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ABSTRACT Transient receptor potential melastatin member 4 (TRPM4) channels are nonselective monovalent cationic chan-
nels found in human atria and conduction system. Overexpression of TRPM4 channels has been found in families suffering from
inherited cardiac arrhythmias, notably heart block. In this study, we integrate a mathematical formulation of the TRPM4 channel
into a Purkinje cell model (Pan-Rudy model). Instead of simply adding the channel to the model, a combination of existing cur-
rents equivalent to the TRPM4 current was constructed, based on TRPM4 current dynamics. The equivalent current was then
replaced by the TRPM4 current to preserve the model action potential. Single-cell behavior showed early afterdepolarizations for
increases in TRPM4 channel expression above twofold. In a homogeneous strand of tissue, propagation conducted faithfully for
lower expression levels but failed completely for more than a doubling of TRPM4 channel expression. Only with a heterogeneous
distribution of channel expression was intermittent heart block seen. This study suggests that in Purkinje fibers, TRPM4 chan-
nels may account for sodium background current (/yap), @and that a heterogeneous expression of TRPM4 channels in the His/

Purkinje system is required for type Il heart block, as seen clinically.

INTRODUCTION

The transient receptor potential melastatin 4 (TRPM4)
channel is a homotetrameric nonselective channel perme-
able to monovalent cations but not to Ca*>" (permeability
sequence: Na©™ = K™ > Cs™ > Li* > Ca*") (1,2). It har-
bors a linear unitary current-voltage relationship and a
conductance of 20-25 pS (1), and its open probability in-
creases with depolarization and intracellular Ca ([Ca];)
(3). At the whole-cell level, 10 uM [Ca]; is sufficient to elicit
a typical TRPM4 outward rectifying current in a heterolo-
gous expression system, suggesting that physiological
ranges of [Ca]; rises (subsarcolemmal [Ca] of 10-15 uM
in cardiac cells (4)) are able to activate the channel.
TRPM4 messenger RNA and protein are highly expressed
in the heart, especially in the conductive tissue. It partici-
pates in the electrical activity of several cardiac structures,
including Purkinje fibers (PF) (5).

TRPM4 gene mutation was first reported as the cause of
the autosomal-dominant form of progressive familial heart
block type I in a large Afrikaaner pedigree (6). Liu et al.
(7) demonstrated three other TRPM4 mutations in familial
cases of idiopathic cardiac conduction disease. Several
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other mutations have been found in families with auto-
somal-dominant inherited conduction blocks, including
bundle branch blocks (8—11). Most mutations result in
impaired SUMOylation and endocytosis of TRPM4 chan-
nels, resulting in overexpression of channel density and
currents on the sarcolemma (6,7,11). Despite its role in
regulating the conduction activity in PF and in causing
inherited conduction blocks, the arrhythmogenic mecha-
nisms behind such activity by TRPM4 channels remain
elusive.

In this work, we develop a, to our knowledge, novel math-
ematical formulation of TRPM4 channel current using
available experimental data on activation of TRPM4 chan-
nels by voltage and [Ca];. The channel current is integrated
into a Purkinje cell ionic model (Pan-Rudy model (PRd))
(12). We investigate single-cell behavior and propagation
in a PF with a heterogeneous channel distribution. Results
indicate that overexpression of TRPM4 channels can lead
to early afterdepolarizations (EADs) in single cells. Only
with a heterogenous distribution of TRPM4 channels in
PF, complex patterns of conduction blocks, such as type I,
II, and III, pacemaking activity, and repolarization failure,
are observed. This study demonstrates mechanisms behind
complex patterns of conduction block due to overexpression
of TRPM4 channels. It also shows that background ionic
currents in cell models may represent as yet uncharacterized
currents.
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MATERIALS AND METHODS
Channel formulation

