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Abstract. We analyze a one-dimensional (1D) model of molecules diffusing along a line of NV
cells that are connected via stochastically gated gap junctions. Each gate switches between an open
(n = 0) and a closed (n = 1) state according to a two-state Markov process, and the gates are
treated as statistically independent. We proceed by spatially discretizing the stochastic diffusion
equation using finite differences and constructing the Chapman—Kolmogorov (CK) equation for the
resulting finite-dimensional stochastic hybrid system. We thus generate a hierarchy of equations for
the rth-order moments of the stochastic concentration, which in the continuum limit take the form of
r-dimensional parabolic PDEs. We explicitly solve the first-order moment equations for N = 2 and
calculate the effective permeability of the gap junction. For N > 2 (more than one gap junction),
we show that the N-cell network has a completely different effective single-gate permeability when
each particle (rather than each gate) independently switches between two conformational states
n = 0,1 and can only pass through a gate when n = 0. This difference is due to the fact that for
switching gates, all particles diffuse in the same random environment, resulting in nontrivial statistical
correlations. In both cases, the effective single-gate permeability has a nontrivial dependence on the
number of cells N.
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1. Introduction. Gap junctions are arrays of transmembrane channels that con-
nect the cytoplasm (aqueous interior) of two neighboring cells and thus provide a direct
diffusion pathway between the cells. Cells sharing a gap junction channel each pro-
vide a hemichannel (also known as a connexon) that connect head-to-head [10, 37, 18];
see Figure 1. Each hemichannel is composed of proteins called connexins that exist
as various isoforms named Cx23 through Cx62, with Cx43 being the most common.
The physiological properties of a gap junction, including its permeability and gating
characteristics, are determined by the particular connexins forming the channel. Gap
junctions have been found in almost all animal organs and tissues and allow for direct
electrical and chemical communication between cells. Electrical coupling is particu-
larly important in cardiac muscle, where the signal to contract is passed efficiently
through gap junctions, allowing the heart muscle cells to contract in unison. Gap
junctions (or electrical synapses) are also present throughout the central nervous sys-
tem, including the neocortex and hippocampus [6]. Direct chemical communication
between cells occurs through the transmission of small second messengers such as
inositol triphosphate (IP3) and calcium (Ca?*). More generally, gap junctions allow
small diffusing molecules to undergo cytoplasmic transfer between cells, whereas large
biomolecules such as nucleic acids and proteins are blocked. One example of long-
range chemical signaling via gap junctions is the propagation of intercellular Ca%*
waves (ICWs), which consist of increases in cytoplasmic Ca?* concentration that are
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Fic. 1. Schematic diagram of gap junction coupling between two cells. (Mariana Ruiz/Wiki-
media Commons/Public Domain, https: // commons.wikimedia.org/ wiki/ File: Gap_cell_junction-en.

svg.)

communicated between cells and appear as waves that spread out from an initiating
or trigger cell [7, 38, 40, 26, 27]. An ICW often propagates at a speed of 10-20 pm/s
and lasts for periods of up to tens of seconds, indicating that it can involve the recruit-
ment of hundreds of contiguous cells. Indeed, it has been hypothesized that ICWs in
glial cells known as astrocytes could provide a potential mechanism for coordinating
and synchronizing the activity of a large group of neurons via the so-called tripartite
synapse [40, 26].

Just as with the opening and closing of ion channels, gap junctions can be gated
by both voltage and chemical agents. There appear to be at least two gating mech-
anisms associated with gap junctions [4], as illustrated in Figure 2. The first in-
volves a fast gate located at the cytosplasmic entrance of a hemichannel, which has

(b)
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&> slow gate B> fast gate

Fic. 2. Schematic illustration of a Cr43 gap junction channel containing fast (arrow with
square) and slow (arrow with heragon) gates. (a) Voltage gating is mediated by both fast and
slow gating mechanisms. (b) Chemical gating is mediated by the slow gating mechanism in both
hemichannels. (Redrawn from [4, Figure 15].)
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transition times of order 1 ms and is voltage controlled. The second is based on a
slow gate located towards the center of a cell-to-cell channel (or the extracellular end
of a hemichannel), which has transition times of order 10 ms and is both voltage
and chemically modulated. Even when a gap junction is open, it tends to restrict
the flow of molecules, and this is typically modeled by assuming that a gap junction
has a certain channel permeability [21]. In this paper, we follow a different approach
by treating a gap junction as a randomly fluctuating gate that switches between an
open and a closed state. In particular, we consider a simple one-dimensional (1D)
model of molecules diffusing along a line of N cells that are connected via (N — 1)
stochastically gated gap junctions. Each gate switches between an open (n = 0) and
a closed (n = 1) state according to a two-state Markov process, and the gates are
treated as statistically independent. We analyze the resulting stochastic PDE by ex-
tending the recent analysis of diffusion in a bounded domain with randomly switching
boundaries [2]. That is, we spatially discretize the stochastic diffusion equation us-
ing finite differences and construct the Chapman—Kolmogorov (CK) equation for the
resulting finite-dimensional piecewise deterministic ODE, also known as a stochastic
hybrid system [1]. We thus generate a hierarchy of equations for the rth-order mo-
ments of the stochastic concentration, which take the form of r-dimensional parabolic
PDEs in the continuum limit. We explicitly solve the first-order moment equations
for N = 2 and calculate the effective permeability of the gap junction. For N > 2
(more than one gap junction), we show that the N-cell network has a completely
different effective single-gate permeability when each particle (rather than each gate)
independently switches between two conformational states n = 0,1 and can only pass
through a gate when n = 0. This difference is due to the fact that for switching gates,
all particles diffuse in the same random environment, resulting in nontrivial statisti-
cal correlations. In both cases, the effective single-gate permeability has a nontrivial
dependence on the number of cells V.

