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Abstract. Over the past several decades, the mouse has gained promi-
nence in the cardiac electrophysiology literature as the animal model of
choice. Using computer models of the mouse and human ECG, this paper
is a step toward understandingwhen the mouse succeeds and fails to mimic
functional changes resulting from disease states and drug interactions.

1 Introduction

The transgenic mouse has enjoyed a large share of the spotlight in the cardio-
vascular literature over the past decade, primarily due to the relative ease of
genetic manipulation [1,2,3,4,5,6,7], and miniaturization of recording techniques
[8,9,10]. These advances have enabled models of human disease to be studied in
mice at spatial scales ranging from protein channels to the whole heart. At first
glance, the mouse appears to be a scaled version of the human heart. For exam-
ple, the mouse heart rate is approximately 10 times faster than in the human,
while the Action Potential Duration (APD) and left ventricular wall thickness
are approximately 10 times smaller [7,11]. On the other hand, some measures
are comparable. At the organ level, the human and mouse fiber organization
and anisotropic conduction patterns are similar [12,13]. At the tissue level, the
resting length constants and conduction velocities [1,14,15] are similar. At the
protein level, most ion channels are conserved across species [11].

It is because some properties are similar while others are scaled that calls
into question the use of the mouse as a model of human disease. For example,
as the mouse and human length constants are similar but the ventricular wall
thicknesses are an order of magnitude different, the mouse may not supporting
the same transmural APD gradients as the human [16,17]. Furthermore, the
dominate repolarization current in the mouse is Ito and Isus while in the human
IKs and IKr rectify the transmembrane potential [11,18,19].

An ideal animal model would be similar to the human at all scales and mea-
surements. Although some animal models approach this ideal (e.g. Porcine), they
are typically costly. The second ideal animal model would be one that is per-
fectly scaled compared to the human. Some computational models may achieve
this [20], but no animal models are available. In the absence or difficulty of using
these two ideal animal models, the next option is the one that has been adopted
by the field; an animal that can be modified to mimic the human.
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Accepting that it is impractical to perfectly scale the mouse to the human,
it is important to understand the limitations of the mouse model. Although a
systematic study is possible using experimental models, it is more efficient to
explore the limitations in a computer model. This paper is a first step toward
creating such models. The Electrocardiogram (ECG) has been targeted because:
1) genetic mutations at the protein level can have a an impact on the ECG. 2)
simple simulations [21] may reproduce the impact of these mutations and 3) the
mouse and human ECG have noticeably different morphologies [11,17,22,23].

2 Methods

2.1 Cellular Models

The ten Tusscher et al. [19] and Pandit et al. [18] ionic current models were
used for human and mouse simulations respectively. Figure 1 is a comparison of
epicardial action potentials and ionic currents for both models.

2.2 Cable Models

Ionically heterogeneous and spatially isotropic one dimensional monodomain
(dx = 0.01cm, σ = 1mS/cm) cables were used to simulate the mouse and
human left ventricular wall. The forward Euler (dt = 2μs) method was used for
numerical integration. The profile of the human left ventricular wall was simu-
lated by a 1.65cm cable divided into epicardial (0−0.6cm), M (0.6−1.05cm) and
endocardial (1.05−1.65cm) regions [21]. The profile of the mouse left ventricular
wall was simulated in a 0.2cm cable that was divided into epicardial (0−0.1cm)
and endocardial (0.1 − 0.2cm) regions. Propagation in both cables was initiated
by ten, supra-threshold current stimuli at the endocardial end of the cable. The
pacing rate for the human was 1Hz while the mouse was 8Hz.

2.3 Computation of the Pseudo-electrocardiogram (pECG)

The pECG was computed as the extracellular potential (φe) generated by trans-
membrane currents (Im) propagating down a cable surrounded by a large volume
conductor (σe = 6mS/cm):

φe =
1

4πσe

∫
Im

r
dV

where r is the distance from the recording point to the current source Im [24] and
the reference electrode is at infinity. The current source is the sum of capacitive
and ionic currents. In both mouse and human cables, the recording electrode
was placed 1cm from the epicardium.
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Fig. 1. Human (left) and Mouse (right) epicardial action potentials and currents

Fig. 2. Human pECG (left) and Mouse pECG (right). The mouse pECG was scored
by: a) first deflection to minimum, b) minimum slope after a wave and before final
deflection c) peak (or valley) of final deflection. For reference, bottom traces show the
Vm time course of every 1mm and 200μm along the cable for the human and mouse
respectively.
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2.4 Simulation of Mutations

The maximum channel conductances were independently varied (both increased
and decreased) for all currents shared by the two species (Figure 1). As INaK and
INaCa do not play a large role in simple beat studies, we have ommitted these
currents. Brugada Syndrome was simulated by a modification of INa activation
and inactivation profiles [25]. The impact of adding a human IKs and IKr to the
mouse model was also explored.