TRPM4 gene encodes a nonselective cation channel that is roughly equally
permeable to Na™ and K™ (13). TRPM4 current is sensitive to [Ca];, which ac-
tivates the channel, and to voltage, which evokes higher activity in the positive
voltage range (1,14). Inside-out patch-clamp experiments of single channel ac-
tivity revealed that the reversal potential of TRPM4 channel is close to zero
(0.2 mV), indicating that the channel does not differentiate among monovalent
cations (13). Mean open channel probability (P,) is an increasing function of
membrane voltage, and the channel activity is higher at depolarized potentials.
These data are fit to a Boltzmann function to develop a voltage activation gate
of the channel. The ECs, of [Ca]; activation is 1.3 uM, close to peak systolic
[Ca]; values (15). Accordingly, we used these data to fit the calcium-activation
gate for the channel. The channel opening is assumed to respond instanta-
neously to voltage and with a slower dynamic to [Ca]; changes. Assembled
together, the formulation for TRPM4 channel current can be written as

Itrems = Grrpms X Xcai X Xv X (V — Emgpwa), (1)
= InatreM4 + Ik TRPMA, )
dX. ai X — X ai
o= =, 3)
t TXcai
0.95
- 1
Xcai = BN o)
1 + ([Ca*"¢./0.0013)
TXcw — 307 (6)
INnaTrRPMA = gNaTrRPM4 X (V — Ena), @)
and
Ix trems = gxrems X (V — Ex). 3

Vis the transmembrane voltage (mV), and Ey is the reversal potential for
species X. g is the maximal conductance of the channel (mS/cm?), and
Tx., is the time constant for Ca-dependent changes (ms). X, is the voltage
activation gate, and Xc,; is the calcium-activation gate. To decompose
Itrpma into its constituent currents Iy, trpma and Iy, trpma, We used the
fact that at V = Etgrpma and Itrpms = O to solve the conductance values
for Na* and K currents through TRPM4 channels:

gxreM4 = ITRPMA4
» Etrpma — Ena
(V — Ena)(Ex — Etrpma) + (V — Ex ) (Etrema — Ena)
)

8NaTRPM4 = ITRPM4
% Ex — Etrpma4
(V — Exa)(Ex — ETRPM4) + (V — Ex)(Etrems — Ena)
(10)
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The PRd of the canine Purkinje cell (12) was chosen for the study
because it is the only model that captures the three-tier Ca-release process,
and TRPM4 channel opening is primarily dependent on [Ca];. The model
prediction matches experimental data as shown in Fig. 1 A. The species
ionic currents (Ina, TrRpm4s Ik, TRPM4) are used to determine the balance of
Na* and K flowing through TRPM4 channels. Na* flows into the subsar-
colemma (SSL), and K" flows out of the bulk myoplasm of the Purkinje
cell. Both cell and cable simulations were run till dynamic steady state
was reached, and changes in state variables from beat to beat were <0.01%.

Cable behavior classification

The following are the definitions of cable behavior in Table 1. The 1:1 refers
to normal conduction along the cable. First-degree block occurs when the
impulse reaches the right end after a delay of more than 40 ms. The cable
is quiescent when it cannot be excited. Second-degree block occurs when
some of the impulses fail to propagate to the right end. When no impulse
reaches the right end, the cable has a third-degree block. If there are spon-
taneous action potentials (APs) in the cable, then the cable has a pacemaker
behavior. If some APs in the left or right end nodes fail to repolarize before
the impulse reaches the node, then the cable has repolarization failure. The
criteria is applied sequentially from top to bottom of the table so that there
can only be one type of cable behavior. Thus, e.g., the cable cannot have
both repolarization failure and a second-degree block.

Software

The Cardiac Arrhythmia Research Package was used for single-cell and cable
simulations (16). The bench module was used for single-cell simulations.
MagicPlot Student v2.7.2 and Grace v5.1.25 were used as plotting software.
MATLAB R2015b (The MathWorks, Natick, MA) was used for data analysis.

