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Sodium and Potassium Channel Gating of Mouse Ventricular Myocytes
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Abstract— Cardiac ion channels are highly glycosylated
membrane proteins, with up to 30% of the protein’s mass
containing glycans. Heart diseases often accompany individuals
with congenital disorders of glycosylation (CDG). However,
cardiac dysfunction among CDG patients is not yet fully
understood. There is an urgent need to study how aberrant
glycosylation impacts cardiac electrical signaling. Our previous
works reported that congenitally reduced sialylation achieved
through deletion of the sialyltransferase gene, ST3Gal4, leads to
altered gating of voltage-gated Na* and K* channels (Nay and Ky,
respectively). However, linking the impact of reduced sialylation
on ion channel gating to the Action Potential (AP) is difficult
without performing computer experiments. Also, decomposing
the sum of K+ currents is difficult because of complex structures
and components of Ky channels (e.g., Kv4.2, and Ky1.5). In the
present study, we developed in-silico models to describe the
functional role of reduced sialylation in both Nay and Ky gating
and the AP using in-vitro experimental data. Modeling results
showed that reduced sialylation changes Ky gating as follows: (1)
The steady-state activation voltages of Ky isoforms are shifted to
a more depolarized potential. (2) Aberrant K+ currents (Iksiow
and Iw) contribute to a prolonged AP duration (APD), and
altered Na+ current (INa) contributes to a shortened AP
refractory period. This present study contributes to a better
understanding of the functional role of reduced sialylation in
cardiac dysfunction which shows strong potential to provide new
pharmaceutical targets for the treatment of CDG-related heart
diseases.

Key Words: Sodium channel, potassium channel, cardiac action
potential, reduced sialylation, in-silico modeling, refractory period.

I. INTRODUCTION

The action potential (AP), produced by the orchestrated
function of ion channels, represents the change of
transmembrane potential as a function of time in a cardiac
contraction cycle [1]. A small variation in ion channel
activities can influence the AP morphology and electrical
conduction, thereby potentially leading to abnormal cardiac
electrical signaling and cardiac arrhythmias [2, 3]. Voltage-
gated Na® channels (Na,) and K* channels (K,) play
significant roles in cardiac excitation and conduction. The Na,
contribute greatly to the AP initiation and conduction of the
AP across myocardium. Functional changes in Na, can cause
severe cardiac pathologies [4, 5]. Also, K, produces outward
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K* currents throughout many phases of the AP. Such K*
currents play essential roles in either holding the resting
potential near the equilibrium or repolarizing the cell [6, 7].
Aberrant K* channel activities can alter the APs, thereby
leading to abnormal cardiac electrical signaling [8-10].

The cardiac ion channel is a glycosylated membrane
protein, in which up to 30% of the protein’s mass consists of
glycan structures [11]. Glycosylation is a common cellular
process that contains the coordinated actions of hundreds of
unique glycan structures [12]. The dynamic process of
glycosylation produces various sets of glycan structures,
which impose distinctive mechanisms in cardiac cells [13-
17]. It was shown that glycans attached to specific ion
channels could have significant effects on cardiac electrical
signaling [11]. For example, negatively charged sialic acid
residues impact cardiac electrical signaling by directly
altering the gating of voltage-gated ion channels [18].

Emerging evidence indicates that congenitally reduced
glycosylation may be related to aberrant cardiac electrical
signaling. Congenital disorders of glycosylation (CDG)
which contains > 40 different types counts for a large portion
of pathological states resulting from reduced glycosylation
[19]. A typical cause of CDG is the mutation or deficiency in
the glyco-associated genes, which leads to relatively modest
changes in glycoprotein glycosylation [20, 21]. Cardiac
diseases often accompany individuals with CDG. However,
cardiac pathologies among all CDG patients and etiology of
cardiomyopathy among young patients are not yet fully
understood [22-24].

To investigate the impact of aberrant glycosylation on ion
channel gating and cardiac function, we measured Na*
currents, K* currents, and the AP from primarily isolated
ventricular apex myocytes using the whole cell patch-clamp
recording methods to determine Na, and K, isoform
biophysical gating parameters as reported by us previously
[25-27]. In our experiments, the beta-galactoside alpha-2, 3-
sialyltransferase 4 (ST3Gal4) gene, which is uniformly
expressed throughout the heart and is responsible for N- and
O-linked glycoprotein sialylation, was deleted. Thus,
ST3Gal4 gene deletion will result in reduced protein
sialylation as shown by us previously for Na,1.5, K,1.5, and
K.\4.2 [25]. Two datasets were measured, one from wild-type
(WT) ventricular apex myocytes and one from apex myocytes
isolated from the ST3Gal4”" ventricle.

Although in-vitro experiments exhibited some changes in
ion channels and myocytes for reduced sialylation as reported
by us previously [25], detailed understanding of pathological
mechanisms across different organizational levels remains
ambiguous. In-vitro experiments alone are limited in their
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ability to determine whether functional changes at a lower
organizational level (e.g., ion channels) are fully responsible
for changes at a higher organizational level (e.g., the
cardiomyocyte). For example, in-vitro experiments cannot
determine how aberrant changes in Na, and K, channels
collaboratively lead to the variations in AP waveforms and
electrical conduction.