2.5 Analysis of Results

All results were analyzed for the tenth paced beat. The normal mouse epicar-
dial and endocardial APDs were 13.5 and 26.1msec respectively while the hu-
man epi, M and endo APDs were 270, 275 and 323msec respectively (-60mV
crossings). The mouse Conduction Velocity (CV) was 41cm/s while the human
CV=40.5cm/s (delays in -60mV crossings). CVs do not significantly change un-
less noted. As scoring of the mouse ECG has not been standardized, we have
adopted the a, b, c notion (Figure 2) proposed by Danik et al. [22].

3 Results

3.1 Comparisons of Normal Mouse and Human pECG

The simulated Normal Human pECG (Figure 2) shows a narrow QRS (corre-
sponding to conduction of depolarization from endocardium to epicardium),
slight J-wave elevation (corresponding to rapid repolarization) followed by a long
isopotential (corresponding to the action potential plateau) and finally the T-
wave (due to complex repolarization timing from epicardium to endocardium and
finally the mid-wall). The simulated mouse ECG also shows a QRS-like complex
(a-wave) that like the human corresponds to depolarization across the wall from
endocardium to epicardium. As the epicardium depolarizes, the voltage gradient
reverses briefly, giving rise to the b-wave. The origin of the b-wave therefore ap-
pears to be similar to the J-wave in the human, although it may be exaggerated.
The epicardium rapidly repolarizes before the endocardium (as in the human),
giving rise to a second voltage gradient reversal and the c-wave. The orgin of the
b-wave therefore appears to be similar to the T-wave in the human.

3.2 Reduced IK1

IK1 is a primary current in determining the resting membrane potential and un-
derlies Andersen’s syndrome. Blocking IK1, raises the resting potential for both
the mouse and the human (Figure 3A). In the human, the rise in resting potential
partially inactivates Na+ channels, leading to slower conduction and a broader
QRS complex. Since all other currents are tuned to the original resting po-
tential, a hyperpolarization follows repolarization that leads to a small non-zero
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Fig. 3. A comparison of pECG (top) and action potentials (bottom) for human (left)
and mouse (right) simulations. Data for each modification is shown in four panel groups.
For reference, the dotted traces are the nominal pECG. Action potentials are the first
and last in the cable. The time scales for mouse and human data are indicated in the
lower right.

pECG after the T-wave. In the mouse the rise in resting potential has little im-
pact on conduction velocity and the a and b waves are only slightly altered.
The c-wave on the otherhand is significantly prolonged and broadened as a
long-lasting gradient is established between epicardium and endocardium during
repolarization.
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3.3 Reduced IbNa and INa Unmasking

Ibna is a long lasting inward current that when enhanced leads to a prolongation
of the APD and QT interval. In the clinic, this condition is referred to as LQT3
and may be difficult to diagnose because the QT prolongation is relative. To un-
mask the condition, a Na+ channel blocker (reduced INa) is given which widens
the QRS in both normal and abnormal patients, but eliminates the isopotential
and inverts the T-wave only in patients with LQT3. In our simulations, these
behavior were reproduced in the human pECG (Figure 3B). In the mouse, how-
ever, the INa block did change the a wave but did not produce a morphological
change in the b or c waves.

3.4 Reduced Ito

The transient outward current is present in both the mouse and human but the
role played in repolarization is far more significant in the mouse. In the human,
Ito is responsible for the action potential notch and has a relatively small impact
on the APD or ECG (FIgure 3C). Blocking Ito in the human results in a slight
increase in the J-wave and increase in the QT interval. The same simulated
block in the mouse leaves early repolarization in epicardial cells unchanged while
late repolarization shows a short and low voltage plateau. Endocardial cells,
other the otherhand, remain at a considerably higher voltage level throughout
repolarization. These findings have been observed experimentally by Guo et al.
[26], Barry et al. [3] and Brunner et al. [2]. Both simulated and experimental
studies show an increase in amplitude and width of the b and c waves.

3.5 ΔK1479 Mutation

A positive shift in activation or negative shift in inactivation kinetics of INa can
lead to Brugada Syndrome [25]. Similar to LQT3, the disease is unmasked in
the clinic by partially blocking INa. In simulations of the unblocked Brugada
mutation, the pECG was similar to the nominal pECG for both the human
and mouse (Figure 3D). A 70% INa block in the human mutation simulation,
however, resulted in a ”coved” T-wave similar to that observed in patients with
Brugada Syndrome. A similar 70% INa block in the mouse mutation simulation
did widen the a wave but did not change the morphology of the b or c waves.
Further reduction of INa did not lead to morphological change until conduction
was blocked.

