Typical tracings of the M-X lead electrocardiogram
before and after the induction of halothane anesthesia.
Corrected QT interval was calculated using Fridericia’s formula (QTcF).

interval, QT interval and QTcF for 10-30 min, whereas
no significant change was detected in the QRS width. The
high dose of 1 mg/kg infusion decreased the heart rate
and blood pressure for 10-30 min, and prolonged the PR
interval, QT interval and QTcF for 10-30 min, whereas
no significant change was detected in the QRS width. On
the other hand, a vehicle saline did not alter the heart rate,
mean blood pressure, PR interval, QRS width, QT interval or QTcF.
Effects of dl-sotalol on the proarrhythmic surrogate
markers of the halothane-anesthetized microminipigs
The dose-related changes in the J-Tpeakc, Tpeak-Tend and
short-term variability of repolarization for dl-sotalol are
summarized in Fig. 4 (circles), of which pre-drug control values (C) were 318 ± 15, 42 ± 4 and 1.8 ± 0.2 ms,
respectively. The low dose of dl-sotalol tended to prolong
the J-Tpeakc, but the middle and high doses hardly altered
it. Moreover, dl-sotalol tended to prolong the Tpeak-Tend,
and significantly increased the short-term variability of
repolarization in a dose-related manner. dl-Sotalol-induced QTcF prolongation depended on the change in the
J-Tpeakc after the low dose, but on those in the Tpeak-Tend
after the middle and high doses.
DISCUSSION
In the present study, we initially assessed the effects
of halothane anesthesia by itself on the electrocardiogram
Vol. 42 No. 1

Fig. 2.

Typical tracings of the lead I, II and III surface electrocardiogram at pre-drug control and 10 min after the
start of intravenous infusion of 1 mg/kg of dl-sotalol.
Broken lines indicate the start and end of QRS complex, and the end of T wave.

of microminipigs. Induction of the halothane anesthesia
prolonged the QT interval as well as QTcF in microminipigs, suggesting that the halothane anesthesia can reduce
the cardiac repolarization reserve in microminipigs like
in dogs (Sugiyama, 2008; Takahara et al., 2005). Next,
we examined the cardiovascular effects of dl-sotalol on
the halothane-anesthetized microminipigs. We compared
these results with those obtained by the halothane-anesthetized canine model (Ishizaka et al., 2008), since the
canine model has been demonstrated to be useful for predicting the drug-induced cardiohemodynamic and electrophysiological responses in humans (Sugiyama, 2008).
We found that each cardiovascular response was directionally the same as that reported in dogs, although the
extent of the changes was greater in microminipigs than
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Fig. 3.

Cardiohemodynamic and electrophysiological effects of dl-sotalol (n = 6) and vehicle 0.9% saline (n = 5) in the halothaneanesthetized microminipigs. Time courses of the heart rate (HR), mean blood pressure (MBP), PR interval (circles), QRS
width (triangles), QT interval (circles) and corrected QT interval by Fridericia’s formula (QTcF, squares). Data are presented as the mean ± S.E.M. Closed symbols represent significant differences from the corresponding control values (C) by
p < 0.05.

in dogs under the same anesthetic condition (Ishizaka et
al., 2008). A vehicle saline did not alter the heart rate,
mean blood pressure, PR interval, QRS width, QT interval or QTcF, indicating that each cardiovascular variable
assessed in the halothane-anesthetized microminipigs can
be kept stable for > 90 min.
Rationale of drug doses administered
In a previous experiment using the halothane-anesthetized canine model with the same experimental protocol, the peak plasma concentrations of dl-sotalol after the
administration of 0.3 and 3 mg/kg were 1.2 and 12 μg/mL,
respectively (Ishizaka et al., 2008). Since the peak plasma
concentrations of pilsicainide, verapamil and E-4031 have
been shown to be 1.7-4.8 times greater in microminipigs

than those in dogs in spite of the same i.v. dose (Kishie et
al., 2015), three escalating i.v. doses of 0.1-0.3-1 mg/kg
were adopted in this study, which could provide the similar levels of plasma concentrations to those attained in
dogs by 0.3-3 mg/kg. The therapeutic plasma concentrations of dl-sotalol during repeated oral administration in
humans have been reported to be 1.7-13.4 μmol/L (0.463.6 μg/mL) (Omata et al., 2005), suggesting that currently
administered doses could be considered to provide therapeutic to supratherapeutic plasma concentrations.
Cardiohemodynamic effects
The administration of dl-sotalol decreased the heart
rate and mean blood pressure in a dose-dependent manner, which was essentially in accordance with previous
Vol. 42 No. 1
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Fig. 4.