Also, K, (e.g., Kv4.2, and Kv1.5) activate at a similar range
of voltages, thus making it difficult to separate K" currents
experimentally through patch-clamp protocols [28, 29].
Specifically, K, produces different K+ currents that
contribute to various phases of the AP. Patch-clamp
experiments can measure the joint K* current that is a
summation of all types of K* currents flowing through various
K* channels, but not a specific type of K,. However, it is
critical to characterize the impact of reduced sialylation on
each K, isoform and their joint effects on the AP. This is
conducive to developing a better understanding of
pathological changes in CDG-related heart diseases.

Thus, we coupled in-vitro data from electrophysiological
experiments with mathematical models to study how reduced
sialylation impacts both K, and Na, as well as the AP
waveform in mouse ventricular apex myocytes. We derived
the analytical formulations for the models of K,, and
optimally calibrated in-silico models using in-vitro data.
Further, we modeled the joint effects of reduced glycosylation
on K, and Na,, and then integrated the channel models with
the cell model to predict the AP waveform and refractory
period. Notably, the impact of reduced sialylation on cardiac
electrical signaling was also studied by varying one factor
(i.e., one ion channel) at a time, thereby allowing one to
determine how pathological changes in the level of an ion
channel contribute to systematic changes at the cellular level.

The paper is organized as follows: Section II presents
cardiac models of K and Nay, and the ventricular AP; Section
IIT includes the in-vitro data and experimental design. Section
IV presents experimental results, which is followed by
Section V Conclusions.

II. COMPUTER MODELS OF Ky AND NAy ISOFORMS AND
CARDIAC MYOCYTE

In-silico modeling overcomes practical limitations in in-
vitro experimental studies, and provides a descriptive
understanding of detailed mechanisms of cardiac pathological
function. This present investigation integrated in-vitro data
obtained from electrophysiological experiments with in-silico
models to investigate the impact of reduced sialylation on
specific K, isoforms that are responsible for the two major
repolarizing K* currents in mouse ventricular apex myocytes,
i.e., Igsow and I;,, as well as predict their effects on the AP.
In addition, in-silico models were developed to investigate the
joint effects of reduced sialylation on K, and Na, and their
collaborative impacts on the AP waveform. In-silico models
of K, Na,, and ventricular myocytes are described as follows.

2

3.1 In-silico modeling of K,

The repolarization in mouse ventricular cells is
predominated by outward K currents. The differences
between APs in the human ventricle and the mouse ventricle
are shown in Figure 1. In human myocytes, the voltage-gated
Na* current (Ina) triggers the fast upstroke (phase 0) of AP,
which is followed by a transient repolarization (phase 1) to a
plateau phase (phase 2). The plateau phase is maintained by
the balance of outward K* currents and inward currents I, .
After the Ca™ channels inactivate, the rapid depolarization
(phase 3) starts and drives the AP back to the resting potential
(phase 4). In mouse ventricular myocytes, there is no clear
plateau phase, with the AP upstroke followed by a rapid
repolarization induced by the K* efflux through K,. Our
previous study indicated that ST3Gal4 gene deletion does not
impact voltage-gated Ca™" channel activities [25]. Therefore,
the present study focuses on modeling the impact of reduced
glycosylation on K, in mouse ventricular cells.

Human Ventricular Cell Mouse Ventricular Cell
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Figure 1. Ion currents and APs in human (left) and mouse (right)

ventricular apex myocytes [30].
In mouse ventricular myocytes, there are various types of

K, whose activities are responsible for producing different
kinds of K* currents that contribute to the AP. As shown in
Fig. 1, these K™ channels generate K" currents such as a
transient outward potassium current (I;,), a rapid delayed
rectifier potassium current (I, ), a delayed rectifier potassium
current Igg,w, @ slow delayed rectifier potassium current
(Igs), a time-independent potassium current (/x4 ), and a non-
inactivating current (Iy) that is conducted through the non-
voltage-dependent “two-pore” type channels (K,p) [6, 29,
30]. It may be noted that there are two types of transient
outward potassium currents, I, ¢ and I, and I, is
reported only appearing in ventricular septal myocytes [31].
Here, since all of the experimental data were recorded from
ventricular apex myocytes, our efforts will focus on the I,
that is produced in apex myocytes, primarily through the
activity of K\4.2 [29]. Also, the magnitudes of Iy,., Ixs and
I, are small during a mouse AP cycle [30], and our previous
study showed that Iy is not impacted by ST3Gal4 expression
[25]. However, as illustrated in Fig. 1, I;, and I, currents
yield larger amplitudes with a bigger impact on cardiac
electrical signaling than Iy,., Iy and Ix;. Thus, in the present
study, we focus on development of in-silico models to
investigate how reduced sialylation modulates I, (K\4.2
activity) and I, (Kv1.5/K,2.1 activity).
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In the literature, Markov-based models and Hodgkin-
Huxley (HH) models are frequently used to describe ion
channel behaviors. Markov models have been used to
describe Na* channel [32], L-type Ca™ channel [33], and
Rapid delayed rectifier K* channel [34] behaviors, as well as
many other ion channel types. In ventricular myocytes, the
transient outward potassium current I, and the delayed
rectifier potassium current I, are often modeled using HH
type model, as the activations of the channels can be
sufficiently captured by the less complicated HH model. For
example, Bondarenko et. al model (mouse ventricular model)
[33], ten Tusscher et. al model (human ventricular model)
[34], and Mahajan et. al model (Rabbit ventricular model)
[35] all describe the I, with HH model, which has two
independent gating variables of activation and inactivation. In
addition, Bondarenko et. al also modeled the I, current
using HH type model with an activation variable and an
inactivation variable. In this study, we derived the model of
I, and Ixg o4 based on the HH model in Bondarenko et. al
mouse ventricular cell model. The equations will be detailed
in the following sections.