3.6 Increased ICaL

ICaL is an inward current that counteracts repolarization. It is present in both
the mouse and the human and has been implicated in a number of interesting
phenomenon such as sustaining conduction when INa is reduced [27], modulating
restitution properties and the stability of reentry [28], the genesis of early after-
depolarizations (EAD) [29] and the source of Timothy Syndrome (LQT8) [4]. In
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the human model, a doubling of ICaL resulted in a delayed T-wave (Figure 3E).
The impact on the mouse was an increase in both epicardial and endocardial
APD, the appearance of an EAD-like deflection in epicardial cells and a drastic
amplitude increase and widening of the c-wave.

3.7 Overexpression of IKs and IKr in the Mouse

In the human, a partial block of IKs and IKr gave rise to an increased QT
interval (not shown), a finding consistent with LQT1 and LQT2 respectively.
Although IKr is present in the mouse, it plays little role in repolarization and is
not included in the Pandit et al. model. The addition of the human IKs and IKr

to the mouse ionic model had virtually no effect on the pECG. Both currents in
the human have an impact because they have long time constants that act during
the plateau. In the mouse, there is no defined plateau and the neither current
has time to play a large role in repolarization. These findings mirror Babij et
al. [30] where overexpression of IKr in the mouse did not generate arrhythmias
or ECG abnormalities typically associated with LQT2. Likewise, use of a IKs

blocker in the mouse only had an impact at slow heart rates [5].

4 Discussion

Over the past several decades, the mouse has gained prominence in the cardiac
electrophysiology literature as the animal model of choice. The purpose of this
paper was to compare normal and abnormal transmural conduction and repolar-
ization in the genesis of the ECG for the mouse and human. The overall findings
are: 1) It is possible for the mouse left ventricular wall to sustain gradients large
enough to generate the c-wave deflection, 2) The human QRS complex is similar
to the a-wave of the mouse and 3) The underlying ionic causes of the T-wave in
the human and b and c waves of the mouse are different. These studies highlight
the importance of carefully interpreting results from mouse models.

Although it is unclear how deflections in the mouse and human ECG are re-
lated, most mouse studies use the clinical PQRST notation. These simulation
studies demonstrate that, like the human, the thin mouse ventricular wall is ca-
pable of sustaining the APD gradients that give rise to deflections corresponding
to repolarization. However, the genesis of the b and c waves in the mouse are
due to different ionic currents and APD gradients. These discrepancies have led
to a wide variations in mouse ECG measurements in the literature [11,17,22]. To
avoid future confusion, the authors suggest the development of a standardized
mouse ECG scoring system that is distinct from the human scoring.

The transgenic mouse has helped to uncover some very significant biophysical
mechanisms. For example, the impact of knocking out specific connexin iso-
forms (e.g. gap junctions) [6] have been directly linked to slowed conduction. A
mouse model enabled the hypothesized depolarization associated with contact
monophasic action potential recordings to be directly measured [9]. Perhaps the
most important role for the mouse will be in systematically exploring reentry
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initiation, maintenance and breakup [10,11,15]. Although, our simulation studies
point out potential problems with studying repolarization diseases and therapies
in the mouse, experimental repolarization studies may still yield very significant
insights. Such studies can be used to unravel important molecular and cellular
level dynamics that are more easily studied in the mouse. It is also possible that
the normal mouse may be an ideal model to study human short QT syndrome.
An interesting possibility would be to ”design” a transgenic mouse in which Ito,
Iss, IKslow , ICaL or some combination is modified to achieve a plateau in the
mouse [2]. The appearance of this plateau may lead to an isopotential in the
mouse ECG and a separation between the b wave and c wave. In this situation,
the c-wave may more closely mimic the human T-wave. Therefore, the only
caution of these simulations is that the value of functional results lies in the
interpretation. The authors therefore propose that the results of mouse studies
involving repolarization not be taken at face value, but rather are interpreted
using computational or theoretical models.

Although both mouse and human pECG were morphologically similar to ex-
perimental ECG, the models presented were for isotropic one dimensional ca-
bles. This limitation could be lifted by including the impact of heterogeneous
coupling through the wall or coupling via gap junctions [21]. As a further step
toward increased realism, whole heart and torso models [31] could incorporate
fiber architecture and anatomical features that would allow direct computation
of a body surface ECG. It has been proposed [17] that the origin of the mouse
c-wave is not a transmural gradient but rather an apex-base or left-right gradi-
ent. Furthermore, there is evidence to suggest that some regions of the mouse
heart begin to repolarize before other regions have depolarized. A full model of
the mouse heart and torso could explore these possibilities. On a cellular level,
the impact of drugs and the modeling of diseases could be more accurately sim-
ulated using more complex models for Iion [32,33] and non-uniform targeting of
different cell types.

The authors anticipate that the mouse will continue to help reveal and validate
important biophysical mechanisms and that computer models should and will
be used to augment these findings.
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