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ABSTRACT Electrically excitable cells often spontaneously and synchronously depolarize in vitro and in vivo preparations. It
remains unclear how cells entrain and autorhythmically activate above the intrinsic mean activation frequency of isolated cells
with or without pacemaking mechanisms. Recent studies suggest that cyclic ion accumulation and depletion in diffusion-limited
extracellular volumes modulate electrophysiology by ephaptic mechanisms (nongap junction or synaptic coupling). This report
explores how potassium accumulation and depletion in a restricted extracellular domain induces spontaneous action potentials
in two different computational models of excitable cells without gap junctional coupling: Hodgkin-Huxley and Luo-Rudy. Impor-
tantly, neither model will spontaneously activate on its own without external stimuli. Simulations demonstrate that cells sharing a
diffusion-limited extracellular compartment can become autorhythmic and entrained despite intercellular electrical heterogene-
ity. Autorhythmic frequency is modulated by the cleft volume and potassium fluxes through the cleft. Additionally, inexcitable
cells can suppress or induce autorhythmic activity in an excitable cell via a shared cleft. Diffusion-limited shared clefts can
also entrain repolarization. Critically, this model predicts a mechanism by which diffusion-limited shared clefts can initiate,
entrain, and modulate multicellular automaticity in the absence of gap junctions.

SIGNIFICANCE A mechanism of cyclic ionic potassium accumulation and depletion in diffusion-limited paracellular
compartments can initiate, support, and suppress autorhythmic activity. Additionally, automaticity can emerge from
electrophysiologically heterogeneous cell pairs sharing a diffusion-limited extracellular compartment, even if the individual
cells are excitable but not autorhythmic in isolation. Sustained and entrained autorhythmic activity can occur in the absence
of gap junction coupling. Last, the shared diffusion-limited extracellular compartment can also reduce dispersion of
repolarization.

INTRODUCTION regenerative sarcolemmal ion exchange or other intracel-
lular ionically dependent processes. For example, there are
two predominant theories that describe the origin of the
heartbeat in specialized cells within the sinoatrial node. It
is well accepted that the “funny current,” linked to the hy-
perpolarization-activated, cyclic-nucleotide gated family
of genes (HCN), is a steady-state pacemaking current that
predominates in late diastole, permitting slow membrane
depolarization that eventually triggers an action potential
(1-4). According to oscillatory systems theory, some type
of feedback that can be positive or negative is required

Cyclic behavior is frequently observed in multicellular
preparations. At the cellular level, oscillations often occur
secondary to linked processes with different reaction time
constants, positive and negative feedback, and reagent avail-
ability. Oscillators can synchronize or continue to function
independently with minimal energy or resource transfer.
In the context of excitable cells such as neurons or cardiac
myocytes, autorhythmic electrical activity arises from
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activation, inactivation, deactivation, and conductance of
a host of ion handling proteins known as channels, ex-
changers, and pumps. The setting of intrinsic cyclic depolar-
ization by sarcolemmal channels is referred to as the
“membrane clock” hypothesis, and the structure, function,
and modulation of the HCN channels were elegantly sum-
marized by Wilders in 2007 (5).

The “calcium clock” hypothesis, which can operate in
conjunction with the membrane clock, was reviewed care-
fully by Lakatta et al. (6) In short, the calcium clock oper-
ates with the assumptions that calcium regulatory channel
proteins called ryanodine receptors on the sarcoplasmic re-
ticulum (SR) will spontaneously and nearly synchronously
release calcium into the cytosol. Some of that calcium
will leave the cell through a sodium-calcium exchanger.
The exchange of one calcium for three sodium ions depolar-
izes the myocyte by a net inward charge transfer, providing
feedback for additional calcium entry through the activation
of L-type calcium channels, further raising intracellular cal-
cium. Some of this calcium leaves the cell again, but the ma-
jority of the calcium is taken back into the SR through a
pump. As the system equilibrates between action potentials,
increased SR calcium increases the likelihood of sponta-
neous calcium release again.

Potassium handling has also been implicated as an impor-
tant mechanism of electrical automaticity in cardiomyo-
cytes. Specifically, many excitable cells have a negative
resting V,,,, and this is generally attributed to inwardly recti-
fying potassium channels that polarize the membrane closer
to the equilibrium potential of potassium. The role of potas-
sium channels and many other sarcolemmal currents that
modulate automaticity was summarized by Irisawa et al.
(7). In brief, enhanced conductance of the inward rectifier
potassium channels are thought to inhibit automaticity,
and therefore, altering potassium permeability is a second
membrane clock mechanism that can modulate intrinsic cy-
clic behavior. In cardiac electrophysiology, this is what is
thought to underlie the different and increasingly slower
spontaneous action potential rates distal to the sinoatrial
node, atrioventricular nodes, His bundle, Purkinje fibers,
and eventually, the working myocardium. Beyond the
heart, spontaneous and cyclic electrical behavior has been
described in the brain (8—10), hair cells (11), skeletal myo-
tubes (12), stomach (13), intestines (14), and uterine myo-
metrium (15,16). In short, many excitable tissues are
associated with varying degrees of spontaneous, cyclic,
and coordinated action potentials.

