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Abstract

In this paper we establish limit theorems for a class of stochastic hybrid systems
(continuous deterministic dynamics coupled with jump Markov processes) in the fluid
limit (small jumps at high frequency), thus extending known results for jump Markov
processes. We prove a functional law of large numbers with exponential convergence
speed, derive a diffusion approximation, and establish a functional central limit theorem.
We apply these results to neuron models with stochastic ion channels, as the number of
channels goes to infinity, estimating the convergence to the deterministic model. In terms
of neural coding, we apply our central limit theorems to numerically estimate the impact
of channel noise both on frequency and spike timing coding.
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1. Introduction

In this paper we consider stochastic hybrid systems where a continuous deterministic
dynamic is coupled with a jump Markov process. Such systems were introduced in [6] as
piecewise-deterministic Markov processes. They have been subsequently generalized to cover
a wide range of applications: communication networks, biochemistry, and, more recently, DNA
replication modelling [2], [14], [20], [23]. We are interested in the fluid limit for these systems,
considering the case of small jumps of size 1/N at high frequency N, with a view towards
application to neural modelling.

The general class of models we consider is described in Section 2.1, and, for the sake
of clarity, we describe here a simple example which retains the main features. Consider a
population of N independent individuals, each of them being described by a jump Markov
process uy(t) for k = 1, ..., N with states 0 and 1, and with identical transition rates & > 0
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and 8 > 0 as follows:
o
0 = 1.
B
As an empirical measure, we define the proportion of individuals in state 1 at time ¢ by

1 N
en () =+ 3 uk().
k=1

The model becomes hybrid when we assume a global coupling through a variable Vy € R,
in the sense that the rates «(Vy) and B(Vy) are functions of Vyy. The variable Vy is itself a
solution of a differential equation, between the jumps of ey (¢):

dVy

N - f(Vn,en),

where f: R?> — R. In the general case, this model is extended with more general non-
autonomous jump Markov processes, the global variable can be vector valued, and the transition
rates can be functions of the empirical measure (Section 2.1).

We prove convergence in probability on finite time intervals, with techniques inspired by [1],
of the solution X y of the stochastic hybrid system to a deterministic limit X = (v, g). For the
example above, X is the solution to

dg_

7 (1 —-ga) —gBWw).

dv

d t - f (U’ g )7
We derive a diffusion approximation and prove a functional central limit theorem that helps char-
acterize the fluctuations of both the discrete and continuous variables around the deterministic
solution. We find that these fluctuations are a Gaussian process which corresponds to the asymp-
totic law of the linearized diffusion approximation. We further obtain an exponential speed of
convergence which relates the tail distribution of the error En (T) = suppo. 7y [ Xn — X |2 to the
size parameter N and the time window T': for A > 0 and large N,

PIEN(T) > A] < e ANHD) (1.1)

Thus, the convergence result can be extended to large time intervals [0, T ()], provided that
T = T(N) is such that NH(T (N)) — oo. Inequality (1.1) is a new result which provides
an estimate of the number, N, of individuals required to reach a given level of precision.
This number increases with the time scale on which one wants this precision to be achieved.
For systems subject to finite-size stochasticity, sometimes called demographic stochasticity, it
provides a relation between the reliability time scale and the population size N. There are other
ways of obtaining a law of large numbers, for example using the convergence of the master
equation or of the generators [9], [38]. We want to highlight here that our proof is based on
exponential inequalities for martingales. Other ways of obtaining a law of large numbers would
not be likely to provide an estimate such as (1.1).

Our mathematical reference on the fluid limit is the seminal paper [22], which contains a law
of large numbers and a central limit theorem for sequences of classical jump Markov processes.
Recently, a spatially extended version of a stochastic hybrid system has been considered in [1],
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for a standard neuron model. The author showed convergence in probability up to finite time
windows to a deterministic fluid limit expressed in terms of a partial differential equation
coupled with ordinary differential equations. In the present paper, we consider a class of
nonspatial models which includes multi compartmental models, by increasing the dimension.
We extend the results of [22] to stochastic hybrid models at the fluid limit.

Neurons are subject to various sources of fluctuations, intrinsic (membrane noise) and
extrinsic (synaptic noise). Clarifying the impact of noise and variability in the nervous system
is an active field of research [10], [31]. The intrinsic fluctuations in single neurons are mainly
caused by ion channels, also called channel noise, whose impact and putative functions have
been intensively investigated [30], [32], [40], mainly by numerical simulations. Our motivation
is to study the intrinsic fluctuations in neuron models, and we think that stochastic hybrid
systems are a natural tool for this purpose. Ion channels open and close, through voltage
induced electromagnetic conformational change, thus enabling ion transfer and action potential
generation. Because of thermal noise, one of the main features of these channels is their
stochastic behaviour.

Neurons encode incoming signals into trains of stereotyped pulses referred to as action
potentials (APs). It is the mean firing frequency, that is, the number of APs within a given
time window, and the timing of the APs that are the main conveyors of information in nervous
systems. Channel noise due to the seemingly random fluctuations in the opening and closing
times of transmembrane ion channels induces jitter in the AP timing and, consequently, in
the mean firing frequency as well. In terms of modelling, our starting point is the stochastic
interpretation of the Hodgkin—Huxley formalism [15]. In this setting, ion channels are usually
modelled with independent Markov jump processes, whose transition rates can be estimated
experimentally [37]. These stochastic discrete models are coupled with a continuous dynamic
for the membrane potential, leading to a piecewise-deterministic Markov process. Thus, the
individuals are the ion channels and the global variable V the voltage potential (cf. Section 3).

Deterministic hybrid kinetic equations appear to be a common formalism suitable for each
stage of nervous system modelling, as shown in [8]. This latter study provides us with a
framework to introduce stochastic hybrid processes to model action potential generation and
synaptic transmission, as stochastic versions of deterministic kinetic models coupled with
differential equations through the transition rates.

On the side of neuron modelling applications, the limit behaviour of a similar but less
general model is considered in [11], using an asymptotic development of the master equation as
N — o0, which formally leads to a deterministic limit and a Fokker—Planck equation (Langevin
approximation), providing the computation of the diffusion coefficients. The Langevin approx-
imation is also studied in [36], but in a simplified case where the transition rates are constants
(independent of Vy), which is actually the case studied in [22]. Our mathematical results
extend these previous studies to a wider class of models (if we put aside the spatial aspects
in [1]), providing a rigorous approach for the Langevin approximation, and establishing a central
limit theorem which describes the effect of channel noise on the membrane potential [34]. The
convergence speed provides a quantitative insight into the following question: if a neuron needs
to be reliable during a given time scale, what would be a sufficient number of ion channels? We
thus provide a mathematical foundation for the study of stochastic neuron models, and we apply
our results to standard models, quantifying the effect of noise on neural coding. In particular,
both frequency coding (Section 3.5.1) and spike timing coding (Section 3.5.2) are numerically
studied using the Morris—Lecar neuron model with a large number of stochastic ion channels.
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Generally speaking, stochastic hybrid models in the fluid limit would arise in multiscale
systems with a large population of stochastic agents coupled through a global variable, leading
to an emergent cooperative behaviour. Starting from a microscopic description (for instance,
ion channels), the central limit theorem as stated in the present paper leads to a description
of the fluctuations of the global variable (the membrane potential). So, in the perspective of
applications, it would be interesting to investigate how our framework and results could be
developed in fields other than neural modelling, for instance in chemical kinetics, population
dynamics, tumor modelling, economics, or opinion dynamics theory. In a more mathematical
perspective, it would be interesting to consider a wider class of models, for instance by including
spatial aspects as in [1] or by weakening the independence assumption. Other questions could
be investigated, for instance those concerning escape problems, first passage times, and large
deviations, whenever N is large or not.

Our paper is organized as follows. In Section 2 we define our model and formulate the main
results. In Section 3 we apply our results to neuron models. In Section 4 we give the proof of
the law of large numbers and its convergence speed (Theorem 2.1), and in Section 5 we give
the proof of the Langevin approximation and the central limit theorems (Theorems 2.2-2.5).

2. Model and main results
This section contains the definition of our general model and states the main theorems.

1. Model

Model 2.1. (Stochastic hybrid model.) Let p, g, N € NT and rj € N*foralll < j <gq. Let
d= 23:1 r;j. We define the stochastic hybrid model (Sy) to be the model whose solution,

Xn(t) = (Vn(t),en(®) e R? xR, 1>0,

satisfies
dvy

W f(Xn),

where ey = (e(l) .. ) e R , and the processes e%)(t) are q independent jump
Markov processes. Note that the differential equation for Vy holds only between the jump
times of the process ey, with updated initial conditions.

Let us introduce some notation. Each process e%) represents an empirical measure for a
population j of jump processes: the state dependent transition rates for each of these processes
in population j are denoted by “/El RPH R%. Moreover, ife = (eM, ..., e®) e R we
denote the kth element of ') by {e(’) e

Then, for 1 < j < q, processes eg\,)(t) are characterized by

(q)) e(]

e their state space: EI(\{) = {(x1, . ..,x,j) e{0,1/N,..., 1} | Z;j:lxk =1},
o their intensity 1\)): for X = (V, e) e R? x R4, . (X) = NLU)(X) with

l‘j l‘j
)»(j)(X) — Z{e(J)}k Z “ijz)(x)i
k I=1, Ik

° thelr]ump law /L(J) we define u(J) =(,...,0,1,0,...,0) € R" and u(/) = u((l/)
(j for1 < a,b < rj. The transition of an mdlwdual agent in subpopulatlon J from
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one state a to another state b corresponds to a jump of 7 = u<] ) 2/ N for the process e(j ),

Thus, we define

1 Ty r : 1
X—i—NAXab_(V e, 6D, ., e D), e(f):e(])—}-ﬁuiﬁ.
So that the jump law for a jump of z in subpopulation j is given by
(G )
W9 (X, 2) = te haerg p (X) o= L0
A(/)(X) N b.a

forall1l < a,b <rj such that {e(j)}a # 0 and {e(j)}b # 1, and

(J)(X z) =0 otherwise.