Summary of the effects of dl-sotalol on the changes in corrected J-Tpeak (ΔJ-Tpeakc: left), Tpeak-Tend (ΔTpeak-Tend: middle) and
short-term variability of repolarization (ΔSTV: right) in microminipigs (circles). The results of dogs (gray squares) were
obtained from our previous study (Ishizaka et al., 2008). ΔJ-Tpeakc, ΔTpeak-Tend and ΔSTV were calculated before and 10 min
after the start of each dose of dl-sotalol administration. Data are presented as the mean ± S.E.M. Closed symbols represent
significant differences from the corresponding control values (C) by p < 0.05.

reports (Ishizaka et al., 2008; Lloyd et al., 1988), reflecting its β-adrenoceptor blocking activity. Since an IKr inhibitor E-4031 has been reported to decrease the heart rate in
microminipigs (Kishie et al., 2015), the bradycardic effect
of dl-sotalol may also partly depend on its IKr-inhibitory
property. When compared using ED10 values which were
the doses of dl-sotalol that induced 10% changes in each
cardiovascular variable in this study and our previous one
as shown in Table 2 (Ishizaka et al., 2008), microminipigs
were 7 and 80 times more sensitive for the bradycardic
and hypotensive effects than dogs, respectively, possibly
reflecting greater basal sympathetic tone and/or smaller
volume of distribution of the drug in microminipigs than
in dogs (Kishie et al., 2015).
Electrophysiological effects
Administration of dl-sotalol prolonged the PR interval, QT interval and QTcF, whereas it did not alter the
QRS width. The negative dromotropic effect of dl-sotalol was essentially in accordance with previous studies in the halothane-anesthetized canine model, and in
patients with life-threatening ventricular tachyarrhythmias (Ishizaka et al., 2008; Nademanee et al., 1985). In
our previous study using microminipigs (Kishie et al.,
2015), a selective IKr inhibitor E-4031 did not prolong
the atrioventricular nodal conduction, indirectly indicating that the negative dromotropic effect of dl-sotalol may solely depend on the β-adrenoceptor blocking
activity. Meanwhile, IKr and IKs have been known to play
Vol. 42 No. 1

an important role in the termination of the ventricular repolarization (Nerbonne and Kass, 2005). Since IKs
is regulated by the sympathetic tone via β-adrenoceptor
receptors (Lo and Numann, 1998; Sanguinetti
et al., 1991), dl-sotalol may indirectly inhibit IKs in the
heart. Thus, dl-sotalol-induced QT interval and QTcF
prolongation can be explained by the inhibitions of both
direct IKr and indirect IKs. When compared using ED10 values as shown in Table 2, microminipigs were 3, 7 and 2
times more sensitive for the negative dromotropic, QT
interval and QTcF prolonging effects than dogs, respectively (Ishizaka et al., 2008). More potent negative dromotropic effect and repolarization delay by dl-sotalol in
microminipigs may be explained by their unique pharmacokinetic profile (Kishie et al., 2015).
Predictability of proarrhythmic potential of dlsotalol
In order to better characterize the microminipigs in
predicting proarrhythmic potential of dl-sotalol, we analyzed the J-Tpeakc, Tpeak-Tend and short-term variability of
repolarization in microminipigs compared to those in
dogs (Ishizaka et al., 2008). For this purpose, we obtained
these data by reanalyzing electrocardiogram in our previous study (Ishizaka et al., 2008), in which cardiovascular effects of dl-sotalol in doses of 0.3 and 3 mg/kg were
assessed with the same experimental protocol as used in
this study. The pre-drug basal control values (C) of the
J-Tpeakc, Tpeak-Tend and short-term variability of repolariza-
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Table 2. Comparison of the ED10 values of dl-sotalol on cardiovascular variables in microminipigs and dogs.

