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1. Cortical Neurons in a High-Input Regime

Cortical neurons receive a large number of inputs but fire at a rate that is much smaller
than the total number of input spikes they receive. This situation could arise if the inputs
are weak and consequently a neuron needs to integrate many inputs until it reaches firing
threshold. However, even if the spike times of the inputs are quite random (e.g. Poisson
distributed), the integrating neuron will fire quite regularly under these conditions. A
question is therefore: how can a network of cortical neurons in which each neuron receives
many random inputs fire with a mean firing rate that is comparable to that of the neurons
that provide its inputs and still have a large variance in its firing rate? In this homework we
study this question using a quadratic integrate-and-fire neuron. A detailed investigation
of the problem can be found in [1].

(a) Show analytically that for a spike train that follows a Poisson distribution the prob-
ability density for an inter-spike interval of δt is given by

P (δt) = re−r δt

i.e. given a spike at tj the probability that the next spike occurs within the interval
[tj + δt, tj + δt + ∆t] is given by P (δt)∆t.

(b) Code development:

i. Add two types of double-exponential synapses to the Izhikevich model for a single
neuron (using d = 0 and b = 0 to make it a QIF). The synapses differ in their
reversal potential Esyn and in their decay times τ1,2. Implement them similar
to the synapses in homework 3, except that they are not driven by the spiking
of the neuron you are simulating. Instead they are driven by the random firing
of other neurons, which you do not simulate explicitly. Assume that the input
comes from Nexc excitatory neurons and Ninh inhibitory neurons, each of which
fires with a rate rexc and rinh, respectively. Thus, in each time step of size ∆t

the probability that a specific input neuron is firing is given by rexc,inh ·∆t. The
probability that mexc neurons fire is then given by the binomial distribution

P (mexc) =

(

Nexc

mexc

)

(rexc∆t)mexc (1 − rexc∆t)Nexc−mexc .

Thus, in each time step use the Matlab function binornd(Nexc, rexc · ∆t) to
determine the random integer variable mexc. Model the firing of mexc excitatory
neurons during one time step by incrementing the quantities Aexc and Bexc,
which characterize the double exponential, by mexc∆Ps(1−Ps,exc(t

−)). Proceed
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analogously for the inhibitory synapse, which represents the input from minh

neurons. Perform the updating of Aexc,inh and Bexc,inh after the forward-Euler
step representing the differential equations of the model.
To test and illustrate the correct implementation of the synapses plot v(t) for the
following parameters:
Nexc = 2, Ninh = 2, rexc = rinh = 0.05, Gexc = 2, Ginh = 2,
τ1,exc = 0.5, τ2,exc = 0.25, τ1,inh = 1, τ2,inh = 0.5,
Esyn,exc = 50mV , Esyn,inh = −100mV , ∆Ps,exc = ∆Ps,inh = 0.1,
a = 10, c = Vrest = −82.7mV , ∆t = 0.01, tmax = 200ms.
Comment on the behavior of v(t).

ii. Keep track of each spike of the neuron. Divide the whole integration time [0, tmax]
into sections of length ∆T = 20ms and determine the number of spikes in each
section. Determine the mean and the variance of the number of spikes across the
sections. By dividing by the duration of the section determine the mean firing
rate and its variance. Determine the inter-spike intervals δtj ≡ tj − tj−1 of the
neuron and plot their histogram.
Measure also the firing rates of the excitatory and the inhibitory input neurons
based on the count of the number of inputs mexc,inh over the whole duration of
the run.
Test your diagnostics by using the parameters of part 1(c)i. Make sure you pre-
allocate enough memory for these relatively long runs, i.e. assign Y(1:maxnumsteps,6)=0
and t(1:maxnumsteps)=0 with maxnumsteps sufficiently large.

(c) Investigate now numerically the behavior of this neuron in the following regimes. Use
the same parameters as in part 1(b)i except for

i. only excitatory input:
Nexc = Ninh = 100, rexc = rinh = 0.1, Gexc = 0.4, Ginh = 0,
Esyn,inh = Vrest = −82.7mV , tmax = 5, 000.

ii. balanced excitatory and inhibitory input:
Nexc = Ninh = 100, rexc = rinh = 0.1, Gexc = 20, Ginh = 9,
Esyn,inh = Vrest = −82.7mV , tmax = 5, 000.

For both cases:
How does the firing rate of the simulated neuron compare to that of the neurons
driving it? How does the variance of its firing rate compare to the mean? Plot the
histogram of the inter-spike intervals. Is it consistent with a Poisson distribution?1

How do your results compare qualitatively with Figs.2,4,14 of [1].
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1To test for an exponential decay you could use [frequency,isi values]=hist(isi); semil-
ogy(isi values,frequency,’-o’).

2