From a more general perspective, the role of noise in the opening and closing
of membrane channels has become a major topic of interest, particularly within the
context of neuronal ion channels. The membrane potential of a neuron changes as ions
such as Na' and K pass in and out of the cell through voltage-dependent channels
within the membrane, and the opening and closing of the channels is stochastic due to
thermal fluctuations. In classical approaches, the number of ion channels is assumed
to be very large, and thus the fluctuations in membrane potential from individual
stochastic channels is ignored in favor of a deterministic average. More recent work
has questioned this assumption. It has been shown that channel noise indeed produces
membrane potential fluctuations that are large enough to affect action potential timing
[14, 5, 8, 20, 23, 17, 22, 32] and increase the range of spiking behavior exhibited in
some neural populations [42], with the effects of channel noise increasing dramatically
as neurons become smaller. However, even when large numbers of stochastic ion
channels are present in a neuron, fluctuations can become critical near the action
potential threshold [13, 39]. In addition, sodium channel noise places structural limits
on neural anatomy [9], since in the case of very small neurons, significant channel
noise would disrupt signal transmission [12]. In spite of the extensive interest in ion
channel noise, there has been relatively little work on the effects of thermal noise
on gap junction diffusive coupling, beyond modeling the voltage characteristics of a
single stochastically gated gap junction [34], for example. Finally, note that in this
paper we focus on steady-state solutions, where it is possible to reduce the effects of
gap junctions to an effective renormalization of the diffusion coefficient. Such a simple
modification is unlikely to hold for time-dependent solutions of the diffusion equation
in the presence of gap junctions.
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F1a. 3. One-dimensional line of cells coupled by gap junctions. At steady-state there is a
uniform flux Jo through each cell but a jump discontinuity AU = —Jo/p in the concentration across
each gap junction, where p is the permeability of each junction. See text for details.

2. Effective diffusion coefficient for a deterministic 1D model. Following
Keener and Sneyd [21], consider a simple one-dimensional (1D) model of molecules
diffusing along a line of N cells that are connected via gap junctions (see Figure 3).
For simplicity, we ignore any nonlinearities arising from chemical reactions. Since gap
junctions have relatively high resistance to flow compared to the cytoplasm, we assume
that each intercellular membrane junction acts like an effective resistive pore with
some permeability . Suppose that we label the cells by an integer k, £k =1,..., N,
and take the length of each cell to be L. Let u(z,t) for € ([k — 1]L, kL) denote the
particle concentration within the interior of the kth cell, and assume that it evolves
according to the diffusion equation

ou 0%u
2.1 —=D— k—1]L, kL), t .
(21) =Dy we (- 1LEL),t>0
However, at each of the intercellular boundaries * = I; = jL, j = 1,...,N — 1, the

concentration is discontinuous due to the permeability of the gap junctions. Conser-
vation of diffusive flux across each boundary then implies that

- +

(22) - DW = —D% = plu(ly ,t) —u(ll )], k=1,...,N—1,
where the + and — superscripts indicate that the function values are evaluated as
limits from the right and left, respectively. Finally, it is necessary to specify the
exterior boundary conditions at x = 0 and = NL. We impose Dirichlet boundary
conditions with u(0,t) =n and u(NL,t) = 0.

In steady-state, there is a constant flux Jy = —DKj through the system, and the
steady-state concentration takes the form

Koz + 7, x €[0,L),
(2.3) w@)=4 Ko(zx—[k—-1L)+ U, xz€([k-1L,kL),k=2,...,N —1,
Ko(z — NL), v ([N —1)L,NI]

for the N —1 unknowns Ky, Uy, = u((k—1)L), k = 2,..., N—1. These are determined
by imposing the N — 1 boundary conditions (2.2) in steady-state as follows:

(2.4&) Jo = M[n + KoL — Ug] = M[K()L +U; — U3] =-- -M[K()L +Un_2 — UNfl],

(2.4b) Jo = p[2KoL + Un_1].
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Rearranging equations (2.4a) gives

JoL Jy JoL Jo
2.5 Uy=n— — — — U, =Up_1 — — — — k=3,....N—-1
(2.5) 2=n-p 0 U=l = s ,

which can be iterated to give

L 1
Un-1=n—-(N-2)Jo {5 + ﬂ
Since we also have I ) J
Un-1=2Jy [— + —] —- 0
D 1%

it follows that

(2.6) Jo = 21 [1 M} 71.

"~ NL uLN
Introducing the effective diffusion coefficient D, according to

D.n

we see that for large IV,

1 1 1
(2.8) Do~ {D+ML]'

3. A pair of cells coupled by a stochastically gated gap junction. In
the following we will calculate the mean steady-state flux through a line of cells in
which each gap junction randomly switches between an open and a closed state. We
will show that the mean concentration is still given by a constant gradient with jump
discontinuities at the gap junctions, but the flux is now a nontrivial function of model
parameters. We start by looking at a pair of stochastically coupled cells; see Figure 4.
For the sake of generality, we allow the two cells to have different lengths [ and 2L —
with 0 < [ < L. The basic problem can be formulated as follows. We wish to solve the
diffusion equation in the open domain Q = Q; U Qs with Q; = (0,1) and Q5 = (I, 2L),
with the interior boundary between the two subdomains at « = [ randomly switching
between an open and a closed state. Let n(t) denote the discrete state of the gate
at time t with n(t) = 0 if the gate is open and n(t) = 1 if it is closed. Assume that
transitions between the two states n = 0,1 are described by the two-state Markov
process,

B
0=1.

The random opening and closing of the gate means that particles diffuse in a random
environment according to the piecewise deterministic equation

ou_ 0
ot ozx?’

with v satisfying Dirichlet boundary conditions on the exterior boundaries of €2,

(3.1) r € UQ, t>0,

(3.2) w(0,t)=n>0, wu(2L,t)=0,
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F1G. 4. Pair of cells of length I and 2L — I, respectively, that are coupled by a stochastically
gated gap junction. The gate at x = | stochastically switches between an open and a closed state
according to a two-state Markov process with transition rates o, 3. Dirichlet boundary conditions
are 1mposed on the exterior boundaries.

and n(t)-dependent boundary conditions on the interior boundary at x = I,

(3.3) u(l™,t) =u(l",t), Opu(l™,t)=0,u(l",t) forn(t)=0,

(3.4) Opu(l™,t) =0 =0,u(lt,t) forn(t) =1,

where I* = lim,_,o+ [ = e. That is, when the gate is open there is continuity of the
concentration and the flux across x = [, whereas when the gate is closed the right-
hand boundary of £2; and the left-hand boundary of €2, are reflecting. For simplicity,
we assume that the diffusion coefficient is the same in both compartments so that the
piecewise nature of the solution is solely due to the switching gate. For the sake of
illustration we take the exterior boundary conditions to be Dirichlet, but the analysis
is easily modified in the case of a Neumann boundary condition at one of the ends,
for example.

