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Abstract

Biological sensory system are usually composed of complex networks of thousands of neu-
rons capable of differentiating stimuli ranging many orders of magnitude, which translates to
a large dynamic range. Recent works suggest that large dynamic ranges arise as a collective
phenomenon of many excitable elements of low dynamic range connected together. This effect
has possible practical applications in the construction of biologically inspired sensors with high
sensibility and dynamic range. With such motivation, this thesis proposes the use of electronic
circuits of extreme simplicity in the construction of excitable elements networks.

An excitable electronic circuit, inspired in the dynamics of the FitzHugh-Nagumo model
for neuronal excitability, is the building block in the construction of networks. To connect such
circuits, another electronic circuit mimicking the behavior of chemical synapses is employed.
Due to their simplicity, both circuits allow for straightforward mathematical modeling and
reproduction in large scale. Despite that, important dynamic parameters such as time scales
and coupling strengths can be controlled.

The use of those electronic circuits, along with other complementary circuits like noise
generators, allows for the investigation of many collective phenomena where excitable elements
are the main agents. In this work we focus our efforts in the study of synaptic symmetry effects
that lead to coherence or incoherence resonance and in the phenomenon of dynamic range
increase.

Keywords: Electronic circuits. Excitable elements. Neurons. Synapses. Coherence reso-
nance. Dynamic range.



Resumo

Sistemas sensoriais bioldgicos usualmente sd@o formados por redes complexas de milhares
de neur6nios capazes de discernir estimulos cujas intensidades podem cobrir varias ordens
de magnitude, o que se traduz em uma grande faixa dindmica. Estudos recentes sugerem que
grandes faixas dindmicas emergem como um fendémeno coletivo de vérios elementos excitaveis
de pequena faixa dindmica conectados entre si. Este efeito tem possiveis aplicacdes praticas na
construgdo de sensores biologicamente inspirados de alta sensibilidade e grande faixa dinamica.
Motivado por este fato, esta tese propde o uso de circuitos eletronicos de extrema simplicidade
para a construcdo de redes de elementos excitaveis.

Um circuto eletronico excitdvel, inspirado na dindmica do modelo de FitzHugh-Nagumo
para excitabilidade neuronal, serve como elemento basico na construcao de redes. Para conec-
tar tais circuitos, um outro circuito eletronico que simula o comportamento de sinapses quimi-
cas é utilizado. Devido a sua simplicidade, ambos os circuitos permitem facil modelagem
matematica, além de poderem ser reproduzidos em larga escala. Ainda assim, os circuitos
dao liberdade para controle de pardmetros importante da dindmica, como escalas temporais e
intensidades de acoplamento.

O uso destes circuitos eletronicos, juntamente com circuitos complementares, como ger-
adores de ruido, permitem a investigacdo diversos fendmenos coletivos envolvendo elementos
excitdveis. Neste trabalho focamos nossos esforcos no estudo de efeitos de simetria sindptica,
que levem a ressondcia de coeréncia ou incoeréncia e no fendmeno de alargamento de faixa
dindmica.

Palavras-chave: Circuitos eletronicos. Elementos excitdveis. Neuronios. Sinapses. Ressonan-
cia de coeréncia. Faixa dindmica.
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CHAPTER 1

Introduction

Neurons are known to produce many different complex behaviors despite their relatively
simple individual working mechanisms. Such complexity arises from the collective interac-
tions between neurons in networks of the nervous system. Nonetheless, individual neurons can
also behave unexpectedly under specific conditions, e.g. under special types of stimulation, and
although far from the behavioral complexity that can be presented by networks of tens of thou-
sands of neurons, low dimensionality networks (even a pair of neurons) can provide response
patterns that are much more interesting that those of a single neuron. In this thesis we aim
to show the complexity presented by very small neuron networks, ranging from one to twenty
neurons, focusing on two main non-trivial phenomena: Coherence resonance in noise driven
neuron systems and the increase of dynamic range in neuron networks as a result of increased
system connectivity.