The next requirement for pacemaking is that groups of
cells are sufficiently synchronized to electrically activate
adjacent excitable cells. Consider that the probability of a
group of cardiac cells depolarizing sufficiently to initiate co-
ordinated and near simultaneous depolarization is low.
Some have estimated that upwards of 10,000 cardiomyo-
cytes would need to simultaneously depolarize to produce
sufficient current to excite neighboring myocardium (17).
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Given this statistical improbability, pacemaking was pro-
posed to occur from “master” pacemakers (18-20) or
entrainment of intrinsically active pacemaker cells (21—
25). Importantly, the computational models of master pace-
makers and entrained pacemakers require that the cells
composing the autorhythmic tissue have relatively similar
autorhythmic frequencies. However, only a fraction of cells
isolated from autorhythmic cardiac tissues like the sinoatrial
node, atrioventricular node, and His-Purkinje systems are
spontaneously active in isolation (26-28). Setting aside a
concern that our understanding of cellular automaticity is
mainly understood from cell selection bias, it is clear that
newer theories are required to understand how electrically
heterogeneous cells can produce a population effect of
rhythmic electrical activity. With that objective in mind,
Quinn and Kohl (29) proposed that mechanosensitivity is
a candidate mechanism to coordinate entrained activity
throughout the spatially extensive cellular network of the
sinoatrial node, and a recent experimental study by Bychkov
et al. (30) demonstrated that heterogeneous subcellular and
subthreshold cellular signaling can macroscopically syn-
chronize action potentials in tissue like the sinoatrial node.

Importantly, our study does not challenge any of the
aforementioned work. Rather, this report describes the
logic and modification of two different mathematical action
potential models—Hodgkin-Huxley (HH) (31) and Luo-
Rudy (LRd) (32)—to demonstrate how a single cell with
no intrinsic autorhythmic activity can gain autorhythmic ac-
tivity when coupled to a neighboring cell via a shared diffu-
sion-limited extracellular compartment. Importantly, this
theory can occur in the absence of gap junctional coupling,
and it overcomes the issues concerning the heterogeneous
electrophysiology found in multicellular tissues.

The premise of the study is rooted in neuroscience. As
early as 1956, Frankenhauser and Hodgkin (33) noted extra-
cellular potassium accumulation during the firing of axon
impulses. It is now well established that the neural support
cells called astrocytes modulate extracellular potassium,
which in turn determine neuronal excitability (34-39).
Central to this hypothesis is the importance of the inward
rectifier potassium current Kir4.1 (40). When Kird.1 is
genetically downregulated, extracellular potassium rises,
the resting V,, of neurons rises, neuronal activity dramati-
cally increases, and the risk of seizures is elevated. Recent
corollary evidence from the cardiac field demonstrates that
the inward rectifier potassium channel Kir2.1 is densely ex-
pressed in the intercalated disk of ventricular myocytes
(41,42). More specifically, Kir2.1 can be found in the gap
junction-adjacent perinexus (43), first identified by Rhett
et al. (44) as a gap junction-adjacent nanodomain with
high expression of voltage-gated sodium channels as well.
Importantly, the perinexus is a candidate structural node
for ephaptic propagation to occur. In brief, ephaptic
coupling occurs by the alteration of electrical potentials
and ionic concentrations in diffusion-limited extracellular



nanodomains, on the order of 15 nm wide, that modulate the
electrophysiology of adjacent cell membranes (45).

We hypothesized that potassium accumulation and
depletion in these restricted extracellular nanodomains can
initiate, sustain, and modulate autorhythmic activity in
significantly different cell models. Importantly, this hypoth-
esis may appear similar to action potential propagation
mediated via potassium fluxes through the cleft as summa-
rized by Sperelakis and McConnell (46), but this manuscript
discusses how potassium fluxes between electrically active
cells confer autorhythmicity in otherwise quiescent cells.
This study also demonstrates that shared diffusion-limited
extracellular volumes can entrain excitable and inexcitable
cells. The simulations suggest sustained automaticity can
arise from cyclic potassium ion accumulation and depletion
within shared extracellular diffusion-limited nanodomain.

MATERIALS AND METHODS

The first significant assumption of our model is based on studies demon-
strating that a subpopulation of inward rectifier potassium channels such
as Kir2.1 are localized to the relatively restricted nanodomains of the ven-
tricular myocardial intercalated disk (43), which is referred to as the “cleft”
in this model. The second assumption is that extracellular potassium con-
centration in the cleft can vary more than, and independently of, intracel-
lular and bulk extracellular potassium. For context, the extracellular
volume in working ventricular myocardium is tens of microns wide and
spatially extensive throughout tissue, intracellular dimensions of the adult
human ventricular cardiomyocyte are ~20 by 100 um (47,48), and the peri-

Oscillations by limiting diffusion

nexus is ~20 nm wide and 100 nm long (49,50). Thus, the perinexus is
several orders of magnitude smaller than cardiomyocytes and the bulk inter-
stitial volume.

Given these assumptions, the HH model of a single cell was altered
according to Fig. 1. Specifically, membrane currents were considered to
consist of two components, the lateral membrane with membrane area
A,, and the junctional membrane, i.e., the membrane lining the cleft,
with membrane area A;. Each of the membrane currents consist of capac-
itive and ionic currents with sodium, potassium, and leak ionic currents
for the lateral membrane and sodium and potassium ionic currents
for the junctional membrane. Consequently, the total transmembrane
current is

dv; dav;
EJr]NaLut + Ikpw + L+ AC—2 4 Ingu

A,Cy
dt

+ Iy = 0 ()

The lateral membrane has transmembrane potential V,, = V; — V,
(with V, = 0), and the junctional membrane has transmembrane potential
V; = V; — Vi, where V,; is the potential in the cleft and is not the same
as V,. The junctional membrane current must balance the cleft current /1.;:

dav;
AijTIJ+1Na(:I + Ikg = 1 2)

The lateral membrane ionic currents are gated in a voltage-dependent
way by V;, whereas the junctional membrane ionic currents are gated in a
voltage-dependent way by V. Furthermore, the driving force (the Nernst
potentials) for the lateral membrane ionic currents are fixed at standard
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FIGURE 1

Circuit diagram for a single Hodgkin-Huxley (HH) cell modified to include sodium and potassium currents into a diffusion-limited cleft region.