One way to analyze the above piecewise deterministic PDE is in terms of
moments of the stochastic particle concentration [24, 2]. Extending our previous
analysis of 1D diffusion in domains with switching exterior boundaries [2], we will
derive moment equations by discretizing space and constructing the CK equation for
the resulting finite-dimensional stochastic hybrid system. (Although we carry out
the analysis for a single gap junction, it is straightforward to extend the analysis to
multiple gap junctions, that is, N > 2.) The first step is to spatially discretize the
piecewise deterministic PDE (3.1) using a finite-difference scheme. One advantageous
feature of this discretization is that the boundary conditions can be incorporated into
the resulting discrete Laplacian. Introduce the lattice spacing a such that Ma = [
and (Q + 1)a = 2L for integers M, Q. Set u; = u(aj), j =0,...,Q + 1. Then

dus M-1 Q 77D
(3.5) - = SOALuj+ Y Alug+nadia, na = =
Jj=1 j=M+1

fori=1,... M—1,M+1,...,Q, and n = 0,1 is an index indicating the state of
the gate. Away from the boundaries (i # 1, M £ 1,Q), A}, is given by the discrete
Laplacian

D
(3.6a) Ay = ﬁ[5i,j+1 + 0ij—1 — 204 5],

with 6; ; the Kronecker delta. On the left-hand exterior boundary we have ug = 7,
whereas on the right-hand exterior boundary we have ugy; = 0. On the interior
boundary,

Up—2 — Uy, :uL—UMJ,_Q, uL =uy, ifn=0
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and
Up—2 — Uy = 0, uM+2—u?\'/[:O ifn=1,

where u?@ = ups+1. These can be implemented by taking

(36b) Alj = ﬁ[(sj’z — 253‘)1], AQj = ﬁ[dQ—Lj — 25@73‘], n = 0, 1,
0 D
(3.6¢) AM-15 = 0025+ (Onr-2 + Onr125)/2 = 20014,
0 D
(3.6d) A1, = ;[51\“2,;‘ + (Onr—2,5 + On+2,5)/2 — 200m+1,5],
and
2D
(3.6e) Adrarj = —3 [Onrx2,j = Oarz1 ).

Note that when n = 1, the system of equations in the two compartments decouples
(as expected for a closed gate).

Our spatial discretization scheme has reduced the system to a piecewise de-
terministic ODE known as a stochastic hybrid system [1]. Let u(t) = (u1(t),...,
upm—1(t), upr41(t), ..., ug(t)) and introduce the probability density

(3.7) Prob{u(¢) € (u,u+ du),n(t) = n} = p,(u, t)du,

where we have dropped the explicit dependence on initial conditions. The probability
density evolves according to the differential CK equation [16, 1]

Q Q
Opn 0 n
(38) E - Z ou; Z Aijuj + 77(151'71 pn(uv t) + Z Anmpm(uv t),
i=1 " j=1,j#M m=0,1
where A is the matrix
_| B «a
59 e[ 7 )

The right-hand side consists of an advection term representing the deterministic evolu-
tion of the system in between jumps of the discrete variable, with the latter represented
by the matrix A. The left nullspace of A is spanned by the vector

(3.10) b= ( : )

and the right nullspace is spanned by

=(2)-ak(3)

A simple application of the Perron—Frobenius theorem shows that the two-state Markov
process with master equation

dPa(t)
= > AnmP(t)

m=0,1

(3.12)

is ergodic with lim;_o P, (t) = pn.-
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Having derived the CK equation for the spatially discretized system, we can derive

moment equations for the stochastic vector u(t) along analogous lines to our previous
work [2]. Define the rth-order moments (r > 1) according to

(3.13) o) o () = Elug, (t) ... u, () lnty=n] = / P (W, g, () . . . ug, (t)du.

Multiplying both sides of the CK equation (3.8) by ug, (t)...us,(t) and integrating
with respect to u gives (after integration by parts)

Aoyl ) 1)
n,k1. n (r r—1
dt Z Z A kaiUnki. ko 15ksy1.. kr +77azvn ki...ks—1kst1.- kr(skml
s=1j=1,#M s=1
(r)
+ E AnmUp ey ke
m=0,1

Note that we do not pick up any boundary terms when integrating by parts, since
prn(u,t) — 0 in the limit u — co. Finally, if we retake the continuum limit ¢ — 0
with xs = aks, we obtain a system of parabolic equations for the equal-time r-point
correlations

(3.14) C (a1, ... 2p) = Elu(zr, )u(@a, t) . . u(@r, ) () =n),
given by
ocy” ~ 92y (r) (r)
(3.15a) o = D; o BCy” + aC
aC (r) a?c . ,
(3.15b) _DZ + 8¢ —act.

The r-point correlations couple to the (r—1)-order moments via the exterior boundary
conditions

3.16 CU) 2y, ... ap,t =0

( a) n ($1, y Lry )zS:QL

and

(3.16b) Cy)(xl,...,a:r,t) » :T]O,,(Zr_l)(l;l,...,$5_1,$5+1,...,xr,t)

forn =0,1,s =1,...,r. Note that c¥ = E[1(#)=n] = pn. The interior boundary
conditions are

rs=IT ze=IT
(3.16¢) Cg”(xl,...,xr,t)} =0 [awscg”(xl,...,xr,t)} =0
and
(3.16d) 00, C" (21, .. 20 t) . =0= 00, C" (21, .. 2 t) "
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4. First-order moment equations and effective permeability (N = 2).
In order to determine the effective permeability of a stochastically gated gap junction,
we need to calculate the mean of the concentration u(z,t),

(4.1) Elu(z,t)] = Vo(x,t) + Vi(a,t),
where
(4.2) Vola,t) = C (2,t) = Elu(z, )1, 1)=n)-

The first-order moment equations take the form

Ve 0%,
(43&) W:DW_B%—’_O(%’
ovi 0V

for x € 03 U Qs, with exterior boundary conditions

(4.4) Vo(0,t) = pom,  V1(0,t) = p1m,  Vo(2L,t) = Vi(2L,t) =0

and interior boundary conditions

(4.5) Vo™, 6) = Vo™, 1), 9Vo(lm,t) = 8, Vo(IT, 1), 9Vi(Im,8) =0 = 9, Vi (I, ¢).