For most of this work, the results are obtained experimentally by activity measurement
on systems of electronic neurons that can be modeled by a set of differential equations. The
model used is unique in the sense that it has a simple mathematical description that allows an
easy numerical implementation for comparison purposes. It also requires few and very simple
electronic components which allows for scalability, e.g. the electronic neurons can be largely
reproduced, making each unit a building block for the creation of any type of neuron network.

The use of electronic neuronal models presents a few advantages over purely computational
neuron models. First of all, an electronic system is an actual physical system “in the real world”
instead of just a computer representation. The electronic neuron model allows for real time pa-
rameter scanning, for it is possible to observe the change in behavior on an oscilloscope as
the parameters, such as the value of a resistance, are changed. Another advantage is the natu-
rally noisy environment provided by the electronic components in the model, a characteristic
expected from real biological systems. Finally, as electronic components of the same type are
only equal within a 5% tolerance, a system with many electronic neurons has a built-in test for
the robustness of the observed results.

We connect such electronic neurons with electronic synapses inspired in biological chem-
ical synapses. The electronic synapses share the same properties of the electronic neurons:
easy mathematical description, built with simple electronic components and scalability. The
electronic synapses are also flexible in the sense that they can be made either excitatory or
inhibitory with a simple modification in the circuit.

To complement the results of this thesis we also employ numerical simulations of our elec-
tronic models for neurons and synapses and also of well known models in the literature such as
the FitzZHugh-Nagumo model.

In the following chapters we provide an extensive discussion of the electronic neuron and

14
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Figure 1.1 Diagrams for three types of neuron. A) Cortical pyramidal cell. These are the primary
excitatory neuron cells in the brain cortex of mammals. The axon of pyramidal cells bifurcates locally,
creating connections (synapses) with close neurons as well as reaching farther parts of the brain and
nervous system due to its long projection. B) Cerebellum Purkinje cell. The axon from these cells
transmit signals from the cerebellum cortex. C) Brain cortex stellate cell. These cells belong to large
class of cells responsible for sending inhibitory signals for neurons in the brain cortex. The diagrams
sizes are about 150 times greater than the corresponding neurons (a typical cellular body (soma) has
diameter of order 15 um.) (Extracted from Peter Dayan and L.F. Abbott (2001) [1]).

electronic synapse model, and the phenomena that arise from a single neuron as well connected
neuron networks.

1.1 Review of basic neuron physiology

Neurons are remarkable among other cells due to their ability to quickly transmit long
range signals. Although they appear in a great variety of shapes and sizes, a typical neuron
can be divided in the basic structures: cellular body (also known as soma), dendrites and axon.
Dendrites are branched projections of the cellular body, that together originate the dendritic tree
of the neuron. Along with the soma, the dendrites are typically responsible to receive signals
from synapses of other neurons. The axon is a special projection of the cellular body, usually
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Ion | Cytoplasm concentra- | Extra cellular medium | Equilibrium potential
tion (mM) concentration (mM) (mV)

K™ | 400 20 -75

Na*t | 50 440 +55

CI~ |52 560 -60

A~ | 385 - -

16

Table 1.1 Concentration of the main ions across a resting cellular membrane of the squid giant axon.
A~ stands for organic molecules with net negative charge. (Data from E.R. Kandel (2000) [2]).

much longer than the dendrites, that originates at region called axon hillock and is responsible
for sending signal to other neurons across great distances. The soma can generate multiple
dendrite branches, but usually no more than one axon, although the axon can branch itself
many times along its path. Figure 1.1 shows how the dendrites and the axon are arranged in
different types of neuron.

Neurons produce electric signals when the cellular membrane is submitted to potential
difference between intra and extracellular media. The cellular membrane is composed of a
phospholipid bilayer that serves as an electric insulator due to its hydrophobic property. In a
resting state, neurons tend to accumulate potassium ions in their interior, while the extracellular
medium has an excess of negative ions. Since the outside medium is usually defined to have
zero electric potential, common neurons have negative resting potentials, with values between
—60 mV and —70 mV. Table 1.1 shows the concentrations of the most common ions across
the membrane of the squid giant axon, whose blood has ion concentrations similar to those of
ocean water.