For a more formal definition, we refer the reader to [6].
For1 < k < rj, the kth component (e} N }k of vector eg\,) can be interpreted as the proportion
of agents of type j which are in state k in a population of size N.

For the presentation of the results to be clearer, we assume in the stochastic model (Sy) that
each population is of the same size N. However, the results can be extended to the case where
all the population sizes are proportional to a large number A — oo, which is the case for the
application to neuron models (see Section 3).

We show in Theorem 2.1, below, that this stochastic hybrid model (S ) convergesas N — 00
to the following deterministic model (D).

Model 2.2. (Deterministic model.) We define the deterministic model to be the model whose
solution X = (v, g) e R? x R with g = (g, ..., g D) satisfies

i=foe. &= ) el Xg’ —al0g” (D)
1<i<r;j,i#k

foralll < j <qandalll <k <r;. The first equation is the same as in the stochastic model
(deterministic part) and the second equation corresponds to the usual rate equation, with a
gain term and a loss term. We define F : R? x R? — R? x R? such that (D) might be written
X = F(X).

Example 2.1. We now describe an example of the stochastic hybrid model in a simple setting
motivated by applications. This is the setting we will use in Sections 4 and 5 in order to make
the arguments clearer. We consider the case where p = ¢ = 1 and r; = 2. For N € N*,
we can construct a stochastic hybrid process as follows: first let us introduce a collection of

k) .

N 1ndependent jump Markov processes u®) for 1 < k < N such that u;,’: 0 — 1 with rate

o(Vy) and u, : 1 — 0 with rate 8(Vy):

a(Vy)

0 = 1,

B(VN)

where Vy is defined below. In this case, the stochastic hybrid model (Sy) can be written as

. 1< 1<
Vn() = f(Vn (D). en(®).  en() = (ﬁ > s, & Zal(uik))),
k=1 k=1

Vn(0) = vo, en(0) = (uo, I — uo).
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Note that the components of ey (¢) are the proportions of processes u® in states 0 and 1,
and if we define uy (1) = (1/N) Y, 8; ) then we have ey (1) = (1 — un (1), un (1)), so
that the solution is determined by the pair Xy (t) = (Vy(¢), un(¢)). Thus, each element of the
sequence of jump Markov processes {uy}n>1 is characterized by

e its state space Ey = {0,1/N,2/N, ..., 1};

e its intensity An(Vn(¢),u) = N[uB(Vy(t)) + (1 — u)a(Vy(¢))]; this intensity is time
dependent through Vi (1);

e its jump law
un (Vn (@), u, y) = p (Vv (@), W)y utiyn + 1~ (Vi (@), w)y u—1/n,

where

by (L—wav) Vo) = upv)
W= T a—weeny M YT B e

This jump law is also time dependent through Vi (7).

The deterministic system (D) takes the form

v() = f(v(), g)), g) =1 —g®a@) —g®)Bv()),
v(0) = vy, g(0) = uo.

Fluid limit assumption. In the sequel we will be interested in the asymptotic behaviour of
the stochastic hybrid models (Sy) under the fluid limit assumption. Let us now recall what
this assumption means. Let (Wy) be a sequence of homogeneous Markov jump processes
with state spaces Eny C R*, intensities A ~N(w), and jump law uy(w, dy). Define the flow as
Fy(w) = An(w) fEN (z — w)un (w, dz). The fluid limit occurs if the flow admits a limit and
if the second-order moment of the jump size converges to 0 when N — oo. Our stochastic
hybrid models (Sy) are in the fluid limit since the jumps are of size 1/N and the intensity
is proportional to N. As mentioned in Example 2.1, such a setting appears when considering
proportions in a population of independent agents. However, this independence between agents
is not necessary to satisfy the fluid limit assumption.

2.2. Law of large numbers for stochastic hybrid systems

We state here the first result concerning the convergence of the stochastic hybrid model (Sy ),
which is a functional law of large numbers on finite time windows and associated convergence
rate.

Theorem 2.1. Lete > 0,8 > 0, and T > 0. Assume that the functions «; j and f are C!, and
that they satisfy the following condition:

(H1) the solution v of (D) is bounded for any initial value on [0, T] and, for all N > 1, the
solution Vi (t) of (Sn) is uniformly bounded in N on [0, T1].

Let X° be a given initial condition for (D), and let X = (v, g) be the corresponding solution.
Then there exist initial conditions (onv)Nzl for (Sy) and Ny > 0 such that, for all N > Ny,

the solution Xy = (Vy, eg\}), e, egg)) satisfies, forall 1 < j <gq,

P[ sup Vv — vl 28] <,

0<t<T
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P sup fe ) — gVl = 5] <.
0<t<T

Moreover, if we define

q ) '
Py (T, A) = P[ sup [[Vv(0) —v]? + ) lley) 1) — gV 0)|1* > A},

0<t<T =1

there exist two constants B(T) > 0 and C > 0 such that, for sufficiently small A,
Ae—B(T

1
li —log Py(T,A) < ———————. 2.1
lf,nffopN og Py ( ) < T 2.1

Moreover, if
(H2) assumption (HI1) holds on [0, +00)
then the constant B(T) = BT is proportional to T.

Interpretation of the convergence speed. We have obtained in (2.1) an upper bound for the
convergence speed which can help to answer the following issue. Given anumber of channels N,
and given an error A and a confidence probability 1 — p (e.g. p = 0.01), the time window
[0, T'] for which we can be sure (up to probability 1 — p) that the distance between the stochastic
and the deterministic solutions (starting at the same point) is less than A is given by (2.1). In
Section 3.3 we present numerical simulation results for the stochastic Hodgkin—Huxley model
illustrating the obtained bound for the convergence speed.

Remark 2.1. Assumption (H2) and, thus, (H1) is satisfied for most neuron models, for instance
for the Hodgkin—Huxley model [4].

2.3. Functional central limit theorem and the exit problem

Let Xy = (Vy, e;}), e, egg)) be the solution to the stochastic model (Sy), and let X =
(v, gD, ..., gD) be the solution to the deterministic system (D) with identical initial condi-

tions X (0) = Xy (0) = Xo € RP*4, Before stating the theorem, we need to introduce some
further notation. For X = (v, e) € R? x Rd, and1 < j<gq,1=<ik=<rjlet

b= Y al(Xe! —all(X)e,
I<i<rj,i#k
Y =l 0e” +o)X)e. 2P 0= Y HY.
I<i<rj, ik

We then define a matrix G(j)(X) by, for1 <k,l <rj,
L =20, Glx)=HYX)=6X), 1#k

Consider the (p + d)-dimensional processes

YN VN — U
(D (H o)
P ey — 8
Zn = N =+~N N )
P]g]Q) eg\‘/]) _ g(q)

With this setting, we have the following result.
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Theorem 2.2. Under the same hypotheses as in Theorem 2.1, the process Z y converges in law,
as N — oo, to the process
Y
PO

Z=1 . |
piq)

whose characteristic function W(t, 0) = E[el{?-2()] satisfies

_ 0 28 0TS G ) 3 af" v
v Z{ZZ j e k,;gkjelj kal\ll} XZ:ZL e 98

j=1"‘1eL k=1

where G,((Jl), af™/dx; and db J)/Bxl are evaluated at X(t) for1 <m < p, 1 < j <gq,

1 <k<rjandl € L, 0 = ((On )1<m<p,(0k )1<1<q, 1 <k<rj) = O)erL and L =
{(m)l<m<pv (J, k)1<]<q 1<k<r]}

=J=q, 1=K=

In the next theorem we provide a characterization of the fluctuations of the first exit time and
location for the stochastic hybrid process Xy, using the central limit theorem, Theorem 2.2.
Let ¢: RPT¢ — R be continuously differentiable. Define

=inf{r > 0;¢(Xn(r)) =0} and 7 :=inf{r > 0; p(X (1)) <0}

to be the first passage times through ¢ = 0 for the stochastic hybrid process and its deterministic
limit, respectively. Recall that F defines the deterministic model (D): X = F(X).

Theorem 2.3. Assume that the initial condition X (0) satisfies ¢(X(0)) > 0. Suppose that
T <ooand V(X (1))F (X (1)) < 0. Define the random variable

Vo (X(r)Z(7)
Vo(X (@) F(X (1)

w(t) = —

where Z is the limit of Zy as obtained in Theorem 2.2. Then the following convergences in
distribution hold when N — oo:

VN@y —1) = w(r),  VNXy(@y) — X(0) = Z(z) + 7(0)F(X (1))

2.4. Langevin approximation

Our second result is a central limit theorem that provides a way to build a diffusion or
Langevin approximation of the solution of the stochastic hybrid system (Sy).

As before, Xy (1) = (Vn(1), en(r)) € R? x R? is the solution to the stochastic hybrid
model (Sy). ‘ .