To see why these are the correct boundary conditions, note that if n(t) = n and = 0,
then u(0,t) = n with probability one, and thus

Vi (0,t) = E[u(0,t)1,4)=n] = nP(n(t) = n) = npn.

Deriving the other boundary conditions is similar. (Note that the problem of diffusion
in a domain with a switching interface has also recently been considered by Lawley and
Keener [25]. However, they focus on the fast switching limit rather than the steady-
state solution for arbitrary switching rates and do not consider the multi-interface
case.)

Since equations (4.3a) and (4.3b) have a globally attracting steady-state, it follows
that

(4.6) lim Efu(z,t)] =V(z) = Y Va(),

t—o0
n=0,1

where V,(x) = lim;_, o Vi (2, t). From the interior boundary conditions (4.5), we set
0Vo(I7) = 0. Vo(IM) = Ko,

with Kg to be determined later by imposing Vo(I7) = Vo (I1). Adding equations (4.3a)
and (4.3b) then gives

d’v _
(4.7) i 0, z€][0,), V(0)=mn 0,V(I")=Kp
and
d?v I
(4.8) —— =0, ze(,2L], 9,V(t)=K, V(2L)=0.

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.



Downloaded 08/29/16 to 155.101.97.26. Redistribution subject to SIAM license or copyright; see http://www.siam.org/journal s/ojsa.php

DIFFUSION IN CELLS WITH STOCHASTIC GAP JUNCTIONS 1667

This yields the piecewise linear solution

K x + 3 T E [071)7
(4.9) Vi(z) = { Ko((jU — 275;), x € (1,2L).

Since Vp =V — V4, we can rewrite (4.3b) as
d*v;

D1 _
dx? (

with V41(0) = p1n, Vi(2L) = 0, and 9,V1(I7,t) = 0 = 9,V1(I*,t). Substituting for
V(x) using (4.9), we obtain a piecewise solution of the form

(4.10) a+ pVi(z) = =BV (z),

(4.11a) Vi(z) = Bsinh(&x) + p1(Kox + 1), z € 10,1),

(4.11b) Vi(z) = Csinh(2L — 2]¢) + p Ko(x — 2L), x € (I,2L),

with £ = /(a4 8)/D. We have imposed the exterior boundary conditions. The
interior boundary conditions for V; then determine the coefficients B, C' in terms of
Ky so that we find

Ko sinh
(4.12a) Vi(z) = —”15 0 % +p1(Kox +1), z€0,0),
(4.12b) Vi() = B0 smhERL =) | e opy pe @)

& cosh(¢[2L — 1))

Finally, we determine the unknown K by requiring that Vy(z) be continuous across
r =1, that is,
Kol4+n—-W; (l_) = Ko(l — ZL) — Vl(l+),

which yields the result

PO omh(E2L — 1)) + tanh(€D)] = —po(n + 2KoL),

which can be rearranged to yield the following result for the mean flux through the
gate, Jo = —DKj:

_ Dn 1
T 2L T+ (p1/po)(26L) " [tanh(€[2L — 1)) + tanh(€l)] .

(4.13) Jo

Comparison with (2.6) for N = 2 and | = L implies that the stochastically gated gap
junction has the effective permeability p. with
1 2p1 tanh(&L

(4.14) 1 _ 2pitanh(éL)
fe  po  &D

It is useful to note some asymptotic properties of the solution given by (4.9) and
(4.13). First, in the fast switching limit £ — oo, we have Jy — nD/2L, p. — oo, and
(4.9) reduces to the continuous steady-state solution

_ n(2L —x)
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nt) =0 nt) =1

=

(b)

Fic. 5. Two distinct mechanisms for stochastic gating. (a) Each particle switching conforma-
tional states (b) the physical gate switching between open and closed states.

The mean flux through the gate is the same as the steady-state flux without a gate.
On the other hand, for finite switching rates, the mean flux Jy is reduced. In the limit
a — 0 (gate always closed), Jo — 0 so that V(x) = n for z € [0,1) and V(z) = 0 for
x € (I, L]. Finally, in the limit I — 2L we recover the following result for 1D diffusion
in a single domain with a switching external boundary [24, 2]:

2L —x 1

(4.15) Viz) =n—7 1+ (p1/po)(26L) L tanh(26L)

A few remarks are in order.

(i) In the case of a single gate the first-moment equations (4.3a) and (4.3b) have an
alternative interpretation in terms of a two-population model describing the diffusion
of noninteracting molecules that can independently exist in two conformational states
n = 0, 1; molecules can only pass through the gap junction in state n = 0. In other
words, the individual particles randomly switch between states rather than the gap
junction physically opening and closing. This is illustrated in Figure 5. There is no
longer a stochastic PDE since the individual particles are statistically independent
(law of large numbers), and V,,(z, t) is interpreted as the concentration of particles in
state n at time ¢. On the other hand, higher-order correlations exist for a stochastic
gate, since all molecules move in the same random environment. In the case of multiple
gates there are significant differences between the particle and gate perspectives even
at the first-moment level, as we demonstrate in section 5.

(ii) In the above analysis we calculated the average steady-state concentration and
the associated steady-state flux. A particular realization of the two-cell model will
have statistical fluctuations about the mean, which are characterized by the higher-
order moment equations (3.15a,b) for N = 2. In the appendix we sketch the analysis
of the steady-state two-point correlation function.

5. Multicell model. Let us return to the general case of a line of N identical
cells of length L coupled by N — 1 gap junctions at positions x =l = kL, 1 < k <
N — 1; see Figure 3. We will solve the corresponding first-moment equations and
calculate the steady-state flux for both switching particles and switching gates.

5.1. Switching particle perspective. We first consider the simpler case of
independently switching particles. If V,,(x, t) is the concentration of particles in state
n, then we have the pair of PDEs given by (4.3a) and (4.3b), except now the exterior
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boundary conditions are

(5.1) Vo(0) = ppn, Vp(L)=0, n=0,1,
and the interior boundary conditions at the jth gate are
z=IlT z=lT
(5.20) Vo[~ =0, [0.Vo(@)]}—, =0,
(5.2b) V(1) = 0= 0, Vi (I}).