The membrane also has embedded proteins with various functions. Among those, the ionic
channels allow the flux of ions through the membrane. The passive ionic channels are respon-
sible for the maintenance of the membrane’s rest potential and are always open allowing the
diffusion of ions. The net flux through the passive channels is limited by the equilibrium po-
tential (shown in Table 1.1) where the diffusion forces are balanced by electric force in the
opposite direction, resulting in no net flow of the ion through the membrane. The value of the
equilibrium potential Ex for an ion X can be obtained from the Nernst equation, which can be

derived from thermodynamics:
RT X,
Ex=—1In [ 0] y
2\ [Xi]

where R is the gas constant, T is the temperature in kelvins, z is the ion valence, F' is the
Faraday constant and [X| and [X;] are the concentrations of the ion outside and inside the cell,
respectively. The resting potential V.5 of the membrane can be determined in a similar fashion
by the Goldamn equation, which takes into account the contribution of each ion in terms of its
permeability P and concentration:

(1.1

(1.2)

RT <PK[K0+] + Pya[Na] + Pey[CIT ])
u .

Viest = —In -
et Px[K;T] 4 Pya[Na; ] + Pei[Cly |
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Figure 1.2 Equivalent circuit for the Hodgkin-Huxley model. The conductances Gy, ¢ Gk correspond
to the sodium and potassium voltage dependent ion channels respectively. g, is the conductance of the
combined passive ion channels. The potential V' is measured relative to the membrane resting potential
Vrest-

Another kind of ionic channels opens or closes only in response to changes in the membrane
potential. They are called active ionic channels or voltage dependent channels and are the
main factor in the creation of the electric signals, called spikes or action potentials, that are
transmitted through the axon.

The properties of the cellular membrane of a neuron can be put together in a circuit equiva-
lent model which can be used to determine its response to external stimuli, like currents coming
to the soma from the dendritic tree. In this model ion channels are represented by conductances
coupled with batteries with electromotive force corresponding to the equilibrium potential of
each ion. The neuron bilayer membrane acts as a capacitor with typical capacitance values
around 1uF/cm?. For active ion channels the conductances are dependent on the current mem-
brane voltage. In Fig. 1.2 we show the circuit equivalent model for the membrane mechanism
for generating action potential of the squid giant axon, which is described mathematically by
the Hodgkin and Huxley equations (see below).

More details concerning neuronal physiology can be found in E.R. Kandel (2000) [2], from
which this section was based on.

Before moving to mathematical models of neuronal excitability, we now focus on the sub-
ject of excitable elements in general, which neurons are a part of.

1.2 Excitable elements and excitable media

Excitability is a common phenomena in nature, occurring, for example, in forest fires,
chemical reactions, lasers, neuronal systems, heart tissue, climate dynamics and many others.
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Figure 1.3 Excitable elements dynamics: different kinds of stimuli (left-hand column) produce different
kinds of response (right-hand column), each corresponding to type of system dynamic (middle column).
a) A low intensity stimulus (below threshold) induces a small amplitude response and the system remains
around the rest state (full circle in the middle column). b) Above threshold stimulation takes the system
away from the rest state, crossing an unstable fixed point or a quasi-separatrix (empty circle in the middle
column), resulting in big amplitude response, i.e. a spike. c) Further increase in the stimulus intensity
does not significantly alter the shape of the spike response. d) Two stimuli with long time separations
induce two spikes. In the other hand, closely timed stimuli only induce one spike corresponding the first
stimulus. In this case, due to the refractory state, there is no second spike. (Extracted from B. Lindner
et al. (2004) [3])

A common property to all excitable elements is the existence of a rest state, an excited state
and a refractory state. Figure 1.3 shows the general types of behavior presented by excitable
elements when subjected to different forms of stimuli. If there is no stimulation the excitable
element stays at its rest state. In the other hand, if there is an external stimulus, the excitable
element can assume two distinct responses: for low intensity stimulus a small amplitude re-
sponse is produced (Fig. 1.3a); if the stimulus reaches or surpasses a certain threshold, the
element leaves the rest state, going through the excited state followed by the refractory state.
The response to above-threshold stimuli is highly non-linear and correspond to a great “walk”
of the system dynamical variables across the phase space. In this case, it is said that a spike
has occurred (Fig. 1.3b). The response of the excitable element to stimuli is “all or nothing”,
1.e. the shape of the spike is approximately independent of the intensity of the stimulus if it
is above the threshold (Fig. 1.3c). After the spike the excitable element reaches the refractory



1.3 NEURONS AS DYNAMICAL SYSTEMS 19

state, and for its duration new stimuli (even those above the excitation threshold) do not induce
new spikes (Fig. 1.3e). After the refractory state, the excitable element returns to the rest state
and is able to produce new spikes (fire) again (Fig. 1.3d).