ED10 value (mg/kg)
HR
MBP
PR
QT
QTcF
Tpeak-Tend
Microminipigs
0.055
0.094
0.098
0.085
0.940
0.126
Dogs
0.36
7.47
0.28
0.62
1.6
0.50
Ratio
7
80
3
7
2
4
ED10 values represent the doses of dl-sotalol inducing 10% changes in the heart rate (HR), mean blood pressure (MBP), PR interval
(PR), QT interval (QT), corrected QT interval by Fridericia’s formula (QTcF) and Tpeak-Tend from their corresponding pre-drug control
values at 10 min after the start of the administration. The data of dogs were obtained from our previous study (Ishizaka et al., 2008).

tion for dl-sotalol were 215 ± 15, 49 ± 11 and 1.6 ± 0.2
ms, respectively. As shown in Fig. 4 (gray squares), dl-sotalol prolonged both J-Tpeakc and Tpeak-Tend in a dose-related
manner, whereas no significant change was detected in
the short-term variability of repolarization in dogs.
The low dose of dl-sotalol tended to prolong the
J-T peakc, but the middle and high doses hardly altered
it in microminipigs unlike in dogs. It has been reported
that multichannel blockers including amiodarone, ranolazine and verapamil hardly altered the early repolarization
phase, whereas selective IKr inhibitors like dofetilide and
E-4031 equally prolonged the early and late repolarization phases (Cao et al., 2016; Johannesen et al., 2014).
Since net effect of β-adrenoceptor blocking activity of dlsotalol in microminipigs would be more potent than that
in dogs as discussed above, dl-sotalol may more strongly suppress the constitutively operating inward Ca2+ current in microminipigs than in dogs, which could counteract the consequence of IKr and IKs inhibition, resulting
in the lack of change in the J-Tpeakc. These results may
partly explain that torsade de pointes was not induced
in the chronic atrioventricular block microminipigs following the administration of 10 mg/kg p.o. of dl-sotalol
(Sugiyama et al., 2011), although the lethal arrhythmia
was observed with high reproducibility in the chronic
atrioventricular block dogs (Sugiyama, 2008).
The occurrence of repolarization variability is often
interpreted as lability of repolarization, resulting from a
reduction in the excess capacity of repolarizing currents,
known as the “reduced repolarization reserve” concept
(Roden, 1998). dl-Sotalol tended to prolong the Tpeak-Tend
in microminipigs like in dogs in a dose-dependent manner, indicating the increase of spatial dispersion of repolarization (Cao et al., 2016; Johannesen et al., 2014).
When compared using ED10 values, microminipigs were
4 times more sensitive for the Tpeak-Tend prolonging effect
than dogs, which may be explained by the unique pharmacokinetic profile of microminipigs (Kishie et al.,
2015). On the other hand, beat-to-beat variability of repolarization has been used as a predictor of proarrhythmic

effects in preclinical drug screening as well as in the clinical research, which is a marker of temporal dispersion of
repolarization (Nishi et al., 2011; Thomsen et al., 2007).
dl-Sotalol significantly increased the short-term variability of repolarization in microminipigs, which was not
observed in dogs. These results suggest that the amount
of repolarization reserve may be smaller in microminipigs
than in dogs under the same anesthetic condition.
There may be some limitation in the use of these surrogate markers of proarrhythmia; namely, a certain level
of QTcF prolongation is needed to correctly analyze the
proarrhythmic parameters of dl-sotalol in microminipigs.
In order to overcome such limitation, experiment is now
on-going to develop a new correction method of J-Tpeakc
optimized for microminipigs.
In conclusion, the halothane anesthesia can reduce the
cardiac repolarization reserve in microminipigs like in
dogs. Therapeutic to supratherapeutic doses of dl-sotalol
showed more potent negative chronotropic, dromotropic
and hypotensive effects together with repolarization delay
in microminipigs than in dogs, indicating greater basal
sympathetic tone and/or smaller volume of distribution of
a drug in the former than in the latter. Analyses of proarrhythmic surrogate markers suggest that the late repolarization and short-term variability may be more sensitive
to detect the dl-sotalol-induced direct electrophysiological changes in microminipigs than in dogs, whereas its
reverse will be true for the early repolarization. Thus,
these results may help better understand the drug-induced
cardiovascular responses in microminipigs for non-clinical toxicity and/or safety pharmacology studies.
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