Adding (4.3a) and (4.3b), we obtain the following equation for V' (z) = Vo(x) + V1 (z):

d*v

(5.3) =

N
=0, ze|J((k—1)L,kL),
k=1

with exterior boundary conditions
V(0)=n, V(NL)=0
and interior boundary conditions
RV(I7)=0,V(I[)=Ky Vj=1,...,N—1.

It follows that V' (x) has the piecewise solution identical to (2.3). We thus have N —1
unknowns Ko, Us,...,Un_1.

The next step is to solve (4.3b) for Vi (z) with Vo(x) = V(x) — Vi(x). This yields
(4.10) with boundary conditions (5.1) and (5.2b). The general solution is
(5.4)

By sinh(€x) + p1(Koz + 1), x €[0,L),
Vi(a) = By, sinh(¢[z — [k — 1]L]) + C}, cosh({[x — [k — 1]L])
= +p1[Ko(z — [k — 1]L) + Uy], z € (Ip—1,lx),
By sinh(§[NL — z]) + p1Ko(x — NL), z € (In-1, NL],

for k =2,...,N —1 and I = kL. Again we have imposed the external boundary
conditions. The internal boundary conditions for V;(z) then show that

p1Ko
By=--—1"1"% __p
' T €cosh(L) N
Bk:—pngO, k=2,...,N -1,
p1Ko cosh((L) — 1
Cy = . k=2... N-1
P TE T sinh(ED)

The N — 1 remaining unknowns are determined by imposing continuity of Vp(x) at
each interior boundary as follows:

K h(€L) —1
(5.50) Uy = KoL -1+ pglpoo [tanh(fL) + %] ;
i A jcosh(€L) — 11
Up =Uk—1 + KoL + 00 [bmh(ﬁL) N W} ’

2p1 K cosh((L) — 1
€0 snh(EL)

cosh(¢L) — 1
sinh(¢L) ]

(5.5b) =Ug_1+ KoL +

k=3,...,N—1,

(5.5¢) Un_1 = —2KoL — p;(o [tanh(gL) +
0
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Iterating (5.5b) and using (5.5a) yields

leO COSh(fL) -1 p1K0
€0 smh(EL) | &po

Finally, comparing (5.5¢) and (5.6), we obtain the following result for the flux Jy:

(5.6) Un_1=n+(N—2)KoL+ (2N —5) tanh(£L).

Dn 1
(G.7) Jo=—
N (o) (NEL) [2 tanh(€L) + (2N — 4)

cosh(éL) — 1] '
sinh(¢L)

We deduce that the effective permeability () in the case of N cells with N —1

independent, stochastically gated gap junctions is

(5.8) ! ___»n» {2 tanh(€L) + (2N — 4)
pe(N) [N —1]pos D

This reduces to (4.14) when N = 2. We conclude that the effective single-gate per-

meability is N-dependent with

cosh(¢L) — 1]
sinh(¢L)

lim 1 2p; cosh(éL) —1
N—ooo fie(N)  po€D  sinh(£L)

5.2. Switching gate perspective. Now suppose that each gate independently
switches between open and closed states. The discrete state of the N-cell system is
represented by the binary vector n = (nq,...,ny—1), with n; = 0,1 denoting the
open/closed state of the jth gate. Setting

Vn($7 t) = E[U({E, t)]-n(t):n]a
we have the system of first-order moment equations

Ve 0V
(5.9) S =Do gAanm,

where
N-1
§ Aanm: § Anjmjvn17...,mj7...,n1\;
m j=1

and A is the matrix of (3.9). Equation (5.9) can be derived along similar lines to the
case N = 2 by taking first moments of the spatially discretized CK equation. The
2N=1 5 2N=1 matrix A has a 1D nullspace spanned by the eigenvector

N-1
On = H Pnjs
j=1

with p,, defined in (3.11). The exterior boundary conditions are
(5.10) Va(0) = ¢nn, Va(NL)=0 Vn,

and the interior boundary conditions at the jth gate are

a=l}

7t
r_lj

(5.11) Val@) .22 =0, [@Va(@)][ L =0
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for n; =0 and

(5.12) 0aVa(l;) =0=0,Va(l))

for n; = 1.
As in the two-compartment case, we are interested in obtaining the steady-state
average concentration

V(z) =Y Valz) = Eu(x)].
Summing the steady-state version of (5.9) over n and using »_ Anm = 0 yields

d*v

(5.13) —

N
=0, ze|J((k=1)L,kL),
k=1

with exterior boundary conditions

and interior boundary conditions
RV(I7)=0,V(I[)=Ky Vj=1,...,N—1.

Again it follows that V' (x) has the piecewise solution identical to (2.3) with N — 1
unknowns Ko, Us,...,Un_1. These are determined by solving (5.9) for the remaining
N = 2N=1 _ 1 moments V,, n # 0, with Vp = V — Zm#, Vm, and imposing the
boundary conditions. It is convenient to perform the change of variables

(5.14) Va(@) = ¢aV(2) + wa(x), D> wa(z)=0.

Substituting the decomposition of V,(x) into the steady-state version of (5.9) gives

0? ~
(5.15) 0=D aw;‘ + Y Aumwm, n#0,
v m,m#0
with the A" x A/ matrix A given by
(516) -/Zl\nm = -Anm - -AnO-

The invertible matrix A has A real eigenpairs (—Ai, ;) with A; > 0. (This follows
from the Perron—Frobenius theorem.) We can then set

N
(5.17) wn(r) = Zwi(x)ei,n,

with
0%w; (z)
0x?

and exterior boundary conditions w;(0) = w;(NL) = 0. We thus obtain the piecewise
solution

(518) D - /\iwi(x) = 0,

(5.19)
A;sinh(&;z), z€10,L),
wi(z) = { By sinh(&;[x — lg—1]) + Ci cosh(&;[z — li—1]), x € (lk—1, k),
D;sinh(§(x — L), z € ((N—-1)L,NL],
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fori=1,....N, k=2,...,N -1, and & = /\;/D. There are thus 2(N — 1)/
unknown coefficients A;, D;, Bii, Cir. These can be solved in terms of the N — 1
unknowns Ko, Uy by substituting (5.17) and (5.19) into (5.14) and imposing the
2(N — 1)N interior boundary conditions. Finally, the remaining unknowns Ky, U;
can be determined by imposing continuity of the solution Vp(x) at the N — 1 interior
boundaries x = I, = kL, k = 1,..., N — 1. Although we omit the details of the
algebra, it is clear that the complexity of computing the stationary flux Jy increases
significantly compared to the switching particle case, even for N = 3, and the re-
sulting N-dependent effective permeability will depend on more than one coherence
length & ! For the sake of illustration, we calculate the coherence lengths for N = 3.