In general, excitable elements rarely present themselves in nature in a isolated way. They
usually are part of complex networks where interesting collective phenomena arise. A network
of excitable elements is usually called an excitable medium. One of its main characteristics is
the ability to propagate signals actively, with no loss of amplitude. For example, a forest fire
travels across the forest like a wave from its origin point and regenerates itself at every new
tree the fire encounters. Active propagation of signal differs from passive propagation, where
a steady loss of signal amplitude is caused by the damping properties of the medium. Sound
waves are an example of passive signal propagation.

In the following sections, we will discuss, with the help of mathematical models how neu-
rons relate to excitable elements and in particular, we will show how the mentioned behaviors
and states (rest, excited and refractory) emerge from the equations.

1.3 Neurons as dynamical systems

Non-linear dynamics can be used to describe a great variety of phenomena that occur in
nature, from population growth to firefly synchronization [4]. In the realm of neuroscience
many dynamic models describe neuronal behavior, but here we will focus on two of them: the
very important work of Alan Hodgkin and Andrew Huxley [5, 6, 7, 8] which describes the squid
giant axon and a simplified version of this model by Richard FitzHugh [9] and J. Nagumo [10].
We begin by giving a very brief introduction to non-linear dynamics concepts.

An n-dimensional dynamical system can be described as:

¥=f(®), (1.3)
where ¥ = (x1,...,x,) is the set of dynamical variables, f = (fi,..., ) is the set of functions,
usually non-linear, that define the system and the dot (") corresponds to a time derivative. The

space of the variable X is called phase space of the system and the time evolution of the system
corresponds to a trajectory of a point in phase space. The equation

X=0 (1.4)

defines n curves in phase space, which are called nullclines. On top of each nullcline there is no
flux (null rate of change) in one of the directions of the phase space. If there is a point in phase
space where all the nullclines meet, this point is called a fixed point. A system that starts on a
fixed point will stay on it if kept unperturbed since the rate of change in all directions on fixed
point is zero. The fixed point is said to be stable if trajectories arbitrarily close to the fixed point
converge to it, and unstable if they diverge from it. To determine the stability of the fixed point
it is useful to linearize the equations that define the system in the vicinity of the fixed point.

Let X* be a fixed point of the system. The Equation (1.3) can be written as Taylor series up
to first order around x* in the following way:

Sl 4. (1.5)

_‘*
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By definition, f (x¥*) = 0. Defining x; —x] = y; as the new system variable, which is equivalent

to a perturbation around the equilibrium point X*, we note that x; = y;. Furthermore % = a%,

which, ignoring terms of order O(y?), leads to:

DN (1.6)
7 0Yi X
Equation (1.6) is the linearized form of the original system in Eq. (1.3) and it describes how a
perturbation y = (yy, .. : ,¥n) evolve in the close to the fixed point. Equation (1.6) can also be
written in matrix form ¥ = Ay where A is the jacobian matrix of the system:
dfi
Ajj==—|_. (1.7)
Y 8y X

Let Vo and Ay be, respectively, the eigenvectors and eigenvalues of the matrix A. Therefore:
A\_;a - la\_;a. (18)
This implies that the general solution to Eq. (1.6) is:

5(t) = ¥ caVgel. (1.9)
o

The stability of the fixed point X* depends on the sign of the real part of the eigenvalues. If some
eigenvalues have positive real part most perturbations will grow exponentially and the trajec-
tories will leave the neighborhood of the fixed point. In this case the fixed point is a unstable
node. If all eigenvalues have negative real part the perturbations will decay exponentially and
the trajectories will get closer to the fixed point. In this case the fixed point is a stable node. If
only some of the eigenvalues have positive real part and rest of them has negative real part, the
fixed point is said to be a saddle.