Let Ry (1) = {(RY )k (D} 1=j=q, 1k=r, With RS € R’/ be defined as

. . t
RV 1) =N ( D) — e (0) — fo b(”(xN(s))ds),

where b denotes the vector (b,((j ))1§k§r ; € R for fixed j.
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Theorem 2.4. Under the same hypotheses of Theorem 2.1, the process Ry converges in law,
as N — oo, to the process R = {(R("))k(f)}lsjsq, 1 <k <rj, with

t .
RY(1) = f oD (X (s))dWy,
0

where

e X = (v, g) is the solution of the deterministic model (D) with initial conditions X (0) =
Xn(0) = Xo;

o the W/ are independent standard r j-dimensional Brownian motions;
o o U)(X) is the square root of matrix GY(X) (as defined in Section 2.3).

This theorem leads to the following degenerate diffusion approximation Xy = (Vy, gy) €
R? x R? for sufficiently large N:

dVy = FXn@)d,  dgd =D Xy (1) dr + #G(D(X’N(t))dw,j. 2.2)

Note that this approximation may not have the same properties as the original process, even
in the limit N — oo when considering for instance large deviations (cf. [26]).

Linearization. Let us define Zy := (YN, PN) = J_(XN —X) e RP x R4, where we
recall that X n is the Langevin approximation defined in (2.2). Thus, for 1 < j < ¢ and
1<k=<rj,

d¥y = VN(f(Xy) — f(X))dt,
dPY = VNP (Xy) —bD (X)) dt + 0D (Xy) dW; .

As an asymptotic linearization of Zy, we define the diffusion process @ = (y, p) € R? x R?
by
afm . apL) . )
dym =Y ——0pdt,  dpV) =) ——06,dt + oV (X)dw,”.
Yim Zaxll p Zaxll+0()t
leL leL

The following theorem states that the central limit fluctuations are given by the linearization of
the Langevin approximation around the deterministic solution.

Theorem 2.5. The processes Z (cf. Theorem 2.2) and ® have the same law.

3. Application to neuron models

In this section we show how our previous theorems can be applied to standard neuron models,
taking into account ion channel stochasticity.

3.1. Kinetic formalism in neuron modelling

Kinetic models can be used in many parts of nervous system modelling, such as in ion
channel kinetics, synapse, and neurotransmitters release modelling [8]. As already mentioned
in the introduction, compared to our general formalism, the stochastic individuals are the ion
channels and the global variable V}y the voltage potential. Constituted of several subunits called
gates, voltage-gated ion channels are metastable molecular devices that can open and close.
There exist different types of channel according to the kind of ions, and they are distributed
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within the neuron membrane (soma, axon hillock, nodes of Ranvier, dendritic spines) with
heterogeneous densities.

In what follows, we consider the model of Hodgkin and Huxley, which has been extended
in different ways to include stochastic ion channels. In numerical studies, different versions
have been used, from a two-state gating interpretation (see, e.g. [33]) to a multistate Markov
scheme [7], [30]. In [34], two of these models are compared, one with a complete multistate
Markov scheme, and the other inspired from [24] with a multistate scheme for the sodium
ion and a two-state gating for the potassium ion. Here we consider only single-compartment
neurons, but in order to deal with spatial heterogeneities of axonal or ion channel properties
for instance, multi-compartmental models can be introduced as a discretized description of the
spatial neuron, with Ohm’s law coupling between compartments.

3.2. Application of the law of large numbers to the Hodgkin—Huxley model
Classically, the Hodgkin—Huxley model is the set of nonlinear differential equations

dv 3 4
may =1 =8V =V1) —gnam’h(V = Vyo) — ggn*(V = Vi),
dm
= (1 —m)au (V) —mpBn(V),
dh
7= (1 = h)ap(V) —hBp(V),
N =1 —n)a, (V) —nB,(V),

where I is the input current, C,, = 1 uF/cm? is the capacitance corresponding to the lipid
bilayer of the membrane, g; = 0.3mS/cm?, gy, = 120mS/cm?, and gg = 36 mS/cm? are
maximum conductances, and V; = 10.6 mV, Vy, = 115mV, and Vx = —12mV are resting
potentials, respectively for the leak, sodium, and potassium currents. The model was introduced
in [15] to explain the ionic mechanisms behind action potentials in the squid giant axon. The
functions oy and B, for x = m, n, h are opening and closing rates for the voltage-gated ion
channels (see [15] for their expressions). The dynamics of this dynamical system can be very
complex, as shown in [13], but for our purpose let us describe schematically only the behaviour
of this system as the parameter [ is varied (see [29] for more details). First, for all 7, there
exists a unique equilibrium point. For 0 < I < I} ~ 9.8 uA/cm?, this equilibrium point is
stable, and, for Iy < I < Iy, where Ip ~ 6.3 uA/cmz, this equilibrium coexists with a stable
limit cycle and possibly many unstable limit cycles. At I = Iy and I = I, there occur two Hopf
bifurcations. For I < I < I, ~ 153 uA/cm?, the equilibrium point is unstable and coexists
with a stable limit cycle. For I > I, there are no more limit cycles, and the equilibrium point
is stable. This bifurcation structure can be roughly interpreted as follows: for small 7, the
system converges to an equilibrium point, and, for sufficiently large 7, the system admits a
large amplitude periodic solution, corresponding to an infinite sequence of action potentials or
spikes, and the spiking frequency is modulated by the input current /.

There are two stochastic interpretations of the Hodgkin—Huxley model, involving either a
multistate Markov model or a two-state gating model. We now present them briefly and we
apply our theorems to each of them. A comparison of the deterministic limits obtained for these
models is provided in Appendix A and establishes an equivalence between these deterministic
versions as soon as their initial conditions satisfy a combinatorial relationship. This question
is further studied in [19], where the reduction of the law of jump Markov processes to invariant
manifolds is investigated.
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3.2.1. Multistate Markov model. This model has two types of ion channel: one for sodium and
the other for potassium. The kinetic scheme describing the Markov jump process for one single
potassium channel is

O O (e D

2B 3Bn 4B

and for the sodium channel is

3a,, 20, a

(o) ——= @)
Hﬁ (!
3a,, 2a,,
@i

We recall that every single ion channel process is independent within a subpopulation and
between subpopulations. All the coefficients in these two schemes are actually functions of the
membrane potential, and can be found in [15]. The state spaces are

3

=

-~
=
=
° oY)
I
R
= 5

-
=
=

Bm 2Bm

= {no, n1, n2, n3, na}, Ey = {moh1, mihy, mahy, m3hy, moho, miho, maho, m3ho}.

The open states are respectively n4 (r1 = 5) and m3h; (r» = 8). The proportion of open
potassmm channels is denoted by u' N : {e N }n , and the proportion of open sodium channels
by u 15) : {e N }m3h1 In this model, the membrane potential dynamic is given by

Vn(t) = —gNaMN 'OV (1) = Viva) — gKMN)(l‘)(VN(l‘) —Vk)—g(V(@®) — Vo) + 1,
where I € R is a constant applied current. With the notation of Section 2.1, f (v, u", u®) =
—8Na u@ @ — Vya) — gku(l)(VN(t) — Vi) —gr(v— Vr) + I and, for example, a,Ell (v) =
3, (v) itk =n; and ! = n,, and ak / (v) = 2B (v) if k = myhg and | = mho.

Applying Theorem 2.1, we obtain a deterministic limit for the stochastic Hodgkin—Huxley
model when N — oo, provided that we choose the initial conditions appropriately:

0= —gnaeP ) W(1) — Vag) — gxeV @) (u(t) — Vi) — gL(w(t) — Vi) + 1,
g&’= > oW’ —af)w)g) foralll <j<2andl<k<r,
1<i<rj,i#k

Vo) =v, gV =g,

with (/) = gfl ), where the rate functions oz,(,,j,)p are given by the above schemes for j € {1, 2}.

3.2.2. Two-state gating model. Another way of building a stochastic Hodgkin—Huxley model is
to consider that the channels can be decomposed into independent subunits, called gates. Each
gate can be either open (state 1) or closed (state 0):

az(Vn)

0 — 1

ﬂz(VN)

with z € {m, n, h}. A channel is open when all gates are open. For the sodium channel, there are
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two distinct types of gate, and one for the potassium channel. Thus, in this situation, the number,
q, of subpopulations refers to the number of types of gate,sog = 3and E1 = E» = E3 = {0, 1}.

If we denote by u%) (¢) the proportion of open gates z for z € {m, n, h}, the membrane potential
dynamic is then given by

V() = —gna @8 0)3ulP ) (Vi (1) = Viva)
— gk @S OV (Vi (0) = Viva) — (VN () — Vi) + 1,

which corresponds to f (v, u®™ ™ My = —en (™3 — V) — g ™) —

Vna) — g (v — Vi) 4+ I. In Figure 1, we give a sample trajectory of this two-state gating
stochastic Hodgkin—Huxley system.

LT ! i —7
T i § HY —

OS-f ! }' f%

0.6 | " 1 .