Ezample: N = 3. In the case of three cells, there are four discrete states (00),
(01), (10), (11), and the state transition diagram is

(11)

/é‘ N\
(10) (01)
NN\
B B
(00)
The 4 x 4 matrix A is
—2u I} 8 0
_ a —(B+a) 0 B
(5.20) A= o 0 —(B+a) B ,
0 « « —26

and the 3 x 3 reduced matrix Vzl\ is

~ —(B+ 2a) —« B—«
(5.21) A= - —(B+2a) f—a
o « 28

The latter has the eigenvalues —\; with \y = Ao = (a4 ), A3 = 2(a + (), and
corresponding eigenvectors

1 8-« 1
(5.22) ee=| -1, e=| f—a |, e= 1
0 2ce -1

Note that es and es are linearly independent since o, 8 > 0 so that § — a # —2a. We
thus have two inverse coherence lengths & = /(a + 8)/D and & = /2¢;.

5.3. Fast switching limit. Intuitively speaking, we might expect the effective
single-gate permeability to become independent of N in the fast switching limit o, 5 —
oo, with o/ finite, since spatial correlations vanish. This is most easily established
from the switching particle perspective using (5.8). First, we have to specify the rate
of switching relative to the diffusion rate over some fundamental length-scale such
as the cell length L. Therefore, we introduce the small dimensionless parameter &
according to

D
L2 (a+B)
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It follows that €L = 1/4/6. The fast switching limit is then given by 6 — 0 or,
equivalently, £ — oo (for fixed L). Applying this limit to (5.8), we see that

Ho L0 D
5.23 d(N) =y = E2 = 222
( ) H ( ) Hp \/g Ho 2,01 i3

so that the leading-order term is independent of N. Hence, in the fast switching limit,
we obtain an N-cell system linked by gap junctions with identical permeability 1i,. We
can understand the N-independence of the permeability by noting that the coherence
length ¢! — 0 in the fast switching limit so that spatial correlations between gates
become negligible. It is also clear that the permeability diverges as § — 0 so that the
gap junctions act as open channels, assuming py > 0. (The same result for a single
interior boundary has been obtained in [25].)

The situation from the switching gate perspective is more subtle. Recall from
section 3 that we derived the moment equations (3.15) by discretizing space and
writing down the CK equation (3.8) for the resulting piecewise deterministic ODE. In
order for the spatially discrete model to be a good approximation of the continuum
model, we require the switching rates to be slow relative to the time for a particle to
diffuse over a lattice spacing a, that is, D/a? > a+ 3. On the other hand, applying a
fast switching limit to the CK equation (3.8) requires D/a? < a + 3. In other words,
the continuum and fast switching limits do not commute. Nevertheless, one still finds
that in the fast switching limit, the spatially discrete N-cell model can be represented
in terms of an array of gap junctions, each having an N-independent permeability
KG-

In order to establish this result, we set « = ap/e and § = By/e, with

_ D

and rewrite the CK equation (3.8) in the form

Q
apn . 0 n 1
(525) E - ; a_ul [Hz (u)pn(uat)] + c m:ZOiAnmpm(uat)a
with A the matrix (3.9) under «, 8 — o, fo, and
Q
(5.26) HMu)= Y Alu;+nai1.

j=1,j#M

(Equations (3.8) and (5.25) apply to a single gap junction (N = 2). However, the
analysis easily generalizes to the multicell case; see below.) In the limit ¢ — 0, one
can prove that p,(u,t) = ppé(u,t) [11] with ¢ satisfying the Liouville equation

ot — Ou;
where
(5.27) Hi(w)= Y Hu)p,.
n=0,1
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Assuming deterministic initial conditions, the Liouville equation is equivalent to the
deterministic mean-field equation

M—1 Q
dui =
(5.28) L= Hiw) = Y B+ Y Byuy+ Lo,
7j=1 j=M+1

with A;; = Zn:m pnAY;. Away from the interior boundary, Ay = Ay with Ay
given by the discrete Laplacian (3.6a) in the bulk and (3.6b) at the exterior boundaries.
At the interior boundary, we find that

— D
(5.292)  Am-15 = 50m-25+ (po/2+ p1)0ns—z; + (p0/2)dnr+2.5 — 2001-1,]
and

— D
(520b)  Anr+1j = [0z + (P0/2)0nr-2,5 + (Po/2 + p1)00+2,5 — 200141,5]-
These translate to the following interior boundary conditions:

(5.30a) upr = (po/2+ p1)uni—2 + (po/2)unr+2,
(5.30b) up = (po/2+ pr)uns+2 + (po/2)unr—a.

Equation (5.30a) and (5.30b) imply that the spatially discretized flux J through
the gap junction is continuous,

D _ D
(5.31) J = g lunrz —uy ) = oo [uy — uar] = p—;[uM—z — unr+2],

whereas there is a jump discontinuity in the concentration at the gap junction as
follows:

(5.32) Uy, — uL = p1lurr—2 — Upr42].

For the spatially discrete system we define the permeability according to
(5.33) J = peluyy — uyl,

and we find that

_Dro

5.34 —
(5.34) e = o0

which diverges in the continuum limit @ — 0. Although this result was derived in the
case of a single gap junction (N = 2), it is straightforward to show that the same
interior boundary conditions hold at each gap junction when N > 2. Hence, in the
fast switching limit, the spatially discretized system acts like a deterministic N-cell
system with N-independent single-gate permeability p¢-.