Model includes standard HH transmembrane ionic currents for the lateral membrane and potassium and sodium transmembrane currents for the junctional
membrane into the diffusion-limited cleft region. Currents out of the cleft region are governed by a Goldman-Hodgkin-Katz current relationship. The two-cell
model has a single and shared cleft potassium concentration /K], cleft sodium concentration [Na];, cleft width wy, and cleft resistance r; parameters.
Cellular capacitance and fraction (Fx) of total potassium current Ix ., in the cleft can be varied independently for both cells. Supporting materials and
methods single_cell_potassium_cleft.m and double_cell_potassium_cleft.m are MATLAB (The MathWorks, Natick, MA) source codes for the single and

dual cell models, respectively.
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values; however, the Nernst potentials for the junctional ionic currents fluc-
tuate with the cleft concentrations according to

Bu, = S N KT, K
" [Na];” F K

i

Because the cleft volume is so small, we track the cleft potassium and
cleft sodium concentrations by

d|Na
vcl% = JNa[./ - JNaé,; (4)
dK].
Ver [dt]d = ]K(., - ]Kt, 5)

where the cleft volume is v.; = A; w, and w is the cleft width. Ionic fluxes J
and currents 7 are related through Faraday’s constant:

Ivay = Flna, > Ik, = Flx, , la = Flx, + Fly, ~ (6)

o

Finally, for the cleft currents and ion fluxes, we take the Goldman-Hodg-
kin-Katz fluxes with z = 1. Notice that if V,; = 0, these reduce to Fickian
diffusion, whereas with no concentration gradient, these reduce to

2V F [Na],, — [Na], €xp( : [,F)

RT ’
lexp< : "F>

K, — K], exp( : )
VuF ¢
JK - 6012 !

e RT )
1— exp( - "F)

F
Jc(, = 6clR_Tcch17 (9)

JNa(, = 6('[ (7)

®)

which is Ohm’s law. Thus, because there are two ions involved, we take

1 RT 1
ra F? [Nd], + [K],

e

0 = (10)

where 1 is the cleft resistance.

The model has three adjustable parameters. These are Fik, Fyna, and wy.
Fx and Fy,, respectively, specify the fraction of potassium and sodium ion
channels in the junctional membrane, and they have values between zero
and one. Unless otherwise noted, Fy, = 0, so that the junctional membrane
has no sodium current. The cleft width factor wyappears in two places: in
the cleft volume v, = A; w,gw where w° is the nominal cleft width, and
in the cleft resistance r; =~ Nominal cleft resistance r¥, is based on a my-
oplasmic resistance ppmyo of 150 Q-cm (51) and a radial resistance defined
as r?, = pexd/8Tw (52,53) rounded to 4000 kQ. Nominal intermembrane
cleft width w* is based on measurements of synaptic clefts (54) and the car-
diomyocyte perinexus (15 nm) (49,55). The model does not incorporate gap
junctional coupling. Nominal cleft volume is based on the diameter of some
axons, boutons (54,56), and cardiomyocyte% (15 um) (48). Consequently,
cleft permeability is 6 = w;é Model parameters and initial conditions
are in Table 1.
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TABLE 1 HH model cellular parameters with adjacent cleft
Parameter Definition Value

w® nominal cleft width 1.5 x 107 cm
A, lateral membrane surface area 6.9 x 107°

A; junctional membrane surface area 38 x 107°

Vel nominal cleft volume 5.7 x 1072 cm®
9 nominal cleft resistance 4000 kQ
[Na]; intracellular sodium concentration 50 mM
[Na], extracellular sodium concentration 457 mM
[K]; intracellular potassium concentration 397 mM
[K], extracellular potassium concentration 20 mM

RT

il 25.8 mV

7 m

Bifurcation analysis

Because oscillatory solutions are hysteretic with respect to changes in param-
eters, Figs. 2, 5, and 6 are computed using a slowly varying “double ramp,” first
increasing and then decreasing the underlying parameter over the range of in-
terest. For example, for Fig. 2, [ K], i 1s varied from 20 to 65 mM and then back to
20mMatarate of 1.8 x 10 > ms™". Flg. 2 is then constructed by plotting V,,,
versus [K],, eliminating those portions where there is overlap, thus creating a
“quasisteady” bifurcation diagram for periodic solutions. The forward sweep
and backward sweep each require 2500 ms. For Fig. 5, Fx is varied from 0.6 to
0.875 and then back to 0.6 at arate of 1.1 x 10~* ms™". The forward and back-
ward parameter sweeps each require 2500 ms.

Cardiac tissue model

To investigate spontaneous activity in a tissue, we next generalize the one-
and two-cell model to a “chain” of 30 cells, with each adjacent set of cells
sharing a diffusion-limited cleft. Membrane currents are now represented
by the dynamic LRd model, a detailed biophysical model of the guinea
pig ventricular myocyte (32). As in our prior work (57-59) and the HH cleft
model above, channels are nonuniformly distributed between the lateral and
junctional membranes. In these simulations, we vary the fractional inward-
rectifying potassium current (Fx;), whereas the fractional sodium cleft cur-
rent (Fyy, = 0) is fixed. All other currents are assumed to be only present on
the lateral membrane. Importantly, there is no gap junctional coupling be-
tween myocytes (i.e., a direct electrical connection between intracellular
spaces), such that coupling only occurs through the shared clefts.