0.4 1

i
i
|
1
i
|
i
1
i
|
|
\
i
1
i

]
0.0 L—tad M.»M}M‘,wp‘w“‘r . w.m,.ww{f Lt ;.,.MM-.-
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—n

<
o

0 5 10 15 20 25 30 35 40 45 50

—V
40 1

40 1
60 1
-80 T T T T T T T T T

0 5 10 15 20 25 30 35 40 45 50

FIGURE 1: Illustrative sample trajectory of a two-state gating stochastic Hodgkin—Huxley model with
N = 20 (cf. Section 3.2). Top: variables m and h for the sodium channel (without unit). Middle: variable
n for the potassium channel (without unit). Botfom: variable V for membrane potential (unit: mV).
Abscissa: time (arbitrary units). Since m, n, and h correspond to proportions of open gates, if one of
them is equal to 1 then all the corresponding gates are open. An increase in the membrane potential V
causes an increase in the proportion of open m (sodium) gates, which in turn implies an increase of V.
This positive feedback results in a spike initiation. Meanwhile, a further increase of V is followed by a
decrease of the deactivation variable %, which closes the sodium channels. This inhibition effect acts at a
slower time scale, enabling a decrease of V. This decrease is strengthened by the dynamic of variable n
(proportion of open potassium gates).
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Applying Theorem 2.1 gives the classical formulation of the four-dimensional Hodgkin—
Huxley model:

0= —gna @™ (@)uP ()W) = Vi) — gx @™ @) 0(t) — Viva) — gL (1) — Vi) + 1,
$9D) = (1 —u@ @) () —uD OB, (v(),  z€{m,n h)

3.3. Exponential convergence speed

We illustrate by numerical simulations the upper bound obtained in (2.1) for the stochastic
Hodgkin—Huxley model with a two-state gating scheme. The number of sodium channels,
Npng, and potassium channels, Nk, are proportional to the area S of the membrane patch.
Thus, instead of N, S will denote the size parameter. For the squid giant axon, the estimated
densities for the ion channels used in the simulations are py, = 60 um ™2 and p Ny = 18 um=2.

We now present the results of numerical simulations of

q . )
Ps(T, A) = P[ sup [[Vs() — v+ lle§ (1) — gV )] > A}
T

0<t< =l

using Monte Carlo simulations. We recall from (2.1) that

—BT?

1 Ae
li —log Ps(T, A) < —— =C(T).
ISIE)S;PS og Ps( ) < T (T)

In Figure 2, the simulation estimations of Cs(7) = 1/Slog Ps(T, A) are shown for different
values of T and S, and can be compared to the theoretical bound C(7"). Simulations are made
without input current, meaning that the stochastic solution is supposed to fluctuate around the
equilibrium point of the deterministic system in a neighbourhood of size proportional to S~1/2.
When § increases, the simulation curve Cg(T) is expected to pass below the theoretical bound
C(T). For higher input currents, still subthreshold, but close to the bifurcation /., channel
noise will induce spontaneous action potentials. For appropriate A, the probability Ps(T, A)

0.0000
—0.0005 /ﬁ
—0.0010+

—0.0015+
—0.0020+
—0.0025 ~
—0.0030+
—0.0035

—0.0040 T T T T T T T T
50 100 150 200 250 300 350 400 450 500

T

FIGURE 2: Simulation results for the Hodgkin—Huxley model with a ‘two-state gating’ scheme and input

current / = 0: this figure shows the quantity 1/S In Ps(T, A) as a function of T', where S is the area of

the patch, and is thus proportional to N. Here § = 250 um? (stars) (corresponding to Ny, = 15000 and

Nk = 5000), S = 500 ,um2 (squares), and § = 750 ,umz (crosses). The lines are plotted as a guide for
the eye.

https://doi.org/10.1239/aap/1282924062 Published online by Cambridge University Press


https://doi.org/10.1239/aap/1282924062

774 K. PAKDAMAN ET AL.

can be interpreted as the probability that the first spontaneous action potential (SAP) occurs
before time 7. Thus, the convergence speed bound gives an upper bound of the cumulative
distribution function of this first SAP time.

For higher input currents I > I, the deterministic solution will be attracted by a stable
limit cycle, which corresponds to repetitive action potentials. In this case, channel noise may
introduce ajitter in the spiking times. Thus, if one considers the supremum of the errors between
the stochastic and the deterministic solutions, this supremum will be quite large (approximately
the size of an action potential) as soon as the difference between the stochastic spiking times
and the deterministic ones is of order of the time course of an action potential (2 ms). Thus,
the supremum of the difference is not appropriate here and we will see in the following section
how to quantify the impact of channel noise on the spiking frequency.

3.4. Application of the central limit theorems

In this section we show how to investigate the fluctuations around a stable fixed point (sub-
threshold fluctuations) and the fluctuations around a stable limit cycle (firing rate fluctuations)
using Theorem 2.2. Let us consider a class of two-dimensional models, corresponding to
Example 2.1. This class contains reductions of the previous two-state gating Hodgkin—Huxley
model, or other models such as the Morris—Lecar model [25]. Consider the process, using the

notation of Example 2.1,
(m) _ (JN(VN - V>)
Py VN(ey — g)

with initial conditions (Py(0), Yn(0)) = (0,0). Then the two-dimensional process Zy =
(Pn, Yn) converges in law, as N — oo, towards the process Z = (P, Y), whose characteristic
function is given by

E[exp(i(61 P (1) 4 62Y (1)))] = exp(67 A; + 63 B + 016,C;).

This characteristic function is obtained by specializing the differential equation of Theorem 2.2.
Thus, defining X; to be the square root matrix of

_ (A G2
Iy = (C;/2 B; forO<s <t,

Z can be written as a Gaussian diffusion process:

t
Zt:/ Edem
0

where W is a standard two-dimensional Brownian motion. The condition that the matrix I'y
admits a real square root matrix can be reduced to A + B; < 0 because we can show that
det(Ty) = ALB. — (C})?/4 = 0 for all s > 0. This condition is thus always satisfied because
Ay + By < 0, A} and B; have the same sign, and (A}, B;, C;) cannot cross (0,0, 0) by
uniqueness of the solution of 77 = Mz (satisfied by y’). The computation of the matrix

gives
v —2(A. + B]
V22U BY)

Al + B

s — S
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From the equation for the characteristic function obtained in Theorem 2.2, we find that the
triple y = (A, B, C) is a solution of the system y, = M;y; 4+ E;, defined as

A 20, 0 b)) A, — AV, )
B =0 2f; [y B | + 0
G 2f0 26 b+ f1) \C 0

with initial conditions (0, 0, 0), and A(v, u) = /(1 — u)a(v) + uB(v). The partial derivatives
fu. fo, bl,, and b, and A are evaluated at the deterministic solution (V;, g;) of (D).

We remark that, if J is the Jacobian matrix of the two-dimensional deterministic system
(D) at the point (V;, g;), and if its spectrum is sp(J) = {i1, A>}, then the spectrum of M is

sp(M) = {2x1, 2X2, A1 + A2}. Two different situations can be considered.

e Starting from a fixed point (Vy, go) of the deterministic system, the matrix M, =
M (Vy, g1) andthe vector E; = E(V;, g;) are constant. We can derive an explicit analytical
solution diagonalizing the matrix M. The time evolution for the variance and covariance
of the difference between the deterministic and stochastic solutions then depends on the
stability (11, A2) of the considered fixed point. Noise-induced small oscillations may
appear if the eigenvalues are complex conjugates.

e Around a stable limit cycle (periodic firing), M, and E; are T -periodic functions. Using
suitable coordinates and following Floquet’s theory (see [3]), stability would be given by
the spectrum of the solver R(T'): (Ao, Bo, Co) — (Ar, Br, Ct). As explained in [17],
even if the real parts of the eigenvalues of the Jacobian matrix are strictly negative for
all times, unstable solutions may exist. In Section 3.5 we numerically investigate the
fluctuations around a stable limit cycle for the Morris—Lecar system.

(1@) _ (W(VN - V))

Py VNG -9 )’

where (Vy, gy) is the Langevin approximation, then the moment equations, written for the
linearized version around the deterministic solution, give the same matrix I'y at the limit
N — oo. But, for finite N, the linearized process is not Gaussian (see Appendix B). Thus,
our mathematical result can be directly related to the simulation results obtained in [34]: in
this paper simulations of two neuron models with a large number of stochastic ion channels are
made, and the fluctuations of the membrane potential below threshold exhibit approximately
Gaussian distributions, but only for a certain range of resting potentials. For smaller resting
potentials, the shape of the distribution remained unclear as it was more difficult to compute. Our
approach shows that, at finite N, for any range of the resting potentials, the distribution is non-
Gaussian. However, when N — oo, the distribution tends to a Gaussian, which corresponds
to the approximate Gaussian distribution observed in the simulations of [34].