In the regime 0 < € < 1, there are typically a large number of transitions be-
tween the discrete states n = 0, 1, while u hardly changes at all. This suggests that
the system rapidly converges to the above deterministic solution, which will then be
perturbed as u slowly evolves. The resulting perturbations can be analyzed using a
quasi-steady-state (QSS) diffusion or adiabatic approximation, in which the CK equa-
tion (5.25) is approximated by a Fokker—Planck (FP) equation for the total density
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o(u,t) =3, pn(u,t). The QSS approximation was first developed from a probabilis-
tic perspective by Papanicolaou [33]; see also [16]. It has subsequently been applied
to a wide range of problems in biology, including bacterial chemotaxis [19], wave-like
behavior in models of slow axonal transport [36, 15], and molecular motor-based mod-
els of random intermittent search [30, 31]. The first step in the QSS reduction is to
introduce the decomposition

(5.35) pn(u,t) = ¢(u,t)py + ewn(u,t),

with

anut anut

Substituting the decomposition of p,, into (4.3a) and (4.3b) yields

a 3 (9 n s Q a n
(b(alllf t) Pn + 6% = ; aul (HZ (u)[(b(ua t)pn + ewn(u, t)])
(536) + % Anm [d)(u, t)pm + ewy, (u’ t)]
m=0,1

Summing both sides of (5.36) with respect to n then gives

) (g rener)

n=0,1

Q
o a0

Substituting (5.37) into (5.36) then gives

Owy (u,t) < -
67 Z H( (u,t)) + Z Anmwm(uat)

m=0,1

Q 9 Q
—ezau (H? (u)wy, (u, t))—i—epnz <Z H™(u wmut)>

i=1 =1 m=0,1

Introduce the asymptotic expansion
wnwwg—i—ew}l—i—e?wi—i—---

and collect O(1) terms,

(5.38) > Apmwm(@,t) = pnz ([H!(0) — H;(u)¢(u,1))

m=0,1 Gul

where we have dropped the superscript on w!. The Fredholm alternative theorem

shows that this has a unique solution, after imposing the condition ) wy(z,t) = 0.
More explicitly, using the fact that wy = —w;, we find that

Hi(w)]g(u,1)) .

woy = —

ao+ﬁozauz () -
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Finally, substituting this back into (5.37) and using wy = —w; yields the FP equation

Q
(5.39) a¢>§;, Doy % (Hi(w)g(u,1))
i=1

Epopi i O 1H0(w) — B ()L [HO(w) — H (w)]6(u, )
ap + Bo = ou; =" ' J -

which is of Stratonovich form [16].
It is convenient to convert the PDE into Ito form as follows:

a¢ (u,t)
Z Fur (Kiwe(u,1)) + ; I 8% (Wi(u,b)
with drift terms
540 Xi(w) = Fw) + 22 S 0w) - )] ) — )
' ! o ao + Bo - J 8u '
and diffusion matrix
(5.41) Dij () = ERE (HP (w) — HE(w)][H (w) — H (w)].

The corresponding Ito SDE is

(5.42) dU; = Xi(u)dt + 4/ jj’fpﬁlo [HO(U) — H}(U)dW (¢),

where W (t) is a Wiener process with
(dW(t)) =0, (dW(t)dW (t)) = d(t —t")dtdt .

Taking the expectation of (5.42) and using the fact that (F(U(¢))dW (t)) = 0 for an
Ito process, the mean concentration V;(t) = (U;(t)) satisfies the ODE

dVi(t)

(5.43) -

= X, (V).
Carrying out the same analysis as that in (5.28), we find that the effective permeability
of the gap junction is now

D Po 1—2ep;

5.44 - ==r
( ) e = 4a p1142epy

Again, our analysis can be extended to multiple gap junctions (N > 2).

6. Discussion. In this paper, we generalized recent work [24, 2] on diffusion in
domains with randomly switching exterior boundaries to the case of switching interior
boundaries. We considered the particular example of a line of cells connected via
stochastically gated gap junctions. Solving the resulting first-order moment equations
of the stochastic concentration for N = 2, we were able to calculate the mean steady-
state concentration and flux, and thus extract the effective permeability of the gap
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junction. For N > 2 (multiple gap junctions), we showed that the effective single-gate
permeability depends on N, and that there are major differences between the case
where the gap junctions switch between open and closed states and the case where
the individual particles switch conformational states. An analogous result holds for
other diffusion problems such as diffusion-limited reactions between diffusing ligands
and a fixed receptor, where either the ligands or the target receptor switch between
active and inactive states [41, 43, 3].

There are a number of possible extensions of this work. First, there is the de-
velopment of efficient numerical schemes for solving the rth-order moment equations,
which rapidly become unwieldy as r and the number of cells N increase. Second,
there is extending the analysis to higher dimensions and more general geometric con-
figurations of cells. For example, in the deterministic case, Keener and Sneyd [21]
analyzed the steady-state flux for a line of 2D cells with gap-junctional openings in
the connecting edges. Using symmetry arguments, they show how the gap junctions
along an edge can be lumped into a single effective junction at the center of each
edge, whose relative width characterizes the degree of clustering of the gap junctions
(uniform distribution of small gap junctions vs. a few large gap junctions). They find
that clustered gap junctions lead to a much smaller effective diffusion coefficient D,
for given gap-junctional permeability u (see also section 2). There has also been a
number of studies conducted regarding the effective diffusion coefficient in tubes with
periodically alternating diameters or periodically placed obstacles [28, 29]. Third,
there is the interest of experimentalists in extracting biophysical constants such as
cytoplasmic diffusivity D and gap-junctional permeability based on measurements of
tagged particles such as a fluorescent probe. One of the limitations of the steady-state
analysis is that the permeability and diffusivity are effectively lumped together. In the
deterministic case, it is possible to solve the time-dependent diffusion equation with
internal boundary conditions and to fit the resulting solutions to experimental data
in order to obtain estimates of diffusivity and permeability [35]. It would therefore be
of interest to develop methods for analyzing the full time-dependent stochastic PDE.

Finally, we have assumed throughout that the underlying equations are linear.
However, in order to investigate the effects of switching gap junctions on phenomena
such as intercellular calcium waves, it would be necessary to include nonlinear chemical
reactions.