If the imaginary part of the eigenvalues is different from zero, the trajectories will oscillate
around the fixed point. In this case a stable (unstable) node becomes a stable (unstable) spiral.

If, in a dynamical system with 2 variables, the variation of a control parameter changes the
signal of both eigenvalues while the imaginary parts are different from zero, the system is said
to undergo a Hopf bifurcation (see Fig. 1.20).

Stability analysis of the fixed points will be important for the following description of the
FitzHugh-Nagumo model and for the model of our electronic neuron.

1.4 Neuronal models of excitability

1.4.1 The Hodgkin-Huxley model

Figure 1.4 shows different kinds of action potentials (spikes) in vertebrate and invertebrate
animals. They all have in common the relative independence of the spike shape with the receiv-
ing stimulus and the existence of a threshold for triggering the spikes. In particular, Fig. 1.4A
shows the spike in the squid giant axon.
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Figure 1.4 Action potentials (spikes) in different kinds of vertebrate and invertebrate preparations. A)
Squid giant axon at 16°C. B) Axon spike of Ranvier node in a myelinated nerve fiber of a frog at 22°C.
C) Cat visual cortex at 37°C. (Adapted from Christof Koch (1999) [11])

The mechanisms responsible for the production of action potentials in nervous tissue have
been elucidated by various authors through the study of the squid giant axon. Among them, the
most notable are Alan Hodgkin and Andrew Huxley who described the ionic mechanisms in a
series of papers [3, 6, 7, 8] and, along with Eccles, shared the Physiology Nobel prize in 1963.

The squid giant axon has a diameter of about half millimeter, which is a thousand times
bigger than the diameter of the usual axon. To avoid spacial distribution complexities, Hodgkin
and Huxley used a technique known as space clamp: a thin highly conductor wire was in-
troduced along the axon interior, rendering its membrane potential equal in all its extension.
With the help of other techniques such as voltage clamp and the use of substances capable of
blocking specific ionic channels, they were able to separate the membrane current 1, in its two
components: the ionic and the capacitive currents:

In(t) = honie1) +cmil—‘t/. (1.10)
Hodgkin and Huxley detected that spike generation in the squid giant axon is related to sodium
(Na't) and potassium (K™) voltage dependent ionic channels. These channels and all the cur-
rents across the axon membrane are represented in Fig. 1.2 in a equivalent circuit diagram.
In this diagram, the passive ionic channels, which also contribute to the ionic current flowing
though the membrane with a current /;.;, are put together in a single conductance g, coupled
with battery of electromotive force equal to the rest potential V s of the membrane. Therefore,
the total ionic current through the membrane is given by:

Lionic = INa + 1k + Ljeqk- (1.11)

[13%4]
1

The ionic currents for each ion “i” are related to the membrane potential by the Ohm’s law:

L=G;(V(t),)(V(t) - E), (1.12)

where the potential V (7) is measured relative to the membrane rest potential and E; refers to the
equilibrium potential of the ion “i” (given by Eq. (1.1)), also measured relative to the membrane
rest potential.

In their empirical model, Hodgkin and Huxley [8] proposed that the potassium ion current
in the voltage dependent channels are as follows:

Ix = Ggn*(V —Ex), (1.13)
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Figure 1.5 Time constants (A) and rest states (B) as functions of the membrane potential V for the
sodium activation particle m (solid line) and inactivation particle 4 (long dashed line) and for the potas-
sium activation particle n (short dashed line). (Extracted from Christof Koch (1999) [11])

where G is the maximum value of the conductance Ggx (36 mS/cm?) and Ex = —12mV is
the potassium equilibrium potential relative to the membrane rest potential. The variable n de-
scribes the state of fictional activation particle with values ranging from O to 1. The activation
particles can exist in two states only: open or closed. For a voltage dependent channel to be
open, it is required that all activation particles are open at the same time. In the case of the
potassium ion there are four activation particles. In this context n corresponds to the proba-
bility of one the activation particle is in a open state. Consequently it is in a closed state with
probability 1 —n. The activation particles can move between the two states through a first order
reaction:

n=1-—n, (1.14)