RESULTS

Oscillatory behavior with potassium diffusion-
limited clefts

The HH model is not autorhythmic with standard para-
meter values without the addition of a transient or persistent
depolarizing current. However, it does exhibit autorhythmic
behavior if [K], is elevated. This fact is demonstrated in
Fig. 2. In Fig. 2 A, the black curves represent stable
steady-state solutions, and the blue curve represents stable
autorhythmic solutions. Consequently, for 29 mM <
[K]. < 58 mM, autorhythmic action potentials occur. An
example of a stable and autorhythmic action potential train
is shown in Fig. 2 B for [K], = 30 mM. The mechanism un-
derlying automaticity is easy to understand. Increased /K],
raises resting V,, to a value in which sodium channel ki-
netics are biased toward increasing activation and



Oscillations by limiting diffusion

FIGURE 2 (A) Solution diagram for the HH
model as a function of extracellular potassium
concentration [K],. Black curves represent
stable steady-state solutions, and the blue curve
represents stable autorhythmic solutions. (B) Spon-
taneous oscillatory solution manifest as autorhyth-
mic action potentials for the HH model with
[K]. = 30 mM.
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depolarization through positive feedback between mem-
brane and current.

To explore whether autorhythmic activity can be initiated
by /K], control in our modified model, the total potassium
current Ix was distributed between channels facing an
invariant potassium compartment along the lateral mem-
brane and the cleft where potassium concentration (/K]
can change. Fig. 3 demonstrates that with the fraction of po-
tassium channels facing the cleft, F;x = 0.7, there is sponta-
neous and stable autorhythmic behavior.

The mechanism behind the spontaneous activity is illus-
trated in Fig. 4. First, lateral V,, does not drop below Eg,
because Ex = —65 mV (dashed black trace) is the most nega-
tive reversal potential for the lateral membrane. As a result,
potassium current along the lateral membrane (Ix ;,,) facing
an unrestricted volume can only ever be outward (Fig. 4 A).
Fig. 4 B demonstrates that facilitating a change in /K], re-
sulting from I ., permits transient cyclic /K] increases.
In the cleft, /K], does not drop below 40 mM, which is higher
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FIGURE 3 Spontaneous autorhythmic behavior for the membrane poten-
tial V,,, = V;, the cleft potential V,,;, and the junctional transmembrane po-
tential Vj = V; — V., with fraction of potassium cleft current Fjx = 0.7
and nominal cleft width wy= 1.
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than the lateral and invariant /K], of 20 mM. The conse-
quence is that the junctional Nernst potential Ex can tran-
siently and cyclically rise above minimal V,, (Fig. 4 C).
When Ej ., rises above V,,, then I ., reverses to become an
inward current (Fig. 4 D), which relatively quickly becomes
negligible. Therefore, the mechanism of spontaneous auto-
rhythmic activity under these conditions is a result of outward
I .; during the action potential loading /K], which main-
tains V; above lateral V,,, which in turn activates an inward
sodium window current. In other words, the cleft creates a
condition that permits endogenous accumulation of [K],
which is in contrast to the case in Fig. 2 requiring exogenous
[K]. elevation. Therefore, given the prevalence of strongly
inward-rectifying potassium channels in multiple cell types
(60,61), all of which can exhibit some form of autorhythmic
and organized activity, the model suggests that a relatively
small, shared extracellular domain can initiate cyclic depo-
larizations in otherwise quiescent cells.

Effects of varying fractional cleft potassium
current

The behavior of the model as a function of the cleft potas-
sium current fraction Fjg can be seen in Fig. 5. Below the
threshold of F;x = 0.62, there is no spontaneous autorhyth-
mic activity. Below this threshold value, diastolic V,, is a
gradually increasing function of Fjx (Fig. 5 A, black curve),
asis [K]. (Fig. 5 B). However, once Fx exceeds 0.62, auto-
rhythmic activity begins. The autorhythmic behavior in this
parameter range is associated with the increased average
[K],;, similar to the behavior of the HH model without a
cleft. The oscillation of [K]. is a direct consequence of
the oscillation of V,,,, which drives an oscillatory potassium
current Ix . (Fig. 5 C). The maximal Ix ., in Fig. 5 C is
inversely proportional to the maximal [K], in Fig. 5 B,
and the minimal Ix ., is directly proportional to minimal
[K].,. Interestingly, increasing F'x in the range that supports
autorhythmic activity can increase the frequency of sponta-
neous activity (Fig. 5 D). For this model and parameter
space, the increased autorhythmic frequency may be a result
of the increasing [K]. that increases the sodium window
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current. However, as Fx increases beyond 0.87, the average
level of [K], is too high to sustain oscillations.
Importantly, this model is highly dependent on the
simplistic nature of /g, which does not account for the com-
plex kinetics of the many inward rectifier potassium channel

protein families, subtypes, heteromeric combinations, and
accessory subunits. Nonetheless, one expects that subcellu-
lar potassium channel localization, coupled with the unique
biophysical channel properties, can produce emergent stable
autorhythmic behaviors even in different cell types.
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£ 10+ a 0.08+ potassium concentrations [K]; increase when Fix
g 5 5 0.06 | increases. (C) Potassium currents in the cleft Ix
- 5 decrease when Fjg increases. (D) Autorhythmic
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Effects of increasing cleft width

Based on the results above, we further hypothesize that
increasing cleft width (wy) should decrease the likelihood
of spontaneous oscillations. In Fig. 6 A, we see the effect
of varying wy while keeping Fix = 0.75 fixed. At small
values of wy, i.e., for a narrow cleft, [K].; accumulation is
substantial and has large amplitude oscillations (Fig. 6 B).
As wrincreases, the amplitude of /K], oscillation decreases
as does the average [K],;. For sufficiently large wp (wy >
0.75), [K].,; is too small to drive oscillations, such that auto-
rhythmic behavior ceases, and [K]. is not much different
from [K].,.