RESULTS
Incorporation into an existing Purkinje cell model

Published cell models are tuned to recreate measured experi-
mental behavior. Of particular note is that TRPM4-channel
block leads to a dramatic AP duration (APD) shortening
(13). Hu et al. (17) has been the only group to add a TRPM4
channel current to several ionic models, but no attempt was
made to adjust for control APs. Simply adding a current of
such magnitude to existing models greatly affects the APs,
such that AP no longer corresponds to the measured AP-fitting
data (see Fig. 2). Thus, it was reasoned that the effect of
TRPM4 current had to have been implicitly incorporated but
was distributed among the channels represented in models.
The first step was to compute the expected TRPM4 channel
current, Itrppgs. This was calculated by applying the nominal
model AP shape and [Ca]; time trace (i.e., [Ca®Hssp) to the
channel formulation at pacing cycle length (PCL) =
1000 ms. Next, by analyzing kinetic profiles of the existing
monovalent ion currents, a combination of these currents
equivalent to ITrpymg Was determined (see Fig. 3 for the major
monovalent ionic currents). The TRPM4 current had a con-
stant component during the resting phase, which could only
be matched by the background sodium current (/n,,) because
all other inward currents were near zero. We assumed that
all of Iy, was composed of Itrpmy, and this allowed us to
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calibrate the conductance of ITgrpymy. The fitting was also con-
strained by considering that ITrpy4 could not be larger than the
current component being replaced. Examining Itrpymy, an
initial large outward current was present that had tobe K+ cur-
rent, and the only possible current with that profile was
transient outward K current type 1 (I,o;). In terms of magni-
tude, it was 10% of the initial /. After adding this component

TABLE 1 Criteria for Classifying Cable Behavior

Behavior Criteria

1:1 AL = AR = NPAVi: AR <40 ms
First-degree block A = AR = NP
Quiescent Al =AM =R =9
Pacemaker Ax: A >NPV iz Atk >2 ms
Second-degree block Al > AR >0
Third-degree block AF > AR =0
Repolarization failure AL <NPAAR >0

Other -

Let AX be the number of APs detected at node x, being the left (L), right (R),
or middle (M) of the cable. N* is the number of pulses delivered, and A% is
the delay between AP i at node x and the last pacing beat. Tests proceeded in
order from top to bottom and stopped when the set of criteria were met.

CL (ms)

to the equivalent current, the only candidate for matching the
negative current during the AP plateau shape was the late so-
dium type 2 current, I,y o

To capture the magnitude during the plateau, 33% of this
current was added to the equivalent current. In summary, the
best fit for the equivalent current, Igq,, was

Igqy = 0.1 X Loy + Inay +0.33 X Inao =Itrpms, (11)

expressed in terms of the originally published currents (see
Fig. 3, bottom). There was a small difference in currents during
repolarization that could not be removed without reformulat-
ing kinetics of some current, so it was left out. For our formu-
lation, Igq, was removed from the original model by lowering
the conductances of the selected channels, and the TRPM4
channel current was added. This was verified by comparing
the AP shape between models. The voltage trace was relatively
preserved with an APD increase of 20.3 ms and a slowing in
peak repolarization rate from —660 to —534 mV/ms. Simu-
lating block by 9-phenanthrol reduced APD by 29.1%, similar
to that seen in rabbit Purkinje cells.
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FIGURE 2 Effect of currents on simulated action potentials (APs) of
PRd. The original AP as published (black) is shown. Addition of the
TRPM4 current without any further modifications (green) resulted in a sub-
stantial APD prolongation. Additionally, removing the equivalent current
Igqy (red) produced an AP much closer to the original. Simulated block
of the TRPM4 channel with 9-phenanthrol (blue), which is equivalent to
only subtracting /g4, from the original model, resulted in a 29.1% reduction
in APD. To see this figure in color, go online.

Rate dependence of APD and ionic concentrations in the
cell (shown as maximal values of Na concentration in SSL
([Na™1ss)), K concentration in the bulk myoplasm
([K"1,), and spatially averaged [Ca]; ([Ca”]avg) is similar
to the original PRd without TRPM4 channels (Fig. 1 B).
Small differences occur at slow rates (PCL > 1500 ms)
and may be attributed to kinetic difference of TRPM4 cur-
rent compared to Igqy.

Single-cell upregulation

In a single cell, upregulation of TRPM4 channel expression
lead to EADs at relatively modest increases (Fig. 4). This is
not surprising given the large reduction in APD when it
was removed. For increases above 2.12-fold nominal, the
cells are no longer stable, and repolarization failure renders
the cell unsuitable for propagation. In a mouse model of hyp-
oxia and reoxygenation, pharmacological block of TRPM4
channel by 3-phenanthrol led to abolishment of EADs (18),
indicating an important role of TRPM4 channels in EAD
generation. For the slower PCL = 1000 ms, EADs occurred
with each beat. At short cycle lengths, EADs only occurred
after rapid pacing stopped. However, during pacing, the
membrane voltage was rising just before the pacing beats
were applied. It was quite different from resting potential.