where «, is the transition rate between the close and open state and f3, is the transition rate
in the reverse order. Both rates depend on the membrane potential V and the corresponding
reactions can be described as a differential equation:

dn
= an(V)(1 =)~ Bu(V)n, (1.15)

which is equivalent to the equation
dn  ne—n
a1,

(1.16)
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Figure 1.6 Changes in the conductances of ions K™ and Na™' during the injection of a depolarizing
external voltage to the squid giant axon membrane at 6.3°C temperature (circles represent experimental
data and lines for the model prediction). For more intense external voltage Gy, grows faster before
falling down to zero (due the inactivation) while Gg remains active. (Extracted from Christof Koch
(1999) [11))

where 1
T, — (1.17)
Oy + By
and o
Moo = L (1.18)
oy + B

In Eq. (1.16), n. is the value of the rest state of the particle n (as t — o) and 7, is a time
constant dependent of the membrane potential.

The dependency of n. and 7, with the membrane potential V proposed by Hodgkin and
Huxley based on their biological measurements of the squid giant axon is showed in Fig. 1.5.
While 7, reaches a maximum and then falls down, n. is a monotonically growing function of
V. The conductance of the voltage dependent potassium ion channels is showed in Fig. 1.6
when the membrane is submitted to a constant external depolarizing voltage (voltage clamp)
and it is observed that membrane depolarization leads to a K™ conductance increase.

The conductance dynamics for the Na™ ion is different from that of the K ion as is showed
on Fig. 1.6. To incorporate this behavior to their model, Hodgkin e Huxley proposed the exis-
tence of one inactivation particle 4 and three activation particles m:

Iva = Gnam®h(V — Eny), (1.19)

where Gy, is the maximum value of the sodium conductance (Gy, = 120 mS/cm?) and En,
is the sodium equilibrium potential relative to the membrane rest potential (Ey, = 115mV).
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m e h, like n, range from O to 1 and they are assumed to be independent, therefore following

independent transition reactions:
dm  Mme—m

b 1.20
dt T ( 2)
dh  he—h

— = . 1.20b
dt Th ( )

Equations (1.20) were obtained in the same way used to write Eq. (1.16). Note that & corre-
sponds to the probability that the inactivation particle is not in its closed state. For the sodium
voltage dependent ion channels to be open it is required that the three activation particles are
in their open state and the inactivation particle is not in its closed state. Figure 1.5 shows the
time constants and rest states of the variables m and h. Both 7,, and 7, reach a maximum as
V increases, but 7, is about ten times greater than 7,,. While m.. increases monotonically as V
increases, h.. decreases.

At the membrane rest state (V = 0), the fraction of open sodium voltage dependent ion
channels corresponds to less the 1% of the maximum conductance. For V values below or
close to the rest potential the activation variable m is close to 0, while the inactivation variable
h s close to O for positive values of V (depolarized membrane) (Fig. 1.5). Therefore the sodium
ionic current Gy,m3,h..(V — Ey,) during the membrane rest state always has a low intensity.
To induce high intensity current values in the sodium voltage dependents ion channels a rapid
membrane depolarization is necessary: the time constant 7, is much smaller than 7, and for this
reason m quickly reaches the value 1 (about 1 ms) increasing the sodium conductance, while &
falls down slowly to zero (about 5 ms) resulting in a slow conductance reduction. Figure 1.6
shows the rapid growing of the Na* conductance, followed by a slow decay in response to a
depolarizing voltage.

The final equation of the model puts together all the currents flowing through the membrane

of the axon: v
sz = Gnam*h(Eng — V) +Gin*(Ex — V) — gV + Iinj, (1.21)

where I;;; is the external current injected in the membrane, e.g. through an intracellular elec-
trode or through a synapse. This last equation and Equations (1.16) and (1.20) which describe
the time evolution of the variables n, m and h determine a 4-dimensional non-linear dynamical
system from which the generation of action potentials can be explained.

