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I. THRESHOLD INTEGRATION FOR SHOT-NOISE PROCESSES WITH A BOUNDARY

Rate-based quantities for additive, exponentially distributed shot-noise processes can be
derived using Laplace transforms. However, voltage-dependent quantities like the proba-
bility density are less conveniently derived. Furthermore, detailed models of neuronal inte-
gration which include reversal potentials or non-linear spike mechanisms are not amenable
to a Laplace transform approach, even for rate-based quantities. The Threshold Integra-
tion method recently developed for non-linear neurons receiving Gaussian white noise
[1, 2] provides a simple numerical scheme for integrating threshold-reset systems and can
be readily adapted to the case of shot noise. The steady state for additive noise treated
in this paper will be used as an example. The continuity and synaptic flux equations are

O = =P +71(t)(6(v—1pe) — (v — vi)) (1)
OpJe = —Jefae+ ReP —1r(t)d(v—uvy) (2)
Ovdi = —Jifa; + RiP + Ji(vp)0(v—up,) (3)

where P=7(J. + J; — J)/v. The last term in the flux equation for J; restricts the voltage
to be between a lower bound vy, and threshold vy, for numerical convenience (if vy, is set
sufficiently low it has a negligible effect on the results). In the steady state the system
of equations (1,2,3) reduces to three coupled first-order differential equations with two
inhomogeneous terms: one proportional to 7g and another to Jio(vy) both of which are a
priori unknown. Resolving the solution into two components proportional to these terms
Jo=rofo+|Jio(vp)|go and similarly for Jeo, Jio yields two equation sets. For cases where
Ve >0 the first set

Oufo = 0(v—vpe)
Opfeo = —feo/ae + TReo(feo + fio — fo)/v
Oy fio —fio/ai + TRio(feo + fio — fo)/v

is integrated backwards from vy, — 04 with initial conditions fo(vin) = feo(vn) =1 and
fio=0. The second set

3v90 =0
Opged = —geo/te + TReo(ge0 + gio — g0)/v
Owgio = —gio/a;i +TRio(geo + gio — go)/v

is integrated forwards from vy — 0_ with initial conditions go(vp) = geo(vip) = 0 and
gio=—1. The functions are matched on either side of v=0 by enforcing Jeo(0_) = Je0(04)

| Jio(vib)|ge0 (0—) = 70 feo(0) (4)
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Figure 1: Generalized amplitude distributions: steady-state firing rate as a function of the
synaptic rate. The inset shows the three example distributions (one is a single exponential
ozg) =0 for comparison). For each distribution the parameters (marked on the figure) have
been chosen so that the average synaptic amplitude is ImV, leading (in this case) to similar
steady-state firing-rate profiles despite the different underlying amplitude distributions.

Other parameters were 7=20ms, v, =5mV and vy, =10mV.

which is rearranged to yield |Jio(vip)|/70 = fe0(0+)/ge0(0—). Normalization of the proba-
bility density Py=7(Jeo+Jio—Jo)/v is then used to extract 7

L /U:h % ((feO + fio — fo) + M%:lb)’(geo + gio — go)> (5)

TT0

and consequently Jio(v;p) to give the steady-state probability density and fluxes. It is
straightforward to generalize the above for cases where v, < 0.

II. GENERALIZED AMPLITUDE DISTRIBUTIONS

The framework developed for shot-noise processes with a single exponential amplitude
distribution generalizes readily to distributions that can be written as sums of exponentials

Afa) = 3 ™ exp(—a/a™)/al™ (6)

for A.(a) or A;(a). The prefactors o™ may be positive or negative as long as the dis-
tribution is always positive and the normalization is chosen so that ) . am = 1. A
full description of the analytical solution for the generalized case, which can be obtained
straightforwardly using the Laplace-transform approach, is beyond the scope of this Let-
ter. However, we provide (using the numerical Threshold Integration method) an example



case: the two-component excitatory process. The equations to be solved are

oo = (" + 1) (6(v = vre) — (v — vn)) (7)
07 + I35 1alV = RGPy — Vo0 — v) (8)
0,75 + 1% ja® = RGPy — 1P 6(v — v) (9)
Jo = JY+IY _wpyr (10)

where Réé’m = ozgm)Reo where R is the total excitatory synaptic rate and 7“(()1) and 7“(()2)
)

(1)

are the contributions of each component to the total steady-state rate ro = rg5’ + 7“(()2 .
Note that the signs of r(()l’Q) depend on those of at? . The solutions of equations (7-10)

are linear in each component’s contribution to the firing rate and so must be of the form
Jo(rél), ré2)) = r(()l)JO(l, 0) + ré2)J0(0, 1) and similarly for J%), Je(g) and Py. The solutions

&
for the case (1,0) are found using the Threshold Integration method, integrating from vy,

backwards to 0, and similarly for the case (0,1). The unknown rate components can then
be found from the normalization and zero-flux requirement at the origin Je(1)|U:0 =0 (or

equivalently Jg) ly=0 = 0 via Eq. 7)
_m @ [*"
1 = g Py(1,0)dv + 1y Py(0,1)dv (11)
0 0
0 = rINA,0)]pm0 + 757 JD(©0, 1) = 0 (12)

where it is assumed that a case v, > 0 is being considered. Example solutions for the
steady-state rate for two-component distributions are shown in figure 1.