Transient outward K* current (I,): The transient outward
potassium current Iy, includes two components, I, and
I;o,s, but Iy, s only appears in ventricular septal myocytes.
Because ventricular apex myocytes are used in this
investigation, we only considered the dominant component of
Ito, 1€, It . We calibrated the model of Bondarenko et al
[33] to describe how reduced sialylation alters the I,
currents. Note that I, is modeled by two gating variables, i.¢.,
activation a;, and inactivation i;, as follows:

o= GKtoa?oito(V — Ex)
where Gg;, is the maximum conductance of I, (mS/uF), a;,
and i, are gating variables, V is the transmembrane potential
(mV), and Ej is the reverse potential of K+ channels (i.e., -
82.8mV in our in-vitro experiments). Considering the
computational complexity, we derived analytical solutions of
the gating variables as follows.

as (t) = (a, (0)

ito () = (io(0) —ig5)e Tito + igg
where a;,(0) and i;,(0) are the initial values, ag, and iz are
the steady state activation (SSA) and steady state inactivation
(SSI), T4+, and T;, are activation and inactivation time
constants. The detailed models of SSA, SSI, and time
constants are listed in Table I.

Delayed rectifier K* current (Igsow): Similar to I;,, the
Ixsiow 18 described by two gating variables of activation a,
and inactivation i, as:

Ixsiow = Gisiowrir(V — Ex)
where Gggow 1S the maximum conductance of Ixgow
(mS/uF), a, and i, are gating variables. The two gating
variables are modeled as:

a,(t) = (a,(0)

i) = (i.(0) — irs)e_a + iy
where a,.(0) and i,.(0) are the initial values, a,; and i, are

t
- ass)e Tato + A
t

t
- ars)e Tar + a,.¢
t

3

steady-state activation and inactivation, 7., and t;- are time
constants of activation and inactivation respectively.

3.2 In-silico Modeling of Na, and Fast Na* Currents

The fast Nat+ current, Iy,, is responsible for the rapid
depolarization of the ventricular AP. Slightly changes in Na,
may vary the depolarization and the AP refractory period,
which can further alter electrical conduction among cardiac
tissues. To model the impact of reduced sialylation on the Iy,
we utilized the 9-state Markov model introduced by
Bondarenko et al [33] to describe the gating of Na, under both
WT and ST3Gal4”~ conditions. The model structure is shown
in Fig. 2, where C,, C,, Cs are three closed states, IF is fast
inactivation, I1, 12 are intermediate inactivated states, O is the
open state, and IC,, ICs are closed-state inactivation. The list
of equations and parameters of transition rates, i.e., a’s and
B’sin WT and ST3Gal4"” can be found in our previous report
[27]. The Iy, model is given:

Ing = GngO()(V = Eng)
where V is the transmembrane potential (mV) of the cardiac
myocyte, Gy, is the maximum Na* conductance, O(t)
describes the probability of the Na, activation varying over
time t, and Ey, is the reverse potential (20.5mV).
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Markov model of gating kinetics of Na, [27].
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Figure 2.

3.3 In-silico Modeling of Mouse Ventricular Myocyte

At the cellular level, we simulate the AP in both WT and
ST3Gal4™" conditions. The AP of the ventricular myocyte is

modeled as the following ordinal differential equation:
av
_CmE =lcq + Ip(Ca) + Iyaca + lcap T Iksiow + Inab + Ina
+1Na1( + 11(1 + IKs + Ito + Iss + ICl,Ca + IKr + Istim

where C,, is the membrane capacitance, t is time, Ig;p, i @
stimulus current. The ventricular cell model includes 14
transmembrane currents, i.e., the L-type Ca™ current (I¢4;),
the Ca™ pump current (I,(cq)), the Na*/Ca™ exchange current
(Inaca), and the background Ca*™ (I;,,) and Na* (Iygp)
currents, the time-independent inwardly rectifying K* current
(Ix1), the fast Na* current (Iy,), the Na”/K* pump current
(Iyak), the slow delayed rectifier K* current (Ix), the rapid
delayed rectifier K* current (I,.), and the Ca™" activated Cl~
current (/¢ ¢q ). Hodgkin-Huxley type and Markov-based
models are used to describe the ionic currents, which includes
parameters relating to cell conductance, gating kinetics, and
the gradients of membrane potential. Detailed ion-channel
gating kinetics can be found in Bondarenko et al [33].