If we consider

3.5. Quantifying the effect of channel noise on neural coding

In the next subsections we show how our results can be applied to quantify the effect of ion
channel stochasticity on neural coding. The impact of channel noise on frequency coding is
investigated in Section 3.5.1 and on spike timing coding in Section 3.5.2. We close this section
with some remarks concerning non-Markovian processes arising when considering synaptic
transmission in Section 3.5.3.
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3.5.1. Numerical study of the variance of the spiking rate for the Morris—Lecar model. In this
subsection, applying Theorem 2.2 to the Morris—Lecar system, we investigate the impact of
channel noise on the variance of the firing frequency. The Morris—Lecar system was introduced
in [25] to account for various oscillating states in the barnacle giant muscle fiber. We denote
by X = (V, m, n) the solution of

dv

CmE =1—-g1L(V—-VL)—gcam(V —Vcq) — ggn(V — Vi) := Fy(X), 3.1
dm
T = (V) (Mool(V) = m) = Fi (X), (3.2)
d
d—’t’ = 1 (V)(Nao (V) — 1) 1= Fy(X), (3.3)

where A, (V) = cosh((V — V1)/2V2), A, (V) = ¢y cosh((V — V3)/2Va), Mxo(V) = (1 +
tanh[(V — V7)/V2])/2, and Noo (V) = (1 4 tanh[(V — V3)/V4])/2. We introduce, as in the
previous sections, a stochastic version X y of this model with stochastic ion channels, replacing
the differential equation for m and n by birth-and-death processes with voltage-dependent
opening rates o, = A, Mo and o, = A, N and closing rates , = A, (1 — N). According
to the parameters of the model, the deterministic system (3.1)—(3.3) may have a stable limit
cycle X LC for some values of I € [Imin, Imax] (see [25]). This corresponds to a phenomenon
of regular spiking, characterized by its rate. Assuming that the time length of a spike is almost
constant, we suggest a proxy for this spiking rate:

1 T
r(1) = / P (X (s)) ds,
0

where ¢y, is a sigmoid threshold function. In a similar way, we define the stochastic spiking
rate by

1 T
ry(T) = 7/0 dth(Xn(s)) ds.

As a candidate for ¢, we choose ¢ (V) := eV Vi) /(1 4 e<(V=Vin)) where ¢ and Vy, are
two parameters.
A consequence of the central limit theorem for X is weak convergence,

1 T
VN[ry(T) = r(T)] = R(T) = = /O Z(s)Ven(X (5)) ds,
where Z is the weak limit of \/N[XN — X1,

Z(s) = / S W dw,,
0

and R(T) is a Gaussian random variable with zero mean. For simplicity, we consider the case
where ¢y, is only a function of the membrane potential V. Then the variance of R(T) is

2 T s
o,%(T)=E[R(T)2]=ﬁ /0 /0 Su (sl (V (s")) ds' (V (5)) ds, (3.4)

where S, (s) = £1.1(s) is the variance of /N (Vy(s) — V(s)).
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0.41 1(&82: 7x10°
o 037 6x10% - g 5x10°4
T 02- - ‘2‘38@ M0 3x10° -
2 0l+——— = 0+———— g 1x10° F———
53335 37 39 41 Ny 33 35 37 39 41 £ 33 35 37 39 41
2 (a) g (b) g ©
= & =
£ 04] £ 800 8 3x104]
2 031 > o £ 2x10
A 0.2 1 200 A £ ]X104'
0.1+ 0+——r 0 +—————
45 55 65 75 85 50 60 70 80 90 50 60 70 80 90
Input current, | Input current, | Input current, |
(d) (e) ®

FIGURE 3: Impact of channel noise on the spiking rate. Top row: class I regime. Bottom row: class 11

regime. (a) and (d) show the deterministic rate r (7") versus the input current / (LA/ cm?). (b) and () show

the variance 01% (T) versus the input current I (uA/ cm?). (c) and (f) show the normalized variance &(T')

versus the input current / (uA/cmz). Parameters: for all figures, T = 2000 ms, ¢ = 10, Vi = OmV,

Cpn = 20uF/cm?, Vi = 0mV, Vo = 15mV, V3 = 10mV, gc, = 4mS/cm?, gg = 8mS/cm?,

gL = 2mS/crn2, Vg = =70mV, Vp = =50mV, V¢, = 100mV, ¢, = 0.1, and V4 = 20mV for
class IT and V4 = 10mV for class 1.

To numerically estimate the variance UI%(T), the first step is to numerically determine the
limit cycle, then solve the moment equations (Appendix C) and immediately deduce X(s).
Thus, the variance 01% can be computed using (3.4) without any stochastic simulation. In
Figure 3 we show our numerical results, where we plot in (c)—(f), as a function of the input

current /, the normalized variance &£(T') defined as £(T') := UI%(T)/F(T)Z.

Remarks. The value of £(7") depends on a combination of the linear stability along the cycle
and the variance of the noise (which is multiplicative) along the cycle. If we want to have the
quantity E[(ry(T) — r(T))*1/r(T)? of order 1 then the number, N, of channels should be of
order £(T). Interestingly, this gives much smaller values for the class II regime compared to
the class I regime (see [16] for more details about these regimes). In both cases, it corresponds
to a reasonably small number of channels when / is not too close to bifurcation points.

3.5.2. Impact of channel noise on latency coding in the Morris—Lecar model. Whereas fre-
quency coding requires an integration of the input signal over a relatively long time, individual
spike time coding does not require such an integration. The time to the first spike, called latency,
depends on the value of the suprathreshold input. Thus, it may have an interpretation in terms of
neural coding, and it has been shown in several sensory systems [39] that the first spike latency
carries information. For example, a recent study [12] concerning the visual system suggests
that it allows the retina to rapidly transfer new spatial information. Impacts of external noise on
latency coding have been investigated in numerical studies [27] with stochastic simulations. We
apply Theorem 2.3 to the Morris—Lecar model to investigate the impact of internal channel noise
on the first spike time. We choose the parameters (see Figure 3) to obtain a class I neuron model
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in the excitable regime. In this setting, there exists a unique steady state X* = (V*, m*, n*).
Starting from this equilibrium point, the impact of an input at t = ¢y is equivalent to an
instantaneous shift of the membrane potential V* — V* 4+ A, where A > 0 is the amplitude of
this shift. Eventually, the system goes back to its steady state, but if A is higher than a threshold
Ay then a spike is emitted before going back to the steady state, whereas if A is lower than Ay,
no spike is emitted. For A > A, we define the latency time T (A) as the elapsed time between
to and the spike. More precisely, let X 4 (1) = (Va(t),ma(t), na(t)) for t > ty be the solution
of the Morris—Lecar equations with initial conditions X (f9) = (V* + A, m*, n*). We define a
spike as a passage of the membrane potential V4 (¢) through a threshold Vi,. Then, with #p = 0
for simplicity, the latency time 7 (A) can be written as 7' (A) := inf{t > 0; V4(t) > Vin}. As
shown in Figure 4(a), the more A > Ay, is close to Ay, the longer is the latency time 7 (A).
The same setting can be extended to the stochastic case, defining a random variable Ty (A).
Applying Theorem 2.3, with ¢ (V, m, n) = Vi, — V, we express the variance P(A) of the limit
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FIGURE 4: Impact of channel noise on latency coding. (a) Latency time 7 (A) versus amplitude A.

(b) Variance P(A) versus amplitude A. (c) Normalized variance P(A) /T(A)2 versus amplitude A.

(d) Variance P (A) versus latency time 7' (A). (e) Variance S, (A) versus amplitude A. (f) Crossing speed

F,(X (T (A))) versus amplitude A. The parameters used are the same as those used in Figure 3, class I,
with input current I = 32 uA/cm?.
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of V'N(Tn(A) — T(A)) as N — o0

P(A) = Sy(T (A))
— Fy(X(T(A))?*

In (3.5), Sy (T (A)) is the variance of the V -component Y of Z, where we recall that Z is the limit
of VN(Xy — X) (see Theorem 2.2). The value of S,(T(A)) is obtained from the numerical
integration of the moment equations (Appendix C). The results are displayed in Figure 4, where
the variance P(A) and a normalized variance P(A)/T (A)? are plotted against the amplitude
A (Figure 4(b)). In Figure 4(d) the variance P (A) is plotted against the latency time 7 (A).
From (3.5), it appears that P(A) is determined by two distinct contributions: the variance
Sy(T (A)) (Figure 4(e)) and the crossing speed F (X (T (A))) (Figure 4(f)), which does not
actually influence much the variance P(A). One way to interpret the results is the following:
if N is large, of order P(A), then E[(Ty(A) — T (A))?] is of order 1. Thus, as an illustration,
in order to keep E[(Ty (A) — T (A))?] of order 1, the required number of channels would be of
order 10 for a latency time of 10 ms and of order 10° for latency time of 60 ms.

(3.5)

3.5.3. Synaptic transmission and non-Markovian processes. In Section 3.5.1, the quantity of
interest was the firing frequency. However, the synaptic transmission between neuron 1
and neuron 2 has its own time scale. Therefore, neuron 2’s input, called the post-synaptic
potential ¥ =2 may be modelled as a functional of neuron 1’s membrane potential { V1 (¢)};>0.
Although synaptic transmission is presumably a nonlinear process, we can consider as a first
approximation (cf. [21]) that the process of interest is obtained directly by the convolution of
the process V| with some kernel K '~2:

t
\y‘*(t)zf K'72(t, 5)Vi(s) ds.
0

The mathematical analysis of the impact of channel noise on this variable can be done in
light of Theorems 2.1 and 2.2. Using the general notation for the stochastic process and its
deterministic limit, we define Wy (t) = [y K (t,5)Xn(s)ds and W(t) = [ K (, )X (s) ds.

Law of large numbers. Define Sy(T) = SuPse[o,T]WN (t) — \IJ(t)lz. Clearly, using the
Cauchy-Schwarz inequality, with the same notation as in Theorem 2.1,

P(Sy(T) > A) < Py(T, n(T)"'A)
with

t
n(T)=T sup / IK (¢, 5)|? ds.
t€l0,T]J0

The convergence of Wy to W is thus a direct consequence of Theorem 2.1. The convergence
speed is exponential, as in Theorem 2.1.

Gaussian fluctuations. We know from Theorem 2.2 that v/N (X y — x) converges weakly to
the diffusion Z(¢) = fot ¥ (u)dW,. As a consequence, Qy = VNWy — W) also converges
weakly to the following process:

t s
Q(t):/ K(t,s)(/ E(M)dwu>ds.
0 0

Using integration by parts, we can rewrite

t
Q) =/ J(t,5)dWs,
0
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where

t
J(t,s)=/ K, u)duX(s).