Cable behavior
Central inhomogeneity

Activity in a 2-cm long cable was simulated using a finite
element method with 100-um linear finite elements. The
central portion of the cable (see Fig. 5 A) had a different
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FIGURE 3 Major monovalent ionic currents for the Purkinje cell ionic
model. Top: Original PRd model is shown. Middle: Adjusted model with

TRPM4 channel current and /.q, subtracted is shown. Bottom: Itrpms is

compared to Igq, and its constituent currents. The cell was stimulated at
pacing cycle length (PCL) = 1000 ms. K, rapidly activating delayed recti-
fier K™ current; NCX, Na*-Ca*" exchanger current; NaK, Na*-K* pump
current; NaL2, NaL3, late Na* currents; tol, transient outward current
type 1 carried by K. To see this figure in color, go online.

TRPM4 channel expression level than from the ends. The
left end of the cable was paced with a transmembrane cur-
rent stimulus at a PCL of either 600 or 1000 ms for 25 s.
APs were detected as excursions in transmembrane potential
of at least 40-mV amplitude with an APDg, of at least 70 ms,
and cable behavior was categorized by analyzing the last
22 s of activity according to Table 1.

For low levels of TRPM4 channel expression, the cable
conducted every pacing pulse with an activation time of
30 ms. As TRPM4 channel expression was increased
beyond doubling, single cells had repolarization abnormal-
ities, but the cells in the cable were still functional because
of the electronic effects of neighboring cells. First-degree
block occurred when the TRPM4 channel expression was
increased in the midsection, leading to a very slow propaga-
tion to the right end. Second-degree block (see Fig. 6) was
seen as TRPM4 channel expression continued to be
increased in the midsection. In these cases, APs were not
always present in the midsection, although a low voltage ap-
peared to passively propagate across the midsection, which
was sufficient to trigger an AP in the right end. Third-degree
block was seen only at the slower pacing rate. At both pac-
ing rates, the system became quiescent with high TRPM4
channel expression. The resting levels depolarized to such
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FIGURE 4 Single-cell AP traces for varying levels of TRPM4 channel
expression. Colors indicate TRPM4 channel expression. Blocking the chan-
nel leads to significant APD reduction (blue) compared with control
(black). A 2.0-fold increase (green) considerably prolongs APD, whereas
a 2.1-fold increase (red) or more leads to early afterdepolarizations
(EADs). Traces show last stimulated beats in a train of 30 at the indicated
PCL. To see this figure in color, go online.

a high level that Na™ channels could not regain excitability.
With high TRPM4 channel expression levels in only one re-
gion (the ends or middle), pacemaking activity was also
observed, more often at the slow pacing rate. Pacemaking
activity was due to differences in resting potential level at
the boundary between the high expression region and the
low expression region. Because of electrotonic effects, the
region of lower resting potential could be excited by the re-
gion of higher resting potential to generate spontaneous
APs. For homogenous TRPM4 channel expressions (along
the main diagonal), the cable conducts 1:1 and then be-
comes quiescent.

Linear gradient of TRPMA4

We also implemented a linear gradient of TRPM4 channel
expression in the same cable, stimulating again from the
left end of the cable (Fig. 7). The left and right ends were
independently assigned expression levels from O to 5 times
control levels with a linear gradient in between for PCLs of
600 and 1000 ms. For a left level of control channel expres-
sion or less, there was always 1:1 propagation regardless of
the right TRPM4 channel expression levels. For left expres-
sion levels at or above 3.5-fold control expression level,
there was no propagation in the cable. For a left-end expres-
sion level in the range of 1.5 to 3-fold control, propagation
only occurred when the right expression levels matched or
exceeded the left-end levels. APs at the right end under these
conditions were normal, and those on the left end showed
rhythmic subthreshold activity at a frequency faster than
pacing frequency.
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FIGURE 5 Cable simulations with central inhomogeneity. (A) Cable
strand showing TRPM4 channel expression level regions. The left and right
regions expressed same levels. Pacing stimuli were applied to the leftmost
end of the cable. (B) Emergent behavior for different TRPM4 expression
levels and PCL is indicated by color. See Table | for definitions. To see
this figure in color, go online.