ITI. SPIKE-TRAIN SPECTRUM FOR A NEURON DRIVEN BY SYNAPTIC SHOT NOISE

The first-passage-time density for two-sided additive shot noise has recently been derived
in the mathematics literature [3]. The closely related spike-train spectrum (STS) will now
be derived here using the framework developed for the firing-rate response. The STS is
the Fourier transform of the autocorrelation C'(T) of the spike train S(t) = > 0(t —tx)
where {t;} are the spike times of the neuron:

C(T) = (S®)S(Et+T)) =10 (6(T) + o(T)) (13)

and where o(t) is the spike rate at time ¢ given a spike at t =0. Its Fourier transform is
therefore C(w) = ro (1 4+ 2Ro(w)). The continuity equation for this case is

op ) _

o v
and the excitatory flux equation is 0y Je+Je/ae = ReP — o(t)6(v — vyp,). The inhibitory
flux equation and total flux J = J.+ J; —vP/7 are unchanged from those given in the

paper. Fourier transforms in time and a bilateral Laplace transforms in voltage 5(3, w) =
e dte ™t [0, dvet?¢(v,t) are performed on these equations and substitution for the

o(t) (6(v=vre) =6(v—v4n)) +0(t)0 (v —vre) (14)

transformed fluxes yields an equation for the transformed density P

1—aes 1—a;s S

djﬁ B (aeTReO n aiTRiO iw7'> ~ eStre B 7—_@ < eSVth B esvre) . (15)

— = P
ds * s s \1— aes
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Figure 2: (A) Spike-train spectrum and (B) first-passage-time density [3] for a neuron
receiving synaptic shot noise. The color scheme is the same as that used in the paper with
the diffusion approximation in black.

From the initial conditions P(s=0,w) = nd(w) + 1/iw and hence P(s,w)—1/iw — 0 in
the limit s — 0 (for non zero frequency). With this in mind, equation (15) is solved for

P(s,w)—1/iw and integrated from 0 to 1/a. so that terms featuring P vanish. After some
rearranging, the Fourier transform of the spike-triggered rate can be written

1/ae wr d 1 SUre
1/ae iwr d 1 SV
0 dSS“"T% |:Z0(s) (16—(;5 — 65’01”6):|

for w # 0 where additionally o(w=0)=romd(w). It should be noted that this compact form
involves a final partial-integration step for the integral in the denominator that is valid
only for the biophysically interesting case where R.o7>1. The spike-train spectra for cases
i, ii and iii treated in the paper are plotted in figure 2A. The result (16) is closely related
to the Fourier transform of the first-passage-time density f(t) [3] via f=5/(140). The
numerical inverse-transforms for the first-passage-time density are plotted in figure 2B. It
is worth drawing attention to the initial value of the first-passage-time density (at t=0)
for shot-noise synaptic drive. This can be obtained directly by considering the fraction of
initial excitatory jumps across threshold from reset, so that f(0) = Rege™(Vth—vre)/ac (see
arrow in 2B for case i which has large excitatory amplitudes). This finite value is distinct
from the diffusion-approximation prediction for which f(0)=0.

(16)

IV. NUMERICAL EVALUATION OF SHOT-NOISE INTEGRALS AT HIGH FREQUENCY

Many shot-noise quantities consist of the ratio of two integrals Iy/I, of form
1/ae .
Iy = / dss™T(1 — aes)RoT(1 — a;s)07 f(s). (17)
0
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The presynaptic rate R.o7 can be of-the-order-of 102 or higher for biophysically reasonable
parameter ranges, concentrating the mass of the integrand near s = (0. However, when
w7 > 1 the integrand becomes increasingly oscillatory as s — 0. Together, these features
make integrals of the form (17) rather awkward to evaluate numerically at high frequencies.
One method is to identify the saddle point of the first three terms in the integrand (common
to both Iy and I;), rotate the integration variable in the complex plane so that the
numerical integration passes through this saddle point and include a divisive factor in
the numerator and denominator integrals evaluated at the saddle point. To this end, the
substitution s=exp(—z)/a, is made

| e O (1 = e (1 e (e ) (18)
where a=a;/a.. The saddle point is found by extremizing ¥(x) where

U(z) = 2(1 +iwT) — Reo7log(1 — ™) — Rijp7 log(1 — ae™ ™). (19)

*e?" which has a negative

i0*

which leads to a quadratic equation for e*. The root x=z*=|z|*e
imaginary part is chosen. It is convenient to introduce the rotation ¢*=e
the integral into the complex plane x — r¢* so that the ratio of integrals becomes

0 —AY(r) —r¢* [ae
I Jo  dre f (e ) 20)
I, = T dre S0 (o)

and continue

where AU(r) = ¥(r¢*) — U(z*). Integrals of the form [5°dre=2¥()f (e_m*/“e) can be

comfortably evaluated numerically up to frequencies of at least 105Hz.