Interestingly, the amplitude of the oscillatory potassium
current I, is increasing as wy increases (Fig. 6 C), for the
simple reason that the Ex ., is decreasing, hence increasing
the amplitude of the driving force for Ix .. Just as in
Fig. 5, B and C, maximal /¢ ., in Fig. 6 C is inversely propor-
tional to the maximal /K], in Fig. 6 B, and the minimal I
is directly proportional to minimal /K] ;. Also, similar to the
findings in Fig. 5 D, autorhythmic activity in Fig. 6 D is not
constant but is dependent on wy. In this case, the autorhyth-
mic frequency can be complex and multiphasic, and appears
to once again follow diastolic /K], values in Fig. 6 D. Addi-
tionally, increasing the fraction of sodium current (Fy,) in
the cleft increases autorhythmic frequencies particularly
for low wrand decreases the range of wyover which automa-
ticity is initiated (Fig. 7). As a result, significantly elevating
Fin, can initiate and attenuate automaticity. These data
reveal that potassium regulation in diffusion-limited extra-
cellular clefts can initiate, modulate the frequency, and
repress spontaneous activity.

L

Oscillations by limiting diffusion

Extracellular coupled oscillator synchronization

Based on the ability of a single cell to oscillate in predict-
able patterns when a portion of its potassium channels
face a restricted volume, it should come as no surprise
that two cells sharing a restricted cleft will oscillate and
entrain. Note that the autorhythmic frequency of the two
cells is not an average of the two cells’ cleft-mediated auto-
rhythmic frequencies nor is the dominant frequency gov-
erned by the “fastest” activating cell. Importantly, the
frequency of two cells sharing a cleft can be higher or lower
than the individual cell frequencies because both cells
simultaneously modulate [K];.

With parameter values Fjx = 0.65 and wy= 1, the single cell
model does not spontaneously oscillate. When F ;g = 0.65 for
two cells sharing a restricted volume, they entrain and simul-
taneously depolarize as will be discussed shortly in a different
context. First, we consider the effects of introducing intercel-
lular electrophysiologic heterogeneity between two cleft-
coupled cells (Fig. 8 A). Fig. 8 B demonstrates that with
Fix=0.651n cell 1 and F;x = 0.25 in cell 2, there is sponta-
neous and temporally coordinated, although not simulta-
neous, automaticity. Specifically, the two cells concurrently
increase [ K], in the shared cleft more rapidly than the individ-
ual cells alone (Fig. 8 C), but there is a delay between action
potential activations, demonstrating the synchronization can
be the result of extracellular potassium-mediated electrical
propagation. Fig. 8 D reveals that Ik ., for cell 1 becomes pos-
itive after action potential initiation, and the shared /K], rises
dramatically. The rapid rise in shared /K], causes Ik ., in cell
2 to transiently conduct inwardly and depolarize cell 2 by a
potassium-mediated pathway. The amplitude of I ., of cell

A

FIGURE 6 Solution diagram for the modified
HH cleft model as a function of cleft width wy

with fixed fractional potassium cleft current

w Fix = 0.75. (A) Spontaneous autorhythmic solu-

tions (blue curves) cease for wy > 7.5 (black
curve), and the soloution is at a stable steady state.
(B) The amplitude of cleft potassium concentration
[K]; oscillations and the average value of potas-
sium cleft concentration is a decreasing function
of wy (C) Peak cleft potassium current /g ; in-
creases when wy increases. (D) The frequency
response to wyis biphasic and when Fjx = 0.75.
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FIGURE 7 Increasing fractional sodium current in the cleft Fyy, in-

creases the maximal autorhythmic frequency at narrow cleft widths wy
while decreasing the range of w, that support autorhythmic activity.

2 is less than Ix ., in cell 1 because of cleft priming caused by
Ix . in cell 1 and the smaller fraction of Ix ., for cell 2. Inter-
estingly, thisinward I .;in cell 1 prolongs the late phase of the
action potential in cell 1 (Fig. 8 A), suggesting that dispersion
of repolarization between electrically active cells can be
reduced by a gap junction-independent mechanism.
Representative action potentials in Fig. 9 A demonstrate
what happens when an excitable cell (leff) is coupled with
an inexcitable cell (right). Specifically, cell 1 has currents

of the original HH constants and kinetics. Cell 2 is either
excitable with normal gu, similar to cell 1, or it is inexcit-
able with gy, = O (dashed trace). Importantly, neither cell
1 or 2 are autorhythmic in isolation or even if they each
had their own nonshared cleft (nominal gy, and Fjx =
0.65). Yet, they will both synchronously oscillate when
they share a restricted cleft (Fig. 9 B, solid traces). When
cell 2 is rendered inexcitable by setting gy, = 0, it is note-
worthy that I ; in cell 2 is mostly inward (Fig. 9 B, right
panel, dashed trace), partially depleting [K]., but the
amplitude of Ix. in cell 1 is substantially enhanced
compared with the situation in which the two cells are iden-
tical (Fig. 9 B, comparing dashed to solid traces). As a
result, peak /K], in Fig. 9 C is only modestly reduced in
the heterogeneous cell pair (dashed trace) relative to the ho-
mogeneous cell pair.

To simulate an inexcitable support cell like a fibroblast,
intracellular potassium (/K];) of the inexcitable cell 2
(gna = 0) is reduced to 35.77 mM to establish a depolarized
lateral resting V,, (62,63). In this case, excitable cell 1 is
spontaneously autorhythmic (blue trace) as long as Fg of
inexcitable cell 2 is below 0.0055 (Fig. 10 A, yellow trace),
and this is driven by [K]; oscillations (Fig. 10 B). With very
low Fig, Ik in cell 1 (Fig. 10 C) is predominantly outward,
and Fx is always inward in cell 2 (Fig. 10 D). As soon as
Fix in cell 2 increases beyond 0.0055, the nonexcitable
cell withdraws sufficient /K] to abolish automaticity in
cell 1. Taken together with Fig. 8, this model predicts that
inexcitable cells can suppress and initiate automaticity.