DISCUSSION

We have made several assumptions regarding the TRPM4
channel formulation, its reversal potential, and its constitu-
ent currents. We have shown its formulation cannot be sim-
ply added to existing models, so the channel must be already
implicitly represented in the existing models. Based on
channel current kinetics during AP, we decomposed it into
background Na't, transient outward K, and late Na™ cur-
rents. We assumed that all of background Na™ current in
the original model was TRPM4 current and used this to
calibrate the channel conductance. When we calculated
the APD reduction in the final model with channel block,

Biophysical Journal 116, 469-476, February 5, 2019 473



Gaur et al.

— Left
A L Mid
O —— Right
40 - o o
'80_ 1 1 1
B L

?
i
/L

TRPM4 |eft (X control)

T
r_

Ll

Time (s)

—
OMmrI

FIGURE 6 Simulated transmembrane voltage recordings from the left,
middle, and right points of a Purkinje fiber. (A) Quiescence (4, 4, 600),
(B) 1:1 (1, 1, 600), (C) type II block (1.5, 4, 600), (D) pacemaker from mid-
dle (1, 4, 1000), and (E) repolarization failure (4, 0.5, 600). Numbers in
brackets indicate TRPM4 expression level at ends, in middle, and the pac-
ing cycle length in ms, respectively. See Table 1 and Materials and Methods
for definitions. To see this figure in color, go online.

it was close to that observed experimentally (13) (29.1 vs.
27%).

Based on the two spatial patterns of heterogeneity (linear
and nonuniform TRPM4 expression along a cable) studied,
it is found that a uniform high expression of TRPM4 chan-
nels will lead to quiescence. For propagation with a TRPM4
gain-of-function mutation, the region from which the pacing
activity originates must have a lower expression level of
TRPM4 than other regions. All degrees of heart blocks
(type 1, 2, and 3) were seen in the simulations, depending
on the TRPM4 expression levels, but nonuniform heteroge-
neity was requisite for any behavior beyond quiescence and
1:1 propagation. With a linear gradient, the behavior
observed was limited, being 1:1 propagation if the levels
were low enough, and for slightly higher levels, propagation
if the gradient increased in the direction of propagation.
First- and second-degree blocks were only seen with a
nonuniform TRPM4 expression in the form of central het-
erogeneity. The central region could act passively to propa-
gate the AP, leading to either a significant propagation delay
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FIGURE 7 Cable simulations with a linear gradient of TRPM4 channel
expression. Pacing stimuli were applied to the leftmost end of the cable,
and the TRPM4 channel expression varied linearly in between. The emer-
gent behavior for different TRPM4 channel expression levels and PCL are
indicated by color. See Table 1 and Materials and Methods for definitions.
To see this figure in color, go online.

or second-degree block. Interaction between two regions of
different expression levels also led to pacemaking, although
it was not always stable. The higher TRPM4 levels signifi-
cantly depolarized the cells, which in turn excited the neigh-
boring cells electrotonically. With the central heterogeneity,
activity was more diverse at faster heart rates.

Families with TRPM4 overexpression have exhibited
higher tendencies to present with heart block (5). Simula-
tions here are consistent with these observations. We can
generate third degree block depending on TRPM4 expression
profiles. For first- and second-degree block, there has to be a
heterogeneity in Purkinje cable properties. This can occur by
differential expression of ion channels (e.g., TRPM4 channels)
in different regions of PF network. The TRPM4 current has a
very large effect on APD; it is the second-largest inward cur-
rent during the plateau after Iy, and is the second-largest
outward current during phase 1. Thus, global high