Consider a short current pulse being injected inside the membrane (Fig. 1.7). For a low
intensity pulse, the little depolarization would lead to a small increase in the variables n and m
and a small decrease in 4. This would cause an increase in the sodium and potassium conduc-
tances, but, as the potassium current is greater that the sodium current, the membrane potential
would return to its rest potential after a brief hyperpolarization period. If the current pulse
intensity is increased above an excitation threshold, the resulting depolarization would cause
sodium current to surpass the potassium current triggering a positive feedback process: the
current Iy, depolarizes the membrane, increasing the activation variable m, leading to increase
in the sodium conductance Gy,, which in turn further increases Iy,. This process happens in
short spam of time due to the small value of the time constant 7, (0.1 to 0.2 ms) and, as a
result, the membrane potential reaches positive values (depolarizes). After a while, the sodium



1.4 NEURONAL MODELS OF EXCITABILITY 25

0 10 20

t (msec)

100

¢] 10 20

t (msec)

Figure 1.7 Action potential in the Hodgkin-Huxley model produced as a response to a current pulse
of duration 0.5 ms and in intensity 0.4 mA (solid line) in comparison to the response to a equally
long pulse but with intensity 0.36 mA below the excitation threshold (dashed line). A) Sodium and
potassium ionic currents Iy, and Ix. B) Membrane potential response to stimuli either above or below
excitation threshold. The injected current charges the membrane capacitance, making the current Iy,
greater than the Ix. The less intense current pulse does not induce an action potential, but induces a small
depolarization followed by membrane hyperpolarization due to the activation of potassium channels. C)
Dynamics of the activation and inactivation variables. m changes much faster than 4 or n. The slow
recovery of 4 and n explain why the membrane hyperpolarizes after the initial potential peak and goes
through a refractory state. (Extracted from Christof Koch (1999) [11])
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Figure 1.8 A) Membrane potential response to the injection of constant currents. The membrane gen-
erates a spike if the current intensity reaches the excitation threshold. Increasing the current to greater
values induces a spike train response. B) Membrane potential in its rest state as a function of the inject
current. C) Firing frequency as a function of the current intensity. Up until the intensity /; the membrane
responds with a constant depolarization (solid line). After this point the system loses its stability and
begins to oscillate in a limit cycle (dashed line). (Adapted from Christof Koch (1999) [11])

inactivation 4 is reduced to values near zero, counteracting the positive feedback increase of the
sodium conductance. Potassium activation n also kicks into action delayed relative to the vari-
able m, causing a further decrease of the total current flowing in the membrane. As the sodium
current reaches zero due to its inactivation /4 in approximately 1 ms and the potassium current
lasting a while longer, the membrane potential becomes negative (hyperpolarization), which
corresponds to the refractory state. In these low potentials, the potassium activation “turns off”
and the membrane finally reaches its rest potential again.

An interesting property of the Hodgkin-Huxley model can be observed when the membrane
is submitted to a constant depolarizing current injection /;,;. If the current intensity is below
an excitation threshold, the membrane changes its rest potential to slightly depolarized value
without generating spikes. For a slightly above threshold current intensity, the membrane fires
one spike and returns to a new rest state with potential above its previous rest state. A further
increase int the current intensity leads the membrane to generate a spike train (equally spaced
action potentials) that lasts while the current is active. The system is said to have lost its stability
and is now moving through the phase space in a limit cycle. Spike trains and the dependency
of the firing frequency with the intensity of the injected current are shown in Fig. 1.8.
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Figure 1.9 Comparison between the time scales of the FitzHugh-Nagumo and Hodgkin-Huxley models.
A) Membrane potential V and the sodium activation variable m. B) Sodium inactivation variable 1 — &
and the potassium activation variable n. C) Excitation variable V for the FitzHugh-Nagumo model. D)
Recovery variable W also for the FitzHugh-Nagumo model. (Extracted from Christof Koch (1999) [11])

1.4.2 The FitzHugh-Nagumo Model

The great quantitative precision of the Hodgkin-Huxley model in describing various mem-
brane properties of the squid giant axon comes at the cost of detailed knowledge of ionic cur-
rents dynamics. Quantitative models of neuronal excitability that retain key features of mem-
brane dynamics but with reduced complexity are good alternatives to the need for detailed neu-
ronal structure knowledge. These simplified models can be employed in numerical simulations
or electronic implementations, for example.

