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Abstract. We analyze extensively the temporal properties of the train
of spikes emitted by a simple model neuron as a function of the statis-
tics of the synaptic input. In particular we focus on the asynchronous
case, in which the synaptic inputs are random and uncorrelated. We
show that the NMDA component acts as a non-stationary input that
varies on longer time scales than the inter-spike intervals. In the sub-
threshold regime, this can increase dramatically the coefficient of vari-
ability (bringing it beyond one). The analysis provides also simple guide-
lines for searching parameters that maximize irregularity.

1 Introduction

Spike trains recorded from single cells in vivo appear rather irregular. The origin
of this high degree of variability has been debated in the last decade (see e.g.
[3, 4]) and many authors suggested that input synchronization is necessary to
achieve such a high variability (see e.g [2, 5]). While it is easy to show that input
synchronization leads to high irregularity, it is difficult to rule out the possibility
that the same variability can be achieved with asynchronous inputs. Proving this
kind of negative results requires clear guidelines that allow to explore systemat-
ically the parameters space. Here we start by simulating the in vitro experiment
described in [2] in which the authors were not able to obtain high variability
with asynchronous inputs. We show that it is possible to achieve high irregular-
ity without synchronicity and that synaptic NMDA receptor conductance may
play an important role.

2 Methods

We simulate a single compartment leaky integrate-and-fire neuron whose dy-
namics is fully described by the membrane depolarization V':

ﬂ _ _V(t) - erest + Isyn

where Iy, is the total synaptic current flowing into the cell, V;..q is the rest-
ing potential, 7,, is the membrane time constant and C,, is the membrane



capacitance. When V() crosses a threshold Vy, a spike is emitted and the
depolarization is reset to Vieser, where it is forced to stay for a time inter-
val Tqrp — the absolute refractory period. The parameters were chosen to re-
produce the behavior of the real cells recorded in [2]: 7, = 25mS, Viest =
—62mV, Vyp = =2TmV, Vieser = —42mV, 7qrp = dms. Since the model of the
neuron is highly simplified, these parameters must be considered as ‘effective’
parameters. The arrival of a pre-synaptic spike induces a change in the conduc-
tance g(t) which, in turns, injects a current I(¢) into the cell. For AMPA and
fast GABA receptors we have: Iumpa.gaba(t) = Gampa,gava (t)[V (t) — E&mpa.gaba)
where Eamre.9eba — 10, —62mV are the reversal potentials. For NMDA re-
ceptors we have an extra factor that takes into account the voltage-dependent
block of open NMDA receptors by extracellular magnesium (as in [2]). g(t) is
proportional to the fraction of open channels through a factor g, and the time
course of a unitary event is characterized by the raise time 7, and the decay
time 74 that are respectively 5 and 150 ms for NMDA receptors, 0.5 and 2 for
AMPA, and 0.5 and 7 ms for GABA. The total afferent current is constructed
by summing linearly the unitary events coming from N, excitatory and N; in-
hibitory pre-synaptic neurons that fire at random times. The inter-spike intervals
are distributed exponentially, as in a Poisson process, and each pre-synaptic ex-
citatory spike activates both the AMPA and the NMDA conductances. All the
parameters characterizing the synaptic input are identical to those in [2].

3 Results

Single receptor conductance. This case is useful to illustrate the properties of the
NMDA component of the synaptic current. To simplify this preliminary analysis
we momentarily drop the dependence of the input current on the membrane
potential. There are known cases in which this simplification does not change
much the statistics of the input current [1]. For independent inputs the input
current is Gaussian and hence fully characterized by its mean u = Ngvr; and its
variance 02 ~ Ng?v7y. We consider now the plane (i1, o). Given N, v and 74, the
points lie on a line with slope 1/4/Nv74. One can move along the line by changing
g (see Fig. 1). In order to have elevated variability in the inter-spike intervals,
the neurons should operate in a sub-threshold, fluctuations dominated regime,
i.e. pu should stay below the threshold current pg and o should be large enough
to drive the neuron across the threshold at a reasonable rate. The maximal ratio
between the amplitude of the fluctuations and the average current is achieved
when g is just below pg. To further increase this ratio one has to jump onto
another line, i.e. to change one of the parameters that determine the slope.
Smaller numbers N of afferents, shorter time constants 7 and lower frequencies
permit larger fluctuations.

NMDA conductance only. Complete simulations of the model confirm this
picture (Fig. 2). As v.N, is progressively reduced (diamonds: v.N, = 800Hz,
triangles: v, N./2, squares: v, N, /4, left part of the figure) the curves of the co-
efficient of variability (CV, ratio of standard deviation to the average of the
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Fig. 1. The parameter space (u, o) characterizing the mean and variance of the synap-
tic current. Any pair (u,0) can be obtained by an appropriate choice of the average
synaptic strength g and the product Nv7g, with N the number of afferents, v their
average frequency, and 74 the decay time constant of the current. The fluctuation and
drift dominated regimes are distinguished by a value of u lower or higher than pug
(vertical dotted line), respectively. When changing g (as done in the following plots,
Figs. 2-4) one moves radially along a straight line with slope 1/v/Nv74.