III. IN-VITRO DATA AND EXPERIMENTAL DESIGN

As mentioned, there are various types of K, isoforms
responsible for the total I produced in ventricular myocytes,
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and it is difficult to separate the K* currents experimentally
using patch clamp protocols. The in-vitro experiments
collected the data of the joint K* currents [25], which needed
to be further decomposed to obtain individual K* currents.
This is commonly done through a bi-exponential
decomposition. This section will detail how we used both in-
vitro data and in-silico models to separate I;, and g o -

4.1 Model-based Decomposition of K+ Currents

The total K* current, Iy g, Was measured using patch-
clamp protocols as reported by us previously[25]. Briefly, the
myocytes were first held at -70mV (i.e., the resting membrane
potential), and then stepped to various voltages ranging from
-50mV to 50mV in 10mV increments. The cells were
depolarized for 4.5seconds at each clamp-voltage, and the
joint K+ currents, Iy g,,,,, Were collected. A total of 11 current
traces were recorded.

There are various types of K* currents, and each contributes
to the I g, currents differently. Note that Iy, and I have
very small amplitudes in mouse ventricular myocytes and
thus have very limited contribution; I, has a relatively larger
amplitude but is primarily responsible for maintaining the
resting potential of the AP. Fig. 1 shows that I;,, Ik and
I;s have significantly larger amplitudes. Fig. 3 illustrates the
contribution of I, Ixsow and Igs to the trace of Ig g, in a
patch-clamp experiment (clamp voltage = 30mV). It may be
noted that I, starts at the beginning of the depolarization with
a higher peak of magnitude, Igg,, is slightly slower with a
lower peak and longer tail, and I, remains a steady constant
after reaching the peak. Such properties of K* currents enable
the separation of I s, using a bi-exponential approach,
where the decaying portion of the Ik gy, is fitted to a bi-
exponential function:

f(t) =Ae /™ + Ae %2 + Ay

where A; is the amplitude of the Iy, of each Iy g, trace,
A, is the amplitude of the I, A5 is the amplitude of the I, t
is the time in ms, and 7; and 7, are time constants. The
method, as a means to delineate the different K* currents in
mouse ventricular cells, was described previously by Guo et.
al [36]. After the decomposition, we obtained the individual
K* currents, i.e., Iy, Ixsiow and g, at each depolarization,
and then characterized and modeled the gating characteristics
of each type of K. Specifically, SSA, SSI, and time constants
of inactivation (t;, ) were determined for I, and Ixgon -
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Figure 3. K+ currents at the +30 mV clamp voltage

4

4.2 Design of Computer Experiments

Computer experiments were designed to model how
ST3Gald™" affects each individual K* current type, predict the
impact of changes in K" currents and Na* currents on the AP,
and identify the contribution of each type of current to
aberrant electrical signaling in ventricular myocytes. First, we
modified and calibrated the model of K, gating to optimally
fit the in-vitro data. The current density, SSA and SSI, and
inactivation time constants were obtained using the same
protocols as in the in-vitro experiments. Second, we simulated
and compared the changes in K* currents and the cellular APs
under two conditions, i.e. WT vs. ST3Gald™". Third, we
combined the effects of ST3Gal4”~ on Na, and K, isoforms
and then predicted the AP at the cellular level. Meanwhile,
specific contributions of each individual current, i.e., I;,,
Ixsiow and Iy, to the changes in AP were evaluated. The time
step of dt = 0.01ms was used in computer experiments for the
model calibration at the channel level. Variable time steps
with maximum step time of 0.lms were used in the
experiments at the cellular level, where each cell was
stimulated for 40 times to reach the stable phase.

Computer simulations were implemented in MATLAB
R2015a in a Windows 7 Enterprise 64-bit Operating System.
Computer experiments were designed following the same
protocols used for in-vitro experiments to calibrate in-silico
models and to compute the model responses. The models of
mouse ventricular cells, as well as K, and Na, isoforms, were
solved using Matlab’s odelS5s solver, and the maximal step
size is set at 0.l ms.

IV. EXPERIMENTAL RESULTS

5.1 Sensitivity Analysis and Control Variables

In order to identify the model parameters that exert the
most influence on model outputs, we performed a sensitivity
analysis using factorial design. Each parameter varied at two
levels (+1 and -1), and the model outputs of SSA, SSI, and
Inactivation time constants were calculated to obtain factorial
effects. The impacts of model parameters on model outputs
were evaluated using the factorial effects and half-normal plot
(See details in the online supplement A). Sensitivity analysis
provides important parameters (i.e., control variables) in I,
model and Igg,, model, respectively. The detailed
mathematical formulations of steady-state activation,
inactivation, transition rates, and time constants are listed in
Table 1. Note that x's are control variables identified from
sensitivity analysis, which will be optimally calibrated to
minimize the discrepancy of modeled outputs and in-vitro
data. These control variables are closely pertinent to voltage
(V), e.g., x; and x3. Steady state activation and inactivation
of Ixsiow and I, channels were calibrated using data from
Boltzmann equations of WT and ST3Gal4”" cells in in-vitro
experiments. In addition, time constant 7’s were calibrated to
fit the data from in-vitro experiments.
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TABLE L Ky MODELS AND CONTROL VARIABLES