Appendix A. Recall that the first-order moment equations (4.3a) and (4.3b)
determine the average concentration E[u(z,t)] for N = 2. In order to estimate the
effects of fluctuations we need to go to higher orders. Here we sketch the steps in
calculating the two-point correlation functions

given by
800 o 6200 8200

(AZ&) W = D—axz + D—ay2 — ﬁCO + O[Cl,
801 - 6201 8201

(A.2b) o Pz tP o2 BCo = aCh.

For simplicity, we set D = 1 and take both cells to have the same length by setting
I = L. The two-point correlations couple to the first-order moments via the following
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external boundary conditions:
(A.3)
Cn(ovyat):nvn(yvt)a Cn(xaovt) :nVn(xat)a Cn(x72L7t) :OZCn(2L7y7t)

To see why these are the correct boundary conditions, note that if n(t) = 0 and x = 0,
then u(z,t) = n with probability one, and thus

CO(La Y, t) = E[U(L7 t)u(ya t)]-n(t):O] = WE[U(% t)ln(t):O] = UV(ya t)'

The corresponding boundary conditions at the interior boundariesz = L, 0 < y < 2L,
andy=L,0<x <2L, are

(A.4a) [Cola,y,)i=h" =0 = [Colay D)U=f .

(A.4b) [0.Col,y, DIZF =0=[0,Colay.D]/=f" .
(Adc) o Cr(x,y, )|, - = 0= 0uCr(x,y,t) |, pr
(A.4d) 0yCr(@,y, )|,y - = 0= 0,Ca(w,y t)|,_p+ -

As in the case of the first-moment equations, we can solve for the steady-state
correlations explicitly, after defining

i Elu(z, uly, 0] = Cw:9) = 3 Oaly),
where Cp (2, y) = im0 Cr (2, y,t). Adding the pair of equations (A.2a,b) gives

0*’C  9*C

a2zt g =

(A.5)

with external boundary conditions

(A.6) C(z,0) =nV(z), C00,y)=nV(y)=0, C2L,y)=C(z,2L)=0
and internal boundary conditions

(A7) 0.C(L™,y)=0,C(L*,y)=K(y), 8,C(x,L7)=08,C(x,L") = K(x).

In order to solve this equation we partition the square [0, 2L]x [0, 2L] into four squares,
as illustrated in Figure 6.
For the moment let us focus on the domain [0, L] x [0, L] and consider the trial
solution
C(z,y) = A(y) sinh(Az) + B(y) cosh(Ax).

Imposing the boundary conditions C(0,y) = nV (y) and 0,C(L~,y) = K(y) yields

K(y)

B(y) =nV(y), Aly)= Xcosh(AL)

—nV(y) tanh(AL).
Similarly, the trial solution
C(z,y) = A(x) sinh(Ay) + B(x) cosh(Ay)

satisfies the boundary conditions C(x,0) = nV(z) and 9,C(x,L~) = K(x). We can
add these two solutions without violating the boundary conditions provided that we
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Cx,2L) = 4
N L
Kty) >
=
= [}
= —
= » A S
n IS <
S K(x)+* () i
v
Kly) >
0l
0 L 2L

C(x,0)=nV(x)

Fi1G. 6. Partitioned domain and boundary conditions for the two-point correlation function
C(z,y). The solution has a reflection symmetry about the diagonal x =y.

represent the nonperiodic functions as Fourier series such that V(0) = K(0) = 0 and
V(L) = K'(L) = 0. This can be achieved by setting A = \,, = (2n + 1)7/2L, integer
n, and

z) = Z Vosin(An2), K(z)= Z Vy sin(A, 2),

n>0 n>0
with
2 L
Vi = Z/ V(z)sin(Ap2)dz, K, = / K(z)sin(\,z)dz.
0

We thus obtain the following solution on [0, L] X

(A8) C(z,y)=n Z Vy, [cosh(A,z) — tanh(A, L) sinh(A\, )] sin(A,y)
n>0

+1Y_ Vi [cosh(Any) — tanh(X, L) sinh(A,y)] sin(Anz)
n>0

+ Z m[smh()\nx) sin(Any) + sin(A,x) sinh(A,y)].

The next step is to solve (A.2) for C; on [0, L] x [0, L] after setting Cy = C' — Cy:

0?°Cy  9*°Cy

(A.9) o + e

— (a+B)Ci(z,y) = —BC(z,y),
with

Ci(z,0) =nVi(z), C1(0,y) =nVi(y), 0:C1(L™,y)=0yCi(x,L7)=0.
We can decompose C; as

Ci(z,y) = p1C(z,y) + Ci(z,y)

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.



Downloaded 08/29/16 to 155.101.97.26. Redistribution subject to SIAM license or copyright; see http://www.siam.org/journal s/ojsa.php

1680 PAUL C. BRESSLOFF

such that

92C, 90, ~
(A.10) 72+ ErE (a+ B)Ci(x,y) =0,
with

~

Ci(x,0) = nlpoVi(z) — p1Vo(x)],  C1(0,y) = nlpaVi(y) — prVo(y)],

and N R
0:C1(L™,y) = —p1K(y), 0yCi(z,L™) = —p1K(x).

We can solve the equation for 6’1 in a similar fashion to C', and the result is

(A11)  Ci(z,y) =1 Z Vi [cosh(pnx) — tanh(u, L) sinh(p, )] sin(Any)
n>0

+n Z Vi, [cosh(pny) — tanh(u, L) sinh(u,y)] sin(A,z)
n>0

— nz>0 m [sinh(pn) sin(A,y) + sin(A,x) sinh (g, y)],
where
po = A0 +a+ B,

and ‘A/n are the Fourier coefficients of
V(z) = poVi(z) — p1Vo(z).

The solutions in the domain [0, L] x [0, L] are expressed in terms of the Fourier
coefficients K, of the unknown flux function K(x). We can proceed in a similar
fashion to express the solutions in the domain [L,2L] x [L,2L] in terms of the Fourier
coefficients K, of K (), and the solutions in the domain [0, L] x [L, 2L] (or equivalently
the domain [L,2L] x [0, L]) in terms of both K,, and K,; see Figure 6. Finally, we can
determine the Fourier coefficients K, I~(n by imposing continuity of Cy(x,y) across
the two interior boundaries L < x < 2L,y =L and x = L,0 < y < L, with

(A12) C()($,y) = ,O()C(QJ, y) - él(xvy)'
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