The process €2 is Gaussian and we can easily compute its variance as f(; J(t, 5)* ds. However,
it is non-Markovian, and some issues concerning the first hitting times of such processes are
addressed in [35].

4. Proof of the law of large numbers

In this section we give the proof for Theorem 2.1. This proof is inspired from [1], except for
the exponential martingale bound. In order to simplify the notation and to make the arguments
clearer and more intuitive, we write the proof for the case of a single channel type with state
space {0, 1} and transition rates given by the scheme

a(Vn)

0 = 1.

B(VN)

In this case, the stochastic model (89\1) is

Vn() = f(Vn@),un(@),  Vy(0) =V,
N
un (1) = %Z&(uikb, un(0) = ug",

where utk) 0 — 1 withrate ¢(Vy(#)) and 1 — O with rate (Vi (¢)) forall 1 <k < N.
The deterministic solution (v, u) satisfies

v(t) = f(u(), u@)), u(t) = (1 —u@)a@@) —u@)B®)),
v(©0) = vy,  u(0) = uo.

In this section and Section 5, we use the variable u instead of g, as we are working with a
simplified version of the model. In order to complete the proof, a few slight changes in the
notation are necessary:

e in order to work with more general jump Markov processes with finite state space,
essentially all the expressions of the form 8o (u)x(v) — §1(u)B(v) should be replaced
by

D i j (0, w)e, () — ot (v, u)Se, (u);
i#j

e in order to include g different channel types (different ions), we should just write the
same arguments for all the g processes {e N (t)} for 1 < j < ¢ and include all the
||e (t) e ()| for1 < j < ginthe function f(¢) of Gronwall’s lemmain Section 3.4.

4.1. Decomposition into a martingale part and a finite-variation part

Decomposition. We decompose the difference between the stochastic and deterministic
processes as a sum of a martingale part, My, and a finite-variation part, Q y:

t
[un (@) —un(0)] — [u(®) —u(0)] = My (1) +/0 On(s)ds,
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where we define

1 N . .
O () =+ D 1ol (Va (1)) = b1 () BV ()] = (1),

i=1
t
My (@) = [un(@) —u(®)] — [un(0) —u(0)] — /(; On(s)ds.
Let {F;};>0 denote the filtration of o-algebras indexed by time generated by all the stochastic
processes under consideration for a particular N.
Lemma 4.1. As defined above, (My (t)) is an { F;}-martingale.
Proof. For h > 0, define AMy (¢, h) = (1/h) E[Mpn(t +h) — My (¢) | Fy]. Then

N
11 i ;
AMy (. h) = —— > EBl8i1(u'),) | Fil—E8i (") | F]
i=1

=
=4

3

S o=

t+h 1 N ' .
EU [N 3 soa(vy) - 81(u§'))ﬂ(Vs)] ds
! i=1

1 1 t+h )
— E[u(l—i—h) _u(t)]—i_E/, u(s)ds.

The last line clearly converges to 0 as & — 0, and the two first terms compensate as 7 — O.
So we have

1
I}imo m E[Myn( +h) —My@) | F1]=0.

Therefore d
- E[My(t +5) | Ftlls=0 = 0.

By dominated convergence we have

d d
a E[MN(t + S) | Ft]|s:s0 = E[a E[Mt—&-so+u | Ft+so]|u:O

Ft] - 0

Finally,
E[My(t + h) | F;] = constant = My (¢).

4.2. Martingale bound

In this section we want to obtain a bound in probability for the martingale part. We introduce
the jump measure and the associated compensator.
We define two random measures on (0, 7] x {0, 1}:

ki = Z a(t,ufi));

1e(0,71, u® ;tu;"j

e the jump measure,

e the compensator,

vi(dr, dy) = [BVN ()81 )80 (y) + (Vi ()80 )81(»)]dr.
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We can rewrite Q y(s) and My (¢) as
. t
/ Qn(s)ds = Z / B1(y) = 81 ))v;(ds. dy) — f ii(s) ds,
0,71x{0,1} 0

My (1) = Z/O G 81u)) (ki — vi)(ds. dy).

Then we have the following proposition.

Proposition 4.1. LetT > 0, ¢ > 0, and 6 > 0. Then there exists Ny such that, for all N > N,

P[ sup My()? > 5] <
0<t<T

Proof. Let us first recall that from standard results about residual processes (see [18]) we

have
N
BIMy(1)*] = N_ Z |:/(0 100 1}(51()’) - 81(uf’,)))2(/c,~ — 1) (ds, dy)i|
; [ .
N_ Z [[(0 - ﬁ(VN(s))51(u£’,)) + a(VN(s))ao(uglj) ds],

Therefore, we can obtain a bound for E[My (£)?]:

E[My(n?] < cl%mmnanm, 181lo0).

where ||o||oo and || 8|l are finite because o and g are continuous and assumption (H1) holds.
We then use Chebychev’s inequality and Doob’s inequality for L2 martingales:

1 4

P[ sup My ()% > 5] < —E[ sup MN(t)2] < ZE[My(1)?]
0<t<T 8 0=<t<T 8

and E[My (t)?] < 8/4 forall N > Nj.

In order to obtain a better estimate for the convergence rate, we derive here an exponential
bound for the martingale part. Our proof is inspired from techniques developed in [5].

Proposition 4.2. Let T > 0 and n > 0. There exists a constant Cy, such that, for all § €

(O’ nCnT),
P[ My @) > 8| <2e p( 82N>
sup N = ]_ X — .
0<t<T 26T

Proof. We define, for x = (u, v) and 6 € R,

my(x,0) = / e an )y (x, dy) = N[N ut(x) +e N = ()],
R

o (x,0) = fR [ — 1 — Bylhy (pn (x, dy)

1 82
=/ 8’;12N (x, r0)0%(1 — r) dr.
0
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The second equality stems from an integration by parts argument. Also, if |6| < N7,

Bzm
962

(x, 9)‘ ‘N)\(x) "Nt (x) + "N = ()]

< =1,
- N

So, [pn (x, 0)| < C,0%/2N. Let us define
Z4) = exp(eMNm - /0 o (5). V(). ©) ds),
(Z%,(1)) is a martingale thanks to Doléans’ formula (cf. [28]):
Z5 =1 +/0t/Rz€N<s—>[e” 1) — v)(ds, dy).

Then we note that T = inf{t; My (¢) > 8}. On {r < t}, Z,(7) = exp(8e — tsZCn/ZN) By
the optional stopping theorem,

2
E[Z} (min(z, ©)] = E[Zy (0)] = E[Z () 1z<n] = P(r < 1) exP(58 - 152]5'7)

So, P[supg<, <7 My(t) > 8] = P[t < T] < exp(—de + T€2C,7/2N).
Finally, when 6 € (0,nC,T), with ¢ = 6N /Cyt, and applying the same argument to
— My (t), we obtain the result.

4.3. Finite-variation part

In this section we use the Lispchitz property of « and g to provide a bound for the finite-
variation part, in order to apply Gronwall’s lemma later.

Lemma 4.2. There exists C1 > 0 independent of N such that
ION)| = CJun (1) —u()] + VN (@) — v(@)]).
Proof. We have

N
on(n) = %250(14?))06(% (1) — (1 = u@)a(v(n)

i=1

1 & :
= 2B BV @) —u W @)).

i=1

Let us start with the second term of the difference, called Ql_’oz

1 Y :
070 = 5 > 81 )BV (1) — u()p(vy)

i=1

— Z 81(u)B(Vi (1)) — u(® BV (1) + () BV (1) — Bo(1)))

= ﬂ(VN(t))(uN(t) —u(n) + u(t) BVN @) — B(©))).

[0 1]
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Then,
10" < 1B lloolun (1) = u(®)] + KgV = v(0),
where K is the Lipschitz coefficient of 8. We do the same for the other term of the difference:

10°71] < llalloolun (1) — u(®)] + Kol Vi (1) = v(0)].
So the proof is complete, with C1 = max(||a]leo, | Blloo, Kas Kg).

If more general transition rates o (v, #) and B(v, u) depend on v and u, we would need to
replace [|[|oo and [|Blloo respectively by ol + K& and [|Blloo + K5, where K{" and
K }g” are the Lipschitz coefficients associated with the second variable u.

4.4. Proof of Theorem 2.1

Law of large numbers. We want to apply Gronwall’s lemma to the function

F@O) =1Vn@) — v + lun @) — u@).

From the previous section we have a good control on the martingale term and the following
estimate.

Corollary 4.1. There exists Cy > 0 independent of N such that

t
lun (1) —u(®)* < 4[|uN(0) —u(0)]> + CzT/ lun(s) — u(s)|*ds
0

t
+ CZT/ Var(s) — v(s)Pds + MN<r>2].
0

Proof. Asun(t) —u(t) =un(0) —u(0)+ My () + fot On(s)dsand (x +y+z4+w)? <
4(x% 4 y% 4 z2 + w?), the result is a direct application of the previous lemma and the Cauchy—
Schwarz inequality.