Steady States, Transition Rates & Time Constant
1/(1+exp(-(V-x1)/ x3))
= 1/(1+exp(-(V-x3)/ x4))
Tato = 1@at Ba)
Tio = i + )

a, = 0.1807 exp (0.0358 (V+40.0))
Ba = 0.3956 exp (-0.0624(V+40.0))
a; = (0.000152 exp(-(V+13.5)/7.0))/(0.067083exp(-(V+33.5)/7.0)+1)
Bi = (0.000950 exp(-(V+ x5 )/x))/(0.051335exp( (V+ x5 )/ x6)+1)

ars = 1/(1+ exp(-(V-x7)/xg))

= 0.2100/(1+exp(-(V-x9)/ x19)+0.7900/(1+exp(-(V-x11)/ X12)
Ty = 500.0+x3 (1+ exp (V+214)/0.0492))!

Tar = 0.4930exp (-0.0629V) +x45

5.2 Model Calibration of K, isoforms

We wused the algorithm of constrained nonlinear
optimization (i.e., trust-region method) to search the optimal
set of model parameters. The objective function is to
minimize the sum of squared errors between the model
predictions and the in-vitro data. Table II shows optimal
values of control variables in the two groups, i.e., WT vs.
ST3Gal4”. Note that optimal parameters of WT and
ST3Gal4” models are different in half-activation and half-
inactivation voltage as well as slope factors. The calibration
step yields the best fits of in-silico models to the WT and
ST3Gal4™~ experimental data using the same set of standard
pulse protocols.

TABLE IL OPTIMAL MODEL PARAMETERS OF WT AND ST3GAL4™" K,
WT ST3Gal4™ WT ST3Gal4™
(mV) (mV) (mV) (mV)
x1 -0.30 7.40 Xo -81.46 -83.73
Xy 12.00 14.00 X10 -5.98 -7.86
X3 -37.40 -36.20 X11 -34.31 -32.64
X4 -4.10 -4.90 X12 431 -6.36
X5 85.13 121.43 X13 633.36 828.67
X 24.55 39.87 X14 -13.79 -5.09
x7 -14.70 -7.80 X15 2.058 2.060
Xg 8.20 9.60

5.3 ST3Gal4-/- Alters the Activities of Kv

Transient outward K* current (I;,): We modeled the gating
kinetics of I;, channels, see Tables I and II. Fig. 4 presents
the SSA and SSI of I;, in both in-vitro and in-silico
experiments. Note that ST3Gal4”" causes a small depolarized
shift (~7mV) in SSA. However, no significant difference is
observed in SSI between the two groups except the slight
difference at the -30mV test potential. Fig. 5a shows the
current density of I,,, where ST3Gal4”~ causes a significant
reduction at membrane potentials greater than 20mV. The
amplitude of I;, at 40mV is 21.70pA/pF in the WT cell and
17.32pA/pF in ST3Gald™", which are within the range of the
in-vitro data (see Table III), i.e., 21.6+£2.0pA/pF in WT and
17.4+1.6pA/pF in ST3Gal4”" myocytes [25]. The observed
reduction in current density is likely caused by the
depolarizing shift in the activation (Fig. 4a), and no impact on
inactivation gating (Fig. 4b), because the range of membrane
potentials at which the I;, channel activates is reduced. In the
I;, current model, we used a maximum conductance G, =

g8
g1

0.19 (mS/uF) for WT cells, and G;, = 0.16 (mS/uF) for
ST3Gal4™ cells, which are close (within the range of standard
errors) to in-vitro data (i.e., WT: 0.18+0.0.02; ST3Gal4™";
0.15%0.02). Computer models describe and predict gating
activities and current densities of I, , which are well-
validated with in-vitro data.
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Figure 4. The gating kinetics of I, channel in ST3Gal4”~ and WT cells (a)
SSA (b) SSI. (In-silico data from the I,, model: solid lines-WT, dashed lines-
ST3Gal4™"; In-vitro data: mWT @ ST3Gal4"[25]).