A B .
g 40 v
Cell1 w1 = 20 Y
F =065 ! L) _ v2
1K1 1 1 C_U 0 | ‘/ '}" =
Vo Vi(:) 201 FIGURE 8 (A) Diagram of two cells sharing a
[ .
*5-40— cleft. The two cells are not autorhythmic when
o g |.‘ t‘ L L/ they do not share a cleft and F;x = 0.65 in cell 1
and Fix = 0.25 in cell 2. (B) Autorhythmic activity
801 00 120 140 160 180 200 is initiated when they share a cleft with cleft width
t (ms) factor w, = 1. (C) Heterogeneous Fi in cells 1
and 2 results in multiphasic potassium cycling re-
c D sulting from temporally shifted /K], dynamics.
The action potential of cell 1 increases [K]., and
80 10 .. .
= activation of cell 2 further increases [K]., to create
a second peak in [K].. (D) Ik is phase shifted,
. 60 = A . - and the peak amplitudes are different for the two
= c ° | apposing cell ends sharing the cleft. Ix ., for both
§, 40 v;z ‘ cells 1 and 2 are biphasic during the respective ac-
— = | tion potentials, but the outward amplitude is reduced
X 20 0 U/ e L7 i in cell 2 concurrent with the inward Ix; of cell 1.
0 -5
100 120 140 160 180 200 100 120 140 160 180 200
t (ms) t (ms)
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0 €0 80 FIGURE 9 (A) Oscillatory solutions for the dual

cell model with cells coupled via a common diffu-
sion-limited cleft domain (w; = 1), fractional po-
tassium cleft current Fjx = 0.65 for both cells,
cell 2 with standard sodium channel density (solid
curves), and gn,=0 (dashed curves), hence inexcit-
able. Neither cell 1 nor 2 are autorhythmic on their
own. Excitable cell 1 gains automaticity when
sharing a cleft with an inexcitable cell 2 (dashed
traces). Making cell 2 excitable confers automa-
ticity to cell 2 that is synchronized with cell 1
and increases the autorhythmic frequency of cell
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Automaticity in cardiac tissue

Next, we demonstrate the generality of the findings from in-
dividual and pairs of HH cells and expand the discussion to a
chain of coupled cardiac myocytes with membrane currents
now represented by the dynamic LRd cardiac model. Once
again, all adjacent myocytes share a restricted cleft. As in
the HH cleft model, high fractional inward rectifier cleft
current (Fk;) drives entrained spontaneous electrical activ-
ity throughout the entire cardiac strand (Fig. 11 A). Action
potentials exhibit physiological duration and periods on
the order of 150 and 600 ms, respectively (Fig. 11 B). A
large Ix; at the cleft is active between action potentials,
which drives [K]., accumulation and increases Ex .
(Fig. 11, D, G, and I). Additionally, we find that a small
but persistent lateral membrane sodium current is active
during the gradual phase-4 depolarization that occurs be-
tween action potentials, and the action potential upstroke
is driven by a lateral membrane calcium window current
(Fig. 11, F and H).

140 160 180

t (ms)

1. (B) Cleft potassium currents corresponding to
the V,, oscillations in (A). (C) Peak [K]. is
modestly reduced in the electrophysiologically
heterogeneous cell pairs because the integral of
outward I . is partially balanced by the small in-
ward current into cell 2.

We next investigate the autorhythmic behavior in the car-
diac tissue model as a function of cleft width w and F;.
Importantly, we observe the same trends and relationships
as in the HH cleft model. For large w, there are no oscillations
(Fig. 12 A). As w decreases, [ K], increases until spontaneous
activity occurs in the strand (Fig. 12 B). Higher Fg; results in
automaticity for large cleft widths. Further, autorhythmic cy-
cle length decreases as w decreases (Fig. 12 C). Similarly, for
a given w, increasing Fx; elevates [K] ., promotes autorhyth-
mic activity (Fig. 12, D and E), and decreases spontaneous cy-
cle length (Fig. 12 F). For very small cleft widths and high
Fix1, [K].; 1s elevated to such an extent that spontaneous ac-
tivity ceases.

Finally, we investigate the temporal aspects of entrained
automaticity for two parts of the cable spontaneously acti-
vating at different cycle lengths. Fig. 13 A contains the sche-
matic showing cells 1-14 with F;x; = 0.8 and cells 16-29
with Fig; = 0.75. The w is 8 nm for all cells. Fig; in cell
15 is initially set to 0. The first half of the traces in
Fig. 13 B reveal that cells 1-14 and 16-19 are autorhythmic
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FIGURE 10 Support cells that are depolarized
can suppress automaticity in an excitable cell
sharing a diffusion-limited cleft. (A) Cell 1 is excit-

0.005 able and shares a cleft with inexcitable cell 2
Fz (gnva = 0). Minimal membrane potential of cell 2
IK (yellow trace) is depolarized relative to cell 1
(blue trace). Cells are coupled via a shared cleft

domain with nominal wy = 1 and high fractional

potassium cleft current Fly= 0.8 in cell 1. F&in

cell 2 is varied as the independent variable and

ranges from O to 0.01. Automaticity is supported

for 0 < F2, < 0.005 in cell 2. (B) Relationship be-

tween extracellular cleft potassium /K], and frac-

tional. (C) Cleft potassium current I ., for cell 1.