expression (i.e., greater than threefold control levels) would
result in complete conduction failure of the His/Purkinje
system. High expression levels have been estimated in pa-
tients with a TRPM4 mutation (5), but the spatial distribu-
tion was unknown. The propagation of electrical activity
through the Purkinje system cannot be mapped, but small
branches may be blocked in these patients. Given the com-
plex and redundant network, these blocks may not always be
detectable, but bundle branch blocks have been observed,
and TRPM4 overexpression may explain it. For first- and
second-degree blocks, the disruption would have to be quite
proximal in the His bundle, otherwise impulses from the
atrioventricular node (AVN) could still arrive early in the
ventricles. Cheng et al. (19) concluded that Iy,, in the
AVN of rabbits was not TRPM4 current. However, the full
expression profile of TRPM4 channels across tissue and spe-
cies has yet to be performed, so we do not know if TRPM4
channels are in human AVN. In other tissues, TRPM4 chan-
nels may also be responsible, at least in part, for Iy, current,
given its relatively large diastolic component. If human
AVN is like rabbit AVN, this strengthens the argument
that heart block observed clinically in patients with
TRPM4 gain-of-function mutations, leading to its overex-
pression, are not due to AVN dysfunction because the
channel is not present there but rather due to propagation
impairment in the fast conduction system. Thus, it is more
probable that the heart block observed arises from failure
of the proximal His/PF to conduct.

Our TRPM4 channel current was mostly attributed to the
background Na™ current. Background currents exist in all
ionic models for each ion and are the currents for which no
specific protein has been identified. They are necessary to bal-
ance ionic fluxes over the course of the AP. A background cur-
rent may represent a portion of a nonselective cationic channel
current or several other currents that are not explicitly
modeled. For example, the electrogenic glucose-Na " cotrans-
porter-2 is usually not considered in electrophysiological
models. Background currents are among the largest currents
in cell models, as shown here, so if a new current is to be added
to an existing ionic model, the background current must be
adjusted, or the behavior of the model will deviate markedly
from what was intended. We also demonstrated that adjusting
a background current may not be sufficient, especially for
nonselective channels. Because TRPM4 channels are signifi-
cantly permeable to K as well, a portion of an existing K™
current had to be removed. In this case, it was observed that
the transient outward K current /,; fit the same kinetic pro-
file. There are many more TRPM channels (20) that have been
identified proteomically and characterized at the channel
level. However, their functional consequences and correspon-
dence with known currents in cardiac cells remain uneluci-
dated. They may, indeed, underly background currents
found in other ionic models.

Our assignment of Iy, to TRPM4 channels is in contrast
to Cheng et al. (19) who found that TRPM4 channel was not

TRPM4 and Conduction Block

responsible for Iy,, in mouse and rabbit AVN. However,
expression of TRPM4 channels may differ across species
and tissue type.

Limitations

Our modeling study is based on PRd. Our result that ITgrppy4 1S
implicitly a combination of Igq, comprising Ixap, fio1, and
Inar» 1s specific to this model. In particular, it was observed
that in PRd, there is only one outward K current I, during
the phase 1 of AP and only one inward Na™ current during
the plateau phase that can match the profile of experimentally
based Itrpma- The conductance of Itrpyy Was determined by
Inap during the resting phase. There may be more uncharacter-
ized Na™ currents that can account for Iy,,. Other models of
Purkinje cells may have more than one outward K" currents
or Na™ currents that match Irrppa. In that case, a sensitivity
analysis should be performed to determine the principal com-
ponents of ITrpnva. We have used a simple model of cable sim-
ulations of PF and TRPM4 overexpression. A more realistic
model of PF network and a complex distribution of TRPM4
overexpression may lead to different patterns of conduction
abnormalities. However, our conclusion that heterogeneity
of TRPM4 channel expression is required for intermittent
heart blocks should still be valid in this case.

CONCLUSIONS

In this work, we have developed a, to our knowledge, novel
formulation of TRPM4 channel current using relevant exper-
imental data. TRPM4 channel is activated by both voltage and
[Ca]; and can contribute significantly to the Purkinje cell AP.
We incorporated this channel into the PRd model of Purkinje
cell by subtracting an equivalent current composed of In,p,
INar2, and I, to match the dynamics of TRPM4 current dur-
ing the AP. The model formulation matches experimental
data. Rate dependence of APD, Na™, K+, and Ca®** concen-
trations of the PRd model with TRPM4 is a close match to
the original PRd model values. Upregulation of TRPM4
channel leads to EADs in a single cell. However, in cable
only, a heterogenous distribution of TRPM4 channels led to
intermittent heart block, type I, as seen clinically.
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