25 - .
In-silico WT

® In-vito WT

"""""" In-silico ST3Gald™

N
S

In-silico ST3Gal4™ Vs

In-vitro ST3Gal4™ 12| ®  Inwitro ST3Gal4™ Yo

z g
& 15 10
i g e
51 3 s
g1 £
5 . 4 - '
(@) = < (b)
50 40 -30 20 -0 0 10 20 30 40 50 50 40 -30 20 10 0 10 20 30 40 50
Voltage (mV) Voltage (mV)
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ST3Gal4™" and WT conditions. (In-silico data from computer models: solid
lines-WT, dashed lines-ST3Gal4”"; In-vitro data: @mWT @ ST3Gal4"[25])

TABLE III. CURRENT-DENSITY AND INACTIVATION TIME CONSTANTS
OF K+ CURRENTS IN WT AND ST3GAL4” MYOCYTES

I Tkstow
(pA/pF) Tinact (pA/pF) Tinact
40mV 40mV 40mV 40mV
In-silico WT 21.70 60.48 15.72 1246
In-silico ST3Gal4"~ 17.32 72.40 15.66 1092
In-vitro WT 21.6£2.0 | 62.6+3.9 16.2+1.6 1089+54
In-vitro ST3Gal4™" 17.4+1.6 | 71.1+4.3 16.0+1.7 1270+55

Delayed rectifier K* current (Iggo.): The in-silico model
of K, gating showed that the ST3Gal4”" causes a small
rightward shift in the SSA of Igg;,,, current along the voltage
axis (see Fig. 6a), but the SSI of Ix,,, is not significantly
affected (see Fig. 6b). The results of in-silico modeling are
consistent with the in-vitro data (solid dots and squares in Fig.
6), in which ST3Gal4” shifts the SSA linearly in the
depolarized direction, and has little impact on inactivation. To
further investigate how reduced sialylation alters the K,
gating activities and the K* current, the current density of
Ixsiow Was computed (see Fig. 5b). We used the maximum
conductance Gk, =0.13 (mS/uF) for both WT and ST3Gal
- groups, which is consistent with the in-vitro data (i.e., WT:
0.13£0.01 vs ST3Gal4™": 0.12+0.02 mS/uF). Table I1I shows
the comparison between in-silico current densities and in-
vitro data [25] at a 40mV test potential, where the amplitude
of in-silico Iygow at 40mV is 15.72pA/pF in WT and
15.66pA/pF in ST3Gal4” compared to the in-vitro results of
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16.2+1.6pA/pF in WT and 16.0+1.7pA/pF in ST3Gald™".
Note that in-silico results closely match in-vitro data.
ST3Gal4™" contributes to the decrease of Iy, densities at
the range of smaller, non-saturating membrane potentials (i.e.,

-30mV~20mV).
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Figure 6. The gating kinetics of I, channel in ST3Gal4”" and WT cells.
(a) SSA (b) SSI. (In-silico data from the I, model: solid lines-WT,
dashed lines-ST3Gal4”". In-vitro data: @®WT @ ST3Gal4"[25])

Time constants of inactivation (Tipgct): Fig. 7 shows the
in-silico results of time constants T;,4. Of It, and Ixsow »
where [, shows smaller time constants than [, with
slight difference between WT and ST3Gal4”" groups. The
Igsiow shows larger time constants with significant
differences between the two groups. The in-silico time
constant T;,q.¢ Of I;, at the depolarizing potential of 40mV is
60.48ms and 72.40 ms for WT and ST3Gal4”" myocytes,
respectively. The in-silico results match in-vitro data, i.e.,
Tinact 18 62.9+3.6ms in WT and 71.1+4.1ms in ST3Gal4”"
(also see Table III). However, Ixg, has a larger T;,,,.; than
I,. At the clamp voltage of 40mV, Tiqct Of Ixsiow 1S 1092ms
(1089 +54ms of in-vitro data) for WT cells, and 1246ms
(1270 £55ms of in-vitro data) for ST3Gal4™" cells (Table III).
The in-silico results show T;y4¢¢ Of Iy, and Ixg 0, are close to
the in-vitro data, which validates the performance of in-silico
models at the level of ion channels.
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Figure 7 (a) Inactivation time constants of Iy, and I,, under ST3Gal4™
and WT conditions; (b) Recovery from inactivation under WT and ST3Gal4"
"~ conditions. (In-silico data from computer models: solid lines-WT, dashed

lines-ST3Gal4™", In-vitro data: BWT @ ST3Gald”" [25]).

Recovery from inactivation: Fig. 7b shows the recovery
from inactivation of the joint K* current, Iy s, , generated
using the standard two-pulse protocol. In-silico cells were
held at a membrane potential of -70mV and depolarized to
+40mV for 10s. The in-silico cells were then returned to -
70mV for variant time intervals of 10ms to 5s and then
depolarized to +40mV for 4.5s. As shown in Fig. 7b, there are
no significant differences between the recovery from

6

inactivation in both WT and ST3Gal4” groups, which
indicates reduced sialylation doesn’t not affect K, recovery
from inactivation. This finding matches the in-vitro data
(solid dots and squares in Fig. 7b), which also validates the
accuracy of K, models

5.4 ST3Gal4”" Affects Ventricular Myocyte APs

Reduced Sialylation alters K, activities and delays the AP
repolarization. We combined the calibrated models of K,
isoforms with the ventricular myocyte model to predict the
effects of reduced sialylation on K, activities and the
electrical signaling in the ventricular myocyte. Fig. 8 shows
the K* currents, I, and Ix4,,, in a single cardiac cycle as
well as the AP for both WT and ST3Gal4” ventricular
myocytes.