(D) Cleft potassium current I ., for F,2K in cell 2.
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with different intrinsic cycle lengths plotted in Fig. 13 C.
The different columns in Fig. 13, B and C show the temporal
synchronization of the two halves of the strand when Fx; on
the left side of cell 15 is set to 0.8 and the right side is set to
0.75. The two halves of the strand synchronize between one
and three beats depending on the time cleft coupling is initi-
ated, and the cycle length of the entire strand follows the
cells with the lower cycle length. Furthermore, much like
Fig. 7 A above, the faster-firing half of the strand entrains
the slower half of the strand as evidenced by the phase shift
between cells 14 and 16.

DISCUSSION
Summary and conclusions

In this manuscript, we demonstrate that 1) the addition of
an extracellular volume with limited potassium diffusivity
can induce spontaneous autorhythmic behavior in other-
wise quiescent in silico cell models, 2) multicellular
entrainment can occur in the absence of gap junctional
coupling, 3) induction and entrainment can occur via the
same mechanism even if cells are not autorhythmic in
isolation, and 4) the autorhythmic rate of multiple cells
coupled by diffusion-limited spaces can be higher than
the intrinsic frequency of the individual cell. The mecha-
nism is a result of potassium channels in the cleft raising
[K]., which increases cleft Ex ., junctional transmem-
brane potential V}, intracellular potential V;, and ultimately
lateral V,,. The result is that a low-amplitude and persistent
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0.01

sodium or calcium window current can ultimately trigger
the all-or-none action potential that is necessary to reset
[K].;. Under or overdamping [K].; suppresses automaticity.
The data also support previous studies suggesting that
shared extracellular volumes can reduce dispersion of repo-
larization (64).

Gap junctions and cardiac automaticity

In the cardiac field, the centrality of gap junctional electrical
communication continues to dominate the theories of
spatially extensive sinoatrial node automaticity, which has
significant clinical implications for diseases like sick sinus
syndrome. The two main hypotheses relating gap junctional
coupling to sinoatrial node automaticity are that gap junc-
tions propagate the action potential from master pacemaker
cells and that gap junctions permit entrainment of spontane-
ously active sinoatrial node cells. These hypotheses are not
mutually exclusive. There is general agreement that gap
junctional coupling in sinoatrial nodal tissue is significantly
lower and heterogeneously distributed relative to working
atrial and ventricular myocardium, but elegant experimental
studies like the “sucrose-gap” experiments established that
gap junctional coupling is capable of synchronizing auto-
rhythmic activity (21).

Much of the work suggesting that pacemaking arises from
master pacemaker cells and propagates to the remainder
of the sinoatrial node through gap junctions occurred
throughout the 1970s and early 1980s (18-20). Later, the hy-
pothesis that gap junctions synchronize a large number of
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calcium current /¢, and (/) cleft K+ reversal potential Ex,_, are shown as a function of time for the middle cell or cleft, respectively. Supporting materials

and methods LRd_EpC_Automaticity.zip contains the MATLAB source code.

cells over a relatively extensive volume by mutual electrical
entrainment through gap junctions (21,22) was important to
explain sinoatrial node phase resetting (24). Notably, the
master pacemaker cell hypothesis could not explain the phe-
nomenon by conduction alone (25). Both hypotheses are still
salient to pacemaking because master pacemaker cells
require some type of entrainment to overcome electrotonic
load and synchronize automaticity, and the autorhythmic
signal must propagate to the remainder of the specialized
conduction system and cardiac myocardium.

Conversely, the experimental consensus is that gap junc-
tion modulation (65-71) with memetic peptides or deriva-
tives (72) or genetically (73-75) is not associated with any
change in heart rate. In the few studies that report modu-
lating gap junction coupling alters heart rate, the effect is
reported as modest (76,77). This study and others (78,79)
support experimental findings that suggest gap junctions
do not play a significant role in setting the sinus or intrinsic
rhythms of cells in the heart.

Sodium channels and cardiac automaticity

The importance of sodium channels to cardiac automaticity
arise from studies demonstrating that functional down-

regulation of voltage-gated sodium channels alters the
autorhythmic frequency by slowing and even blocking con-
duction out of the compact sinoatrial node (80). Yet, sodium
channels can also induce autorhythmic activity as demon-
strated by Denis Noble nearly half a century prior (81). Spe-
cifically, he showed that a sodium window current can create
autorhythmic Purkinje fiber-like action potentials (81). Un-
like Noble’s model, our model demonstrates that arrhythmic
activity can occur without revising sodium channel kinetics
but by utilizing a diffusion-limited extracellular domain
capable of cyclic potassium accumulation and depletion.
Our results also demonstrate that even without gap
junctional coupling, cellular models can gain autorhythmic
activity and entrain by sharing extracellular nanodomains.
This is distinct from the aforementioned studies demon-
strating how gap junctional coupling modulates multi-
cellular automaticity comprised from cells that are
autorhythmic in isolation. Additionally, neither the HH
nor LRd model in this study are autorhythmic without a
cleft. Thus, the mechanism of extracellularly mediated auto-
maticity by diffusion-limited clefts (EMA-DL) as an initi-
ator and modulator of autorhythmic activity should be
interpreted as a generalized but not cell-type specific phe-
nomenon separate from gap junction coupling.
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Repolarization

Gap junctions also modulate repolarization between cardio-
myocytes (82,83) and between cardiomyocytes and support
cells like fibroblasts (84). Electrotonic homogenization of
repolarization via an intracellular gap junction-mediated
pathway occurs over a relatively larger spatial extent of mil-
limeters as described by a space constant. The proposed
cleft mechanism can synchronize repolarization over extra-
cellular gaps with a spatial extent on the order of nanome-
ters. Specifically, cleft sodium regulation, as opposed to
potassium in this study, can conceal or unmask whole-
heart action potential duration prolongation in models
with enhanced late sodium currents (57-59,85). The pro-
posal that extracellular spaces modulate dispersion of repo-
larization was proposed by Hubbard and Henriquez (64), but
the biophysical mechanisms in this study are different. Spe-
cifically, EMA-DL modulates dispersion of repolarization
via ionic depletion and subsequent alterations to ionic
reversal potentials, whereas the electric field ephaptic mech-
anism proposed previously occurs via electric field genera-
tion between junctional membrane. Multicellular EMA-DL
synchronization occurs when individual cells are conjoined
across nanometer cleft spaces, and ion channel distributions
meet the requirements to entrain activation and homogenize
repolarization. Undoubtedly, future studies incorporating
both ionic and electric field ephaptic mechanisms with
gap junction coupling will reveal that V,, changes driven
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by intracellular potentials (gap junctions) and extracellular
potentials (ephaptic coupling) will further dynamically
modulate automaticity, conduction, and repolarization.