inter-spike intervals) shift up, more prominently in the high rates region. Halv-
ing v corresponds to jumping on a steeper line in Fig. 1 which allows to extend
the fluctuations dominated regime to higher gnmq.. Note that a reduction of
veN. must be compensated by an increase of gpmmqe t0 preserve the same out-
put rate. Hence the intervals of variation for g,mq4, are different for the three
different curves. Note that this is equivalent to an increase of spatial correlation
in the input. The dependence of the CV on 7pm4q is illustrated in the right
part of the figure: diamonds, triangles and squares correspond respectively to
Tnmda = 150, 75,37.5ms. Smaller 7,4, lead to steeper lines, which is reflected
by an upwards shift of the CV in the supra-threshold region, as expected. In
the sub-threshold regime instead, the temporal structure of the input current
is dominant: long 7,m4q give rise to a slowly modulating component which in-
creases the maximal CV [6, 7], although the ratio o/u is decreased (see also
below). For T,mdaq — 0 these curves tend to the AMPA case for which the upper
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Fig. 2. Only NMDA component is present: coefficient of variability (CV) vs the neu-
ron’s own output rate for different pre-synaptic frequencies (left) and for different 7mdq
(right). Each point of a curve is obtained by moving gnmd. along the straight line at
o/u constant (see Fig. 1) in order to have the desired output frequency (between 1 and
30 Hz). For different curves, different g,md, ranges are swept in order to have the same
range of output rates. This procedure allows to compare CVs at parity of firing rate.
Those points that are circled correspond to the threshold current py that separates
the fluctuations dominated regime (sub-threshold) and the drift dominated regime
(supra-threshold). In the left panel Nv = 800 Hz (diamonds), 400 Hz (triangles) and
200 Hz (squares). In the right panel T,maa = 150, 75 and 37.5 ms (same symbol code).
The ranges of Gnmda/Cm (nS) are (left panel) (2.6,3.5) (diamonds), (5,7) (triangles)
and (9.5,14) (squares); (right panel) (2.6, 3.45), (5.2,7.2), and (10.8,15.7).

bound is CV = 1.

NMDA and AMPA conductances. The relative contribution of the AMPA
component to the fluctuations grows quadratically with g and hence it usu-
ally dominates over the NMDA part. The AMPA component permits higher
o/ ratios and extends to higher frequencies the fluctuations dominated regime.
However the relatively short time correlation length limits the maximal CV to
1. The NMDA component acts as a temporal modulation of the average current
on time scales that are longer than the inter spike intervals. This modulation
increases the upper bound of the CV (see Fig. 3).

The role of inhibition. Increasing g leads to larger fluctuations, but, at the
same time, to larger average currents, bringing the cell close to a drift domi-
nated regime. However, in the presence of inhibition, the average current and
the fluctuations can become independent and the amount of noise increase with-
out moving the average too close to the threshold. In the presence of inhibition
it is therefore much simpler to achieve large CVs on a wide range of frequencies.
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Fig. 3. NMDA and AMPA components. CV vs output rate for different pre-synaptic
frequencies (left) and for different ratios Gampa/Gnmda (right). The curves are generated
as in Fig. 2. The arrow indicates the experimental point of [2]. Left: The pre-synaptic
frequencies are: diamonds: veN. = 800Hz, triangles: v.N./2, squares: veN./4. The
ratio gampa/gnmda = 10. CVs are smaller than in Fig. 2 but the curves are quali-
tatively the same. The differences between the three curves are more evident in the
supra-threshold regime, where higher o/ ratios due to low pre-synaptic frequencies
allow for a wider range of high CVs. Since the relative strength of AMPA and NMDA
components is kept fixed, so is the correlation length and the maximal CV (achieved in
the sub-threshold regime) is not affected much by a change in the pre-synaptic frequen-
cies. Right: the three curves correspond to different ratios r = Jampa/Gnmda: diamonds:
r = 10, triangles: r = 5, squares: r = 2.5. As the NMDA component increases, the max-
imal CV also increases. The supra-threshold regime is not affected by r: the NMDA
component does not change the variability at high rates where the temporal aspects of
the input current are less important than the relative strength of the fluctuations. The
ranges of Gnmda/Cm (nS) are (left panel) (1.7,2.3) (diamonds), (3.2,4.7) (triangles)
and (5.8,9.4) (squares); (right panel) (1.7,2.3), (2.1,2.7), and (2.3, 3.1).

In Fig. 4 we show one example in which Ggqp, increases linearly with g,mqq and
Jampa- The CV remains almost constant throughout the full range 1-30 Hz.

4 Conclusions

We showed that high variability in the inter-spike intervals can be achieved with-
out any synchronization of the inputs provided that the parameters are chosen
appropriately. The intervals that allow high CV depend on the number of affer-
ents, the mean pre-synaptic frequencies and the time correlation length of the
receptors. The high CV range can be quite reduced if inhibition is not included.
However, even without inhibition, high CVs can be achieved in biologically plau-
sible ranges. Two factors turn out to be important: 1) the possibility of keeping
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Fig. 4. CV vs output rate in the presence of inhibition. v. N. = 800H z, v; N; = 600H z

as in [2]. Gnmda/Cm range: (0.09,9) nS, with Gampa = 10Gnmdas Ggaba = 4.7Gnmda
throughout.

the neuron in the fluctuations dominated regime (see e.g. [3]); 2) a (long enough)
time correlation length, as that of NMDA receptors. For large fluctuations, in
a sub-threshold regime, the CV can always reach 1, although the correspond-
ing frequencies might be too low to be measurable. The NMDA component is
equivalent to a non-stationary input current that varies on longer time scales
than inter-spike intervals. This non-stationarity can bring the CV above 1 [6, 7],
surpassing the upper bound for uncorrelated processes.
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