We now need to work on |V (1) — v(t)|2, using hypothesis (H1), with

0 0
% %(vms), U (s))

K1 =sup sup
N 5€[0,T]

(VN(S),MN(S))’ and K> =sup sup
N s€l0,T]

Between the jumps, we have

d
E(IVN(I) — v = 2(f (VN @), un (@) — @), u®)(Vn (1) — v(1)).
Thus, .
VN () — v = 2/0 LA (VN (), un(s)) — f(v(s), u(s)I(Vn(s) — v(s))ds

+ VN (0) — vol?

t
< |vN(0>—vo|2+2K1f IV (s) — v(s)[? ds
0
t
+ 2K2/0 i () — u()[|Vir(s) — v(s)| ds
t
< |V (0) —v0|2+2K1/ V() — v(s)[? ds
0

t t
+ KZ/ lun (s) — u(s)P ds + Kzf Vr(s) — v(s) ds,
0 0
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where we have successively used the Cauchy—Schwarz inequality and the fact that ab <
%(a2 + b?). Putting this inequality together with the corollary we obtain

F()<A+B / F(5)ds,
0

where B = B(T) = max(2K(T) + K2(T), C,T) does not depend on N and is linear with
respect to T if (H2) holds, and

A = un(0) — uol® + [Vy(0) — vo> + K4 sup M2,
0<s<T

If we control the initial conditions then, with the control we have on the martingale part from
Proposition 4.1, A can be chosen arbitrarily small (with high probability) and we can conclude
with Gronwall’s lemma.

Exponential convergence speed. If the initial conditions are the same for the stochastic and
deterministic models, we actually have exponentially fast convergence, thanks to the exponential
bound for the martingale part given by Proposition 4.2: there exists a constant C,, > 0 such

that

1 ) 2 Ae” BT
lim sup — lo P[ sup |V (@) — v(@0)? + lun @) — u(@)? > A] <=
N—>oop N g Ofth 2KAC,, T

Indeed, from Gronwall’s lemma we deduce that
) ) ) Ae_B(T)T

P[ sup V() = v + luw ) — w0 > A] <P[ sup (M2 > =——]
0<t<T 0<t<T KA

Then, from Proposition 4.2 we know that there exists a constant C, such that

2
] < log(2) B 1)

1
— logP[ sup |M|? > 82 .
N N 2C, T

0<t<T

We complete the proof with 82 = Ae BT /K 4.

5. Proof of the central limit theorems

As before, we write the proofs for the case of a single channel type with state space {0, 1}
and transition rates given by the scheme

aVy)

0 = 1.

BVN)

5.1. Functional central limit theorem

Let b(u,v) = (1 — w)a(v) — uB(v), and let (Viy, uy) be the solution of the simplified
stochastic model (Sy) and (V, u) be the solution of the deterministic model (D) introduced in
the Example 2.1. Consider the process

()= (s
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If the initial conditions satisfy (Py (0), Yn (0)) = (0, 0), the two-dimensional process (Py, Yn)
converges in law, as N — oo, towards the process (P, Y), with characteristic function

E[lexp(i(61 P(z) + 62Y (1)))] = exp(@le(t) + 9223(1‘) + 616,C(1)).

The functions A, B, and C are solutions of the system

A 2b, 0 b)) A AN
Bl=|0 2f f B|+ 0 (5.1)
c’ 2f, 2b, b, +f1) \C 0

with initial conditions (0, 0, 0), and with A(v, u) = /(1 — w)a(v) + uB ).

Proof of Theorem 2.2. We adapt the proof given in [22]: we prove the convergence of
characteristic functions plus tightness. Let

¢n(t,0) = E[exp(i(01 Py (1) + 62Yn (1)))].

Let us also define Zy = (uy —u, Vy — V), Xy = (un, Vn), X = (u, V), and h(x, y) =
exp(iv/N (01x + 62y)). Then

¢(t,0) — 1 =E[h(ZN(1)) — h(ZNn(0))]
t
= /0 E[NX(XN(S))/E {h(w —u(s), VN (s) — V(5))
—h(ZN ()} (XN (s), dw)

—b(X (NI (ZNn($) + (f (XN () — f(X(s)))h/y(ZN(S))] ds.
Soopn(t,0) —1=Gn(0,t)+ Hy(0,t) with

t
Gn@.1) = / E[Qy )@YV — 1)y + e YNV _ Y ds,
0
Qn(s) = NAXNGDR(ZN (), iy =ty (Xn(5)),

t
Hy(0,1) = /0 TE[—01v/Nb(X ())h(Zn (5)) 4+ 627 N{f (X (5)) — f(X(s))}]ds.

Then in order to use the asymptotic development of e* when x — 0, we introduce the function
K (u) =e" — 1 —iu + u?/2. Then, knowing that 1 +u_ =1,

t 0 92 0
Gy, 1) = fo E[QN(S){iTIIV(M-i- — (XN () = 5+ K(fllv) H ds.

Since b(x) = A(x) (4 (x) — pn—(x)), we have

t t 2
Gy@,1) =/0 E[i@lx/ﬁb(XN(s))h(ZN(s))]ds+/O E[—%)\.(XN(S))/’Z(ZN(S))} ds

! 6
+/0 E[NK(TJI\I)MZN(S))] ds.
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Therefore,

t
on(t,0) — 1= fo E[—%efk(xN(s»h(zN(s»] ds
t
+ /0 E[h(Zn(5))i01VN{b(Xn(s)) — b(X (s))}]ds (5.2)

t
+ fo E[h(Zn ()i V' N{f(Xn(s)) — f(X(s))}]ds (5.3)

t 0
+/0 E[h(ZN(s))NK<TIIV>A(XN(s))} ds. (5.4)

Using the derivatives of b and f, and the convergence of X to X, we can make a development
of the sum (5.2) + (5.3):

t
(52)+(53)= /0 E[R(ZN)iVN{(uy — u)(01D], + 02 f;) + (Vv — V)(01D), + 02 f,)}1ds
+ EN(I, 9),

where we have dropped the s, and where b/, bl, f,, and f are taken at X y(s).

Noting that h(Zy)iv/N (uy —u) = h.(Zy) and h(Zy)iv/N (Vy — V) = I (Zy), we have

t
52+ (53)= /(; E[h(Zn) (61D}, + 62 f,) + 1\, (Zn) (1D, + 62 f;)] ds.

The term in (5.4) converges to 0 as N — oo by dominated convergence since K (u)/u’ is
bounded and converges to 0.

As we have the convergence in Theorem 2.1 of Xy to X, we obtain the convergence of
on(t,0) to W(z,0), satisfying

oV 1, , , oV
a—(l, 0) = =07 AX )V (t,0) + (01D,(X (@) + 02 f,,(X () —
t 2 00

ov

+ (616, (X (1)) + szé(X(t)))ﬁ-

2

Tightness stems from the Markov property and the following estimate obtained in the proof
of Theorem 2.1:

0<t<T

q ] '
P[ sup [IVNIVN (@) — vl + Y IVNley ) — gV 011 > A}
j=1

( (A/N)Ne—B<T)T)
< exp —T .

The announced convergence in law follows.

To solve the partial differential equation, we set W (¢,0) = exp(@le(t) + 016,C(t) +
O%B(t)). Then, substituting into the initial equation, and identifying the coefficients, we obtain
system (5.1).
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Proof of Theorem 2.3. (This proofis inspired from [9].) The convergence of Xy to X almost
surely (a.s.), uniformly on finite time intervals, obtained in Theorem 2.1, implies that Ty — t
a.s. In order to apply Theorem 2.2, let us introduce Zy through the following decomposition:

1
VNP X (1)) — p(X(n))) = dﬁ[¢ <X(m) + ﬁzw@ - ¢(X(r1v))}
—VNg(Xn(tn)),

where we have used the fact that ¢ (X (7)) = 0. As N — 00, we claim that the right-hand side
converges in law to V¢ (X (t))Z(t) since VNG (Xn(tn)) converges in law to 0. Indeed, as

¢ (Xn(ty)) <0and ¢ (Xy(ty)) =0,
IWNo Xy (n)| < [VN@@(Xn(tn)) — ¢ (Xn (Ty))).
There exists 6y on the line between X v (tiv) and Xy () such that

IWN@Xn(TN) — o XNy = [V ON)(Zn(tn) — Zn(Ty))],

which converges in law to 0 since Zy — Z and Z is continuous. The claim follows. By
continuity, ¢ (X (7)) = 0, so that /N (¢ (X (7)) — ¢ (X (Txy))) is asymptotic to

~VoX @) FX@)VN(y —1).
Thus, VN (Tny — 1) converges in law to (7). To complete the proof, we remark that
VNXn(y) = X(0) = Zy () + VN X (ty) = X (1),
which converges in law to Z(t) 4+ 7 (7)) F (X (7)).

5.2. Langevin approximation

In this case Theorem 2.4 can be written as follows. Let (Vy, uy) be the solution of the
stochastic model (Sy). Then, the process

Ry () =«/N<uN<r>—uN<0> —/0

converges in law, as N — oo, towards the process R(¢) defined as a stochastic integral:

t

b(un(s), Vn(s)) dS>

t
R(t)=/0 VA —u()a(V(s) +uls)B(V(s)) dBs,

where B is a standard Brownian motion and (u(¢), V (¢)) is the unique solution of
V=rFW,uw, i=0-waV)-upV),
u(0) =up =un(0), V() =Vy = Vy(0), forall N.

This result provides the following degenerate diffusion approximation (Vy, it ) for sufficiently
large N:
dVn (1) = f(VN(), un (1)) dr,

dity (1) = [(1 — in () (Vy () — iy (@) B(Vy (@)]dr + on (i (1), V(1) dB;,

1 1
on(u)? = 11 —wa@) +up®)] = ZA@, ).
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Let
1 1
g, v) = An(u, v)[mﬂ(u, v) + mu_(u, v)} = —wa) +uB(v).