V. DIFFUSION APPROXIMATION SOLVED USING LAPLACE TRANSFORMS

The firing-rate response to modulated current [4] and variance [4, 5], as well as the spike-
train spectrum [6] have been derived previously for the diffusion approximation in terms of
hypergeometric functions. To provide convenient integral representations of these results
the method of bilateral Laplace transforms is also applied to the diffusion approximation.
For this case the voltage dynamics and flux equations are

d odP
v—,u—v—i—av%'f() and 7J=(u—v)P —o*— (21)

Tt dv

with the continuity equation 0P+ 0,J =r(t) (0(v—vre)—d(v—2vy,)) identical to the shot-

noise case. In the steady state a bilateral Laplace transform of the flux and continuity

equations yields the following for the transformed density Py

dPy

~ T
o (,uo + sag) Py — TO (e5th — e%vre) (22)

This can be solved for Py and integrated between from s— oo to yield

Py = TToe“°5+"382/2/ dx

e HoT— 00362/2 TV _ ,TVre 23
- (e e*lre) (23)



which for s=0 gives the steady state rate as

L /OO @eﬂfﬂ (eVuen — elure) (24)
roT 0o Y

where yu, = (vip—p0) /00 and analogously for y,. in agreement with reference [4]. The spike-
train spectrum and Fourier-transform of the first-passage-time density can be derived using
exactly the same method used for shot noise (see above). Defining an integral

0 - d 2
A :/ d W _— e_y /zeyyth 25
w= ) AT ( ) (25)
and similarly for the reset v,.. the Fourier transforms of the spike-triggered rate ¢ (required
for the spike-train spectrum defined in Eq. 13) and the first-passage-time density can be
expressed simply as

0= Are/(Ath - Are) and f = Are/Ath (26)

which are integral representations of the results derived previously in terms of Cylinder
functions [6].

Firing-rate response for the diffusion approximation. The firing-rate response to modu-

lated current p = pg+p1e™7™ or variance o2 =03 +02e™7T can also be derived straightfor-

wardly using Laplace transforms. The modulated flux is either

dP; dP; dP,

TJ1 = P, —v) —of—+ P, or 17J1 =P —v) —0f—— — o —

1 1 (1o —v) — 0 qo T om 1 (1o —v) — o o s

for these two cases, respectively. Laplace transforming either of these equations and

combining it with the transformed modulated continuity equation, and solving in the

same way as for the shot-noise case allows the modulations to be expressed in terms of
ratios of integrals of the form

(27)

B,, = /0 Zymerme*yQ/? (e¥¥th — g¥re) (28)

so that the rate response for current 7, and variance can be written r,2

To 0'% BQ

ro 1B _ro of
2+iw708 By

r,=——— and 7.2 =
"1 +dwr 00 By 7

(29)
which are integral representations of results derived previously in terms of hypergeometric
functions [4, 5], though see the equation set A.19 of reference [4] for related integral
representations. To compare with the shot-noise case the modulation of a presynaptic
excitatory or inhibitory rate R, (with k = e, ) is given by ry = r,+7,2 with 1 = Rei7a,
and O'% = R,ﬂTai.

Numerical evaluation of diffusion integrals at high frequencies. For diffusion-approximation
quantities, ratios of integrals Iy/I, of form

Iy = [ am®Te 2 (y) = (r) 57 [ dmemen ) fa /) (30

need to be evaluated. Extremizing the argument of the exponential ¥ = w7 (22 /2—ilog(z))
in the second form of the integral gives the saddle point at z* = (1 +i)/v/2. Like for the



shot-noise case, the integral is deformed onto the complex plane to run through the saddle
point, from the origin to the point z = 044/1/2 and then from that point to z = co+i/v/2.
Hence the ratio of integrals can be written

Iy i [ daefA\I/(ia)f(a, fiwT) + e dbeiA\P(bH/ﬁ)f((b—i—i/\/i)\/E) )
Iy i[5 dae=S¥6 glav/iwr) + J5 dbe-S¥OHAg((b + i/ v/2) Vo)

where AU(z)=V(z) — ¥(z*).
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