Fig. 8a shows that both I, and Ik, have lower peaks
and slightly longer tails in ST3Gal4”~ compared to WT. The
lower peaks are attributed to the rightward shift of I, and
Ixsiow SSA curves and no effect on SSI curves (Fig. 4 and Fig.
6), resulting in a smaller range of membrane potentials at
which K, are activated. Because K, are responsible for AP
repolarization, the limited activities of K, lead to a delayed
repolarization (Fig. 8c). It may also be noted that such a
delayed repolarization is likely responsible for the longer tails
in both I,, and I, of ST3Gal4”” myocytes. The delay of
early repolarization caused by lower peaks of K* currents
further generate feedback effects on I;, and Ik, and lead
to the prolonged tails in both currents (Fig. 8a and 8b).

Limited K activities in ST3Gal4"" cells lead to longer AP
durations (APDs) compared to WT cells (Fig. 8c). Table IV
shows a detailed list of AP parameters in the in-silico WT and
ST3Gal4”- myocytes with Ky altered by reduced sialylation.
Computer experiments show no significant differences in
peaks between the two groups. However, the APDs are
prolonged significantly in ST3Gal4” cells. As shown in Table
1V, the APD at 90% repolarization (APDyo) is 25.77ms in WT
and 35.21ms in ST3Gal4™". Similarly, the APD7s is increased
from 16.79ms (WT) to 23.69ms (ST3Gal4™") and the APDs,
is increased from 10.49ms (WT) to 14.24ms (ST3Gal4™7").

ST3Gal4” affects both depolarization and repolarization
of ventricular AP. We further integrated the calibrated K, and
Na, models with the ventricular myocyte model to predict the
effects of ST3Gal4”" on K, and Na, and their collaborative
effects on the AP. Because Na, mainly contributes to AP
depolarization and cellular excitation, we investigated the
refractory period of AP in both WT and ST3Gal4™" cells. The
stimulation currents used in computer experiments to initiate
the AP are 54.6pA/pF and 52.0pA/pF for 2.5ms for the WT
and ST3Gal4”" groups, respectively. As shown in Fig. 9, the
WT myocyte can recover and excite the second AP after
139.1ms (see the black-solid line in Fig. 9), whereas the
ST3Gal4™ cell can initiate the second AP earlier at 109.2ms
(see the red dotted line in Fig. 9). Note that the in-silico results
of refractory periods yield an accurate prediction of the in-
vitro data as reported in [25], i.e., WT: 139.8 + 8.6ms,
ST3Gal4”: 110.2 + 10.0, which cross-validate the in-silico
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Figure 8. Simulated AP and underlying K+ currents of mouse ventricular myocytes in ST3Gal4+ and WT myocytes. (a): 5. (b): Ixsiow-

(c): AP. Black solid line: WT. Red dash line: ST3Gal4 .

models. Experimental results demonstrated the effectiveness
of in-silico models to describe the mechanistic details of K,
and Na, gating and to predict the hidden effects of reduced
sialylation on ion channels and on the electrical signaling of
ventricular myocytes.

TABLE IV. APDS IN WT AND ST3GAL4”" CELLS IN IN-SILICO AND IN-
VITRO DATA
[ APD»s | APDsy | APDs;s | APDw | Peak

Parameters of modeled AP in WT cells

Modeled WT | 490 [ 1049 [ 1679 [ 2577 [ 27.67TmV
Parameters of modeled AP with K,, altered by ST3Gal4™

ST3Ga K, | 681 [ 1424 [ 2369 | 3521 [ 2844mV
Parameters of modeled AP with K,, and Na, altered by ST3Gal4"

ST3Gal4”- [ 690 [ 1426 | 2377 [ 3529 [ 28.09mV
In-vitro Data [25]

WT [ 91205 [ 11.6£1.0 [ 16.4x1.9 [ 25.8+3.0 | 27.5%5.1
ST3Gal4™ | 11.120.6 [ 15.1=1.0 | 21.8+1.5 [ 36.9+2.3 | 27.9+3.9

To further identify the causes of a shortened refectory
period, we exclude the effects of ST3Gal4” on Nay and solely
test how ST3Gal4™" alters the K, and the resulting effects on
the refractory period. Fig. 9 shows the refractory period of the
ST3Gal4" cell in which only K, are modified by ST3Gal4"
(see the blue dash-dot line). Note that the ST3Gal4"-(K,) cell
excites the second AP at 134.2ms, which is not significantly
different from the WT cell (i.e., 139.1ms). Therefore, the
contribution of K, to the reduced refractory period is very
limited in ST3Gal4” myocytes. In summary, the effects of
ST3Gal4™" on cardiac excitation is mainly due to the altered
gating of Na,.

[E—
== ST3Gal4™ Kv
e ST3Gald ™

AP (mV)

!