Note that in the multidimensional case, the real-valued function g above becomes a d x d
matrix. Since the different channel types j are supposed to be independent, this matrix would be
block diagonal, with blocks of size r, thus assuring the independence of the g (r;-dimensional
Brownian motions) W), The blocks of size r j are given by the matrix G, and arise from
the calculation of the covariances:

GY) () = Ny (x) / sk (x, 2) dz.
E

Proof of Theorem 2.4. The tightness property follows from the inequality

TN
P[sup [Ry ()] > 8] = - llglle:

s<T

Just as in the proof of Theorem 2.2,_ let us define ¢y (t,60) = E[eieRN o, the_ characteristic
function of Ry. Let h(My (1)) = Rv0 /NMy () = Ry@), Y(u) = (" — 1 —iu +
u?/2)/u?, and & () = e — 1 — iu = u>y (u) — u®/2. We then have

¢n(t,0) — 1 =E[R(My(1))] — h(0)

t
_ fo E[AN(S) | — ) + My () = (M )
— (w — uy () (M () s, dw)] ds

t
=/ E[eieRN(wN(s) EOVNw — un () (s, dw)} ds
0

En

S
- _f E[Ee“N(é)AN(s) NO%(w — un () 1w (s, dw)i| ds
0 Ey

[ .
+/ E[e‘gRN(S)AN(s) NO%(w — uy(s))?
0 En

X Y (VNOW —uy ()N (s, dw)} ds,
where Ay (s) stands for Ay (un (s), Vn(s)) and un (s, dw) stands for uy (uy(s), Va(s), dw).
The second term in the last equality, call it Ky (6), converges to 0 as N — oo by dominated

convergence, and because w(ﬂe(w —upn(s))) = w(:I:H/\/N) — 0 as limy— oY (u) = 0.
So we have

g [ ()92
on(,0)—1= —/0 E|:§e N0 g(un(s), VN(S))i| ds + Kn(0)

1 t
= —5/0 02g(u(s), V(s)pn (s, 0) ds

1 [ .
+3 /0 02 E[(g(u(s), V(s)) — glun(s), V()R ds + Ky ().
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Again, the second term in the last equality, call it Jy (0), converges to 0 as N — 0o, because
of the convergence of uy and Viy to u and V (cf. Theorem 2.1).
By Gronwall’s lemma we conclude that ¢ (¢, 0) — ¢ (¢, ) with

t
#(t,6) :exp(—%@zfo g(u(s), V(s))ds).

Proof of Theorem 2.5. We want to prove that the process Z has the same law as the limit
as N — oo of the difference between the Langevin approximation linearized around the
deterministic solution and the deterministic solution itself, scaled by /N. We write it in the
general case, not in dimension two only, as above. First we identify the equations satisfied by
the moments of Z starting from the equation satisfied by the characteristic function. We make
the ansatz

U1, 0) = e—er(z)eT/z.

The matrix I'; corresponds to the variance/covariance matrix. We substitute this expression
into the equation satisfied by i as given in Theorem 2.2:

w o { Lo b v 1K Gy )G
D X M S W]
j=1"1eL k=1 k,l=1
P
Afm gw
O L2~
+ Z Z m ax; 96,
m=1 leL

The ensemble of indices L can be written as L = L, U Ly, where L, = {1 < m < p}
and L, = {(j,k);1 < j <gq,1 < k < rj}. Toidentify the equations satisfied by I'y5, we
distinguish the following cases:

e fora e L,and b € L,,

1 afe af’
T, = o+ —Ta |;
ab Z[ o b+ o al

o forae Lyandb € L,, b= (j,k),

)
1 b afe
T/, = k_r Ty |
L ab ;[ o al + o, bl:|

e forae Ly,a=(j,k),andb € L,,

() b
1 ab af
= =§ k Ty + 2Tyl
5L ab leL|: o, bl + ox al:|

o fora € L,,a= (j,k),andb € L,, b= (j', k),

()
1, 3 dby 3bj i L-0)
Erab N leL|: dx For + dx; Far |+ EG"”" Li=i-
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We t~hen write the equations satisfied by KM (1) = \/N(}?N(t) —X@) =}, PI{,’k),
where Xy is the Langevin approximation defined in Section 2.4, and where X is the deter-
ministic limit:

Yy = VN (Xw) = f" (X)) dr,
APy = VNG Xn) — b (X)) di + 0D (Xy) dW/ .

When we linearize around the deterministic solution, we obtain the following equations:

ary =" O™ e gy
N = ax ! J
leL
S B g, + (i o) + —=Ql) ) dw/*
N — ax; I — k. k' \/N kK’ oo
where the terms SZ,((] ,)(, / /N come from the linearization of 015,]13/ (Xn); we do not need to specify
them here because they goto 0 as N — oo.
It is now clear that the moment equations for this linear diffusion system converge to the
system satisfied by 'y as N — oo.

Appendix A. Comparison between two deterministic limits of different stochastic
Hodgkin-Huxley models

We want to compare the two following deterministic systems, with f, o, B continuously
differentiable functions, « and 8 nonnegative, and k an integer greater than or equal to 1:

dv

du

s Fv, uby, i (I —wa(V) —up(V), A1)
av .

e FV,xp),

dxf‘ (A.2)
d—t’ =k—j+Dxj10(V)+ (G + Dxj1B(V) —x;(GBV) + (k — ja(V))

forall0 < j <k.

System (A.1) corresponds to the classical ‘Hodgkin—Huxley’ model, with only two variables
for simplicity, and system (A.2) is a (k + 2)-dimensional system, where x;, 0 < j < k, is the
proportion of channels in state j, and j = k is the open state.

Proposition A.1. Let Vy € R and ug € [0, 1]. If the following conditions on the initial values
are satisfied:

V(0) = V() = Vp
and  Clu(0)F 7 (1 = u(0)) = x4 ;(0) = Clug (1 —up)! forall0< j <k,
then, forallt > 0, V(t) = V(t) (same potential) and u(t)* = xi(t) (the proportion of open

channels is u(1)). ' ‘ _
Moreover, forall 1 < j <kandallt > 0, x;_;(t) = C,iu(l)k*f(l —u(t))’.

Proof. Consider (V,u) to be the unique solution of (A.1) for V(0) = Vp and u(0) = uop.
Let y;j(t) = C,{u(t)k’f(l —u(t))’,0 < j < k. Then (V, y, ..., yo) is a solution of (A.2)
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(we just need to compute y} and write it as a function of y;_; and y;y1). As the initial
values are equal (by hypothesis), x;x—;(0) = C ,ﬁ ugfj (1 — ug)’ = yr—;(0) and, by uniqueness,
Vo vk, --,v0) = (V, xp, ..., xp) forallt > 0.

Remark. The result is essentially the same for more complicated Markov schemes (e.g. the
sodium multistate Markov model).

Appendix B. Moment equations for the linearized Langevin approximation

From Theorem 2.2 we can build a diffusion approximation (Vy, éy) of the stochastic hybrid
process (Vy, ey) given in the Example 2.1:

dVy(t) = f(Vn (), En(2))dt,

diiy (1) = by (1), V() dr + wd&,

b(w,u) =[(1 —wa@) —uB@)],
A, u) =[(1 —wa@) +up)].

We want to write the moment equations for the linearized version of

(70)= (e =)

with (V, e) being the deterministic solution. The linearized equations are given by
dYy = (fy Yy + fuPy) dr,

dPf = (b}, Y5 + b, Py dt + |:\/k_,+ ——— Oy Y5+ 2, PN)} dB,

2N,
with A, = A(V (1), u(t)) We define m Y =E[Y,$] mbY =EB[PE], SV = E[(Y}; —m1)?], S =
E[(PL — m»)?], and C12 = E[(YL ml)(P — m3)]. Then we have the following system of
five equations:

dmjlv , ,
e = fymi + f,ma,
dmév
W = b/Vm1 +b;m2,
deV =2f.8 2fC
ek fvSt+2f,Cia,
dsy , 1 2
— = W52+ 26, Cia + Vi + S v = kma)
)\4/‘/ 2 )\‘/ 2 )\’/ )\’/
+ S+ u Sy 421y,
(2«/1%) ! <2JN)\‘,) 2T N,
N

5 =S LS+ (fy +5)Cn,

Atthe limit N — oo, and with A = —25, B = —251, and C = —Cy3, this system is the same
as the one found in the application of Theorem 2.2 in Section 3.
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Appendix C. Moment equations for the Morris—Lecar system

The moment equations used in Sections 3.5.1 and 3.5.2 are the following linear nonhomo-
geneous system of differential equations:

S Sy B
Sn Sn B2
SU Sn 0
= M(t
Con Dl T o
Cnv Cnu 0
CI’I‘H‘! Cmn O
with
© 9F, aF, 7
2—2 0 0 22— 0 0
om A%
aF, 9F,
0o 21~ 0 0 pJ— 0
an v
BFU aFv 8I;"l)
0 0 28V 28 02a 0
— m n
M@0 =1 4F, o Fw OF  0F, . 9F, :
om oV Vv om on
0 aF, 9F, 0 aF, N aF, aF,
on Vv Vv on om
0 0 0 aF, dF,, BFm+8ﬂ
L av av am on

where all the functions are evaluated at X () = (V (¢), m(¢), n(t)), the solution of (3.1)—(3.3),
and B1(1) = (1 — m@)an (V@) + m@)Bn(V (1)) and Ba(r) = (1 — n@))a, (V1)) +
n(t) Bn(V(1)).
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