Structural determinants

EMA-DL, in this study, was achieved with cleft volume of
5.7 x 1072 ¢cm?® and 60% of potassium channels (HH) or
inward rectifier potassium channels Ix; (LRd) localized to
the junctional membrane. Although the shapes and dimen-
sions of cardiomyocytes are heterogeneous, the volume of
the intercellular cleft was based on estimates of ventricular
myocyte diameters of ~15-20 um (47,48). Cleft width was
based on estimates of gap junction-adjacent perinexal sepa-
ration (43,49,50) and other zonula occludens-1-associated
intercalated disk structural junctions (86,87). The interca-
lated disk between cardiomyocytes is a highly complex
and tortuous structure with a surface area much greater
than the cross-sectional area of a myocyte, and the number
and extracellular cluster volumes of Kir2.1 nanodomains are
unknown. Therefore, the cleft volume utilized in this model
may be consistent with realistic cleft widths, but nanodo-
main volumes will need to be established for detailed
cellular geometry studies (88) and complex three-dimen-
sional tissue models (89).

EMA-DL also requires dense potassium channel expres-
sion to the diffusion-limited clefts, and the LRd simulations
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FIGURE 13 Temporal synchronization of an LRd strand with distinct autorhythmic cycle lengths. (A) Diagram of strand. Fx; = 0.8 for cells 1-14, Fjx; =
0 for cell 15, and Fx; = 0.75 for cells 16-29. Cleft width w = 8 nm for all cells. (B) Lateral transmembrane voltages V; for cells 14, 15, and 16, demonstrating
that cells 14 and 16 are autorhythmic with shared clefts at different cycle lengths. When Fjg; = 0.8 on the left side of the cell and 0.75 on the right side
(dashed trace) are changed to initiate cleft coupling at the boundary of the two strands, cell 15 becomes autorhythmic. (C) The autorhythmic cycle length
(CL) of cells 1-14 in blue is shorter than cells 16-29 until cleft coupling is initiated. After one to three beats, cell 15 and cells 16-28 entrain with cells 1-14 at

a cycle length very close to the intrinsic cycle lengths of cells 1-14.

above reveal automaticity can be achieved with assumed
cleft volumes when 60% of the inward rectifier potassium
current through Kir2.1 is localized to the cleft. This is
consistent with recent estimates that ~45% of total Kir2.1
can be found within the intercalated disk (43).

Based on evidence that sodium channels are localized to
specific cellular membrane domains (49,53,90-92), our
work has important implications for the effects of sodium
channel localization on automaticity, particularly as
voltage-gated sodium channels can co-localize with Kir2.1
in the intercalated disk (43,93,94). Fig. 7 demonstrates
that increasing sodium channel expression in the cleft mod-
ulates the frequencies and ranges of the autorhythmic be-
haviors shown above. In the LRd model, calcium channel
window currents are more important than sodium channels
for automaticity. Our study also has implications for HCN
channels that can simultaneously conduct potassium and so-
dium in opposite directions. It is possible that HCN channels

may also simultaneously exhibit preferential ionic species
conductances based on their cellular localization to mem-
brane nanodomains that themselves maintain different V,,
and extracellular ionic compositions. Future structural
biology studies are needed to explore this hypothesis.

Broader implications

EMA-DL may also have implications in the heart, where fi-
broblasts are densely expressed in the pacemaking sinoatrial
node (95,96) and where macrophages can be found in the
atrioventricular node (97). As suggested previously (98),
this ephaptic mechanism may further expand the under-
standing of the degree of gap junctional coupling needed
by much smaller and inexcitable nonmyocytes to alter car-
diomyocyte electrophysiology (99,100).

There are also striking similarities in the extracellular do-
mains between cardiomyocytes and neurons. The synaptic
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cleft is estimated to be between 15 and 25 nm (54), the dis-
tance from astrocytes to neurons is ~10-40 nm (101), axon
diameters range from 0.1 to 10 um (102), and Kir4.1 is
densely expressed at astrocyte-neuron interfaces (40).
Regardless of the cell types, future studies are needed to
elucidate whether cells involved in autorhythmic activity
meet the requirement for EMA-DL by estimating shared
cleft volumes and the distribution of ion channels, hemi-
channels, pumps, aquaporins, and exchangers capable of
modulating extracellular nanodomains.

CONCLUSIONS

This study demonstrates that shared extracellular nanodo-
mains can create emergent phenomenon that cannot be solely
accounted for by homogenized transmembrane and intercel-
lular pathways. Incorporating extracellular electric fields
(103) and ionic tracking into models of electrically active
cells may offer new avenues to develop therapies for auto-
rhythmic dysregulation in diverse tissues like the heart, brain,
skeletal muscles, intestine, and uterine myometrium that to
date have focused on gap junctional coupling as the exclusive
mode of intercellular electrical communication.

SUPPORTING MATERIAL

Supporting material can be found online at https://doi.org/10.1016/j.bpj.
2021.10.034.
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