Figure 9. The in-silico refractory period of mouse ventricular myocyte. Red
dotted line: ST3Gal4” cell (109.2ms); Blue dash-dot line: K, altered by
ST3Gal4”" (134.2ms); Black line: WT cell (139.1ms)

I L )
100 200 250
Time (ms)

Also, we compared the APDs of the ventricular myocyte
with and without Na, channel affected by ST3Gal4”. As
shown in Table IV, the APDs at 25%, 50%, 75% and 90%

7

repolarization are almost identical between ST3Gal4”(Ky)
and the ST3Gal4”- myocytes. This shows that the variations
in the repolarization of AP mainly resulted from altered gating
of Ky, with little contribution from the effects of reduced
sialylation on Na, gating.

5.5 Model Justification and Validation

The glycosylation models were developed from Hodgkin-
Huxley models of cardiac ion channels and cells. The
ventricular myocyte was treated as an electrical circuit, and
K, were described as electrical conductors. The ion currents
through the K, were determined by the intra- and extracellular
ionic concentrations Eg. The conductance was computed as a
function of maximum conductance (i.e. Gg) and the open
probability of hypothetical gates (i.e. the activation and
inactivation variables). The glycosylation model is valid
when the assumptions of the Hodgkin-Huxley model hold. In
addition, the glycosylation models were developed and
validated using the in-vitro data measured from the left
ventricular apex of ST3Gal4” adult mice. They are efficient
in describing the impact of reduced sialylation on K* currents
in mouse ventricular myocytes, but calibration of model
parameters may be required for a different congenital disorder
or for myocytes from subjects other than mouse.

The in-vitro data indicated that reduced sialylation leads to
linear shifts in SSA along the voltage axis [25]. Such changes
can limit K, activities without decreasing the maximal K*
current densities. The limited K, activities can be modeled by
adjusting the open probabilities of the channel of interest,
thereby, reducing the channel conductance. Therefore, the
impact of reduced sialylation can be captured by optimally
calibrating the gating variables in K, models to match the in-
vitro data. The model predictions (i.e., SSA, SSI, inactivation
time constants) show good fits to the in-vitro data at the ion
channel scale. Further, the well-calibrated channel models
were integrated with cellular models. The modeling results at
cellular scale match the in-vitro data in our previous reports
[25, 26], which validates the model efficiency in interpreting
the impact of reduced sialylation on cardiac electrical
signaling.

V. CONCLUSIONS

Computer modeling and experiments have been integrated

2168-2194 (c) 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/JBHI.2017.2664579, IEEE Journal of

Biomedical and Health Informatics

with in-vitro studies for decades to investigate disease-altered
cardiac electrical signaling. Electrophysiology experiments
alone are limited in their ability to develop a complete
understanding on how reduced sialylation modulates the
function of ion channels and cardiomyocytes. In particular, it
is difficult for in-vitro experiments to determine whether a
change at one organizational level (e.g., ion channels), is
responsible for the change at a higher organizational level
(e.g., the cardiomyocyte). In-silico studies provide a greater
level of flexibility to derive and test new hypotheses, suggest
new experimental designs, and overcome practical limitations
of in-vitro experiments.

CDG patients have a higher level of risk for heart disease.
However, cardiac dysfunction among all CDG patients and
etiology of cardiomyopathy among young patients are not yet
fully understood. Very little has been done to integrate
computer modeling with in-vitro experiments to investigate
how aberrant glycosylation affects cardiac function across
different organizational levels such as ion channels and cells.
This paper couples in-vitro data with in-silico models to
study, mechanistically, how congenitally reduced sialylation
impacts ion channel gating and cardiac electrical signaling.

We calibrated mathematical models of ion channels and
ventricular apex myocytes to describe the effects of reduced
sialylation on Na, and K, activities, and further predict the
impact of ST3Gal4 gene deletion on cardiac electrical
signaling. The in-silico study facilitates a better
understanding of the functional role of reduced sialylation in
Nay and K, gating of mouse ventricular myocytes. ST3Gal4
deletion leads to a loss of K\4.2 and K, 1.5 sialylation, which
contributes to changes in I, and Ixg,w , respectively.
Experimental results in the present investigation showed that
ST3Gal4 deletion causes a rightward shift in the SSA of I,
and Ixg0w, but has no effect on SSI. Most importantly, in-
silico studies attribute the changes in ST3Gal4”* myocytes,
i.e., the prolonged APDs and the shortened refractory period,
predominately to altered gating of K, and Na,, respectively.
Our experimental results suggested that limited K, activities
are responsible for the prolonged APDs, and the altered gating
of Na, contributes to shortened refractory period. This cannot
be otherwise achieved through in-vitro experiments. While
our efforts here indicate that significant effects of reduced
sialylation on myocyte electrical signaling can be described
by direct effects on Na, and some K, isoforms, the AP could
be affected by other ionic elements and future studies will be
designed to investigate whether reduced sialylation impacts
activity of other channels and transport proteins.

Aberrant glycosylation alters the gating kinetics of ion
channels, hence affects cardiac electrical signaling at higher
organizational levels, e.g., cells and tissues. The present study
provides detailed pathological mechanisms of sialylation
modulation dynamics in cardiomyocytes. This will
potentially lead to new therapeutic designs to correct aberrant
glycosylation and to resume normal cardiac function.
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