The FitzHugh-Nagumo model is a simplified version of the Hodgkin-Huxley model, justi-
fied by the fact that in this model, both the membrane potential V (¢) and the sodium activation
variable m have similar time scales. In the same fashion, the sodium inactivation variable /4 and
the potassium activation variable n have comparable time scales, slower than the previous two.
This becomes clear if V and m are plotted together with normalized coordinates (Fig. 1.9A),
representing the system excitability. This similarity between the two variables allows them
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to be grouped in a single activation variable V (Fig. 1.9C). This is also valid for the variable
n and 1 —h (Fig. 1.9B), leading to a single recovery variable W (Fig. 1.9D). Qualitatively,
the behavior of this bidimensional system is equivalent to the behavior of the 4-dimensional
Hodgkin-Huxley system.

FitzHugh [9] and, independently, Nagumo, Arimoto and Yoshizawa [10], obtained the fol-
lowing set of equations that describes qualitatively the behavior of a excitable neuron:

: V3
V:V—?—W—I (1.22a)
W=0¢V+a—bW), (1.22b)
where the parameters
a=0.7,b=0.38, ¢ =0.08, (1.23)

are dimensionless, as well as the variables V and W. The amplitude of the constant ¢, the
equivalent of an inverse time constant, sets how fast the variable V changes relative to W. For
the chosen value ¢ = 0.08, V changes much faster the W for V is typically 1/0.08 = 12.5 times
greater than W. Therefore, the system dynamics consists of fast branches where V changes so
fast that W can be taken as a constant, and slow branches where W changes are more notable.

Due to the non-linearity of the Egs. (1.22), finding analytic solutions is a hard task. How-
ever, the linear stability analysis can be used to discover qualitative features of the system.
Firstly, we focus on the system nullclines. According to Eq. (1.4), the nullclines are obtained
by making V = 0 and W = 0 in the Egs. (1.22):

3

. 1%
V=0=W=V- o+l (1.24a)
W=0=W=(V+a)/b. (1.24b)

The phase space of the FitzHugh-Nagumo model along with its nullclines is shown in Fig. 1.10.
If the system current state (a point in the phase space) is on the V = 0 nullcline, its trajectory
will be vertical in the up (if W > 0) or down (if W < 0) direction. Furthermore, for all point
above (below) the nullcline V =0, V < 0 (V > 0). In a similar way, if the system is on the
W = 0 nulicline, its trajectory is horizontal and for points to the left (right) of this nullcline
W <0 (W >0).

The choice of parameters, particularly » < 1, leaves the system with only one possible
fixed point (V*,W*) and, if I =0, (V*,W*) = (—1.2,—0.625). Linearization of the Egs. (1.22)
around this fixed point leads to:

V/ — (1 . (V*)Z)V/ . W/

W =o' —bW'), (1.2

where V —V* =V’ e W —W* = W'. The system in Eq. (1.25) can be written in matrix form

7 = AF, where:
V/
F= (W’> (1.26)
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Figure 1.10 Phase space and nullclines of the FitzHugh-Nagumo model for / = 0. The length of arrows
are proportional to (V,W), the rate of change of the dynamical variables. Typically V changes much
faster than W. (Extracted from Christof Koch (1999) [11]).

and A is the jacobian matrix of the system:

Ao ((1 —Epv*)Z) ;(;) (1.27)

Since it is linear, the system define by the Egs. (1.25) has solutions like:
7= c M 4 ey (1.28)

where ¢; are constants that depend on the initial conditions of the system, 7; are the eigenvectors
of the jacobian matrix and A; are the eigenvalues, which are obtained from the characteristic
equation of the matrix A:

i VR 14b0) £ (V= T=hg) =49
12= > .

(1.29)

For I = 0 the eigenvalues are complex conjugates with values A; » = —0.5£0.42i. The eigen-
values have negative real part and non-zero imaginary parts and thereby the fixed point is stable
and trajectories around it are spirals.

When submitted to current pulses, the FitzHugh-Nagumo model behaves similarly to the
Hodgkin-Huxley model. Figure 1.11 shows the response of the model to instantaneous current
pulses given by I(¢) = Q&(t). The current pulses changes the variable V from its rest value at
the stable fixed point (V* = —1.2) by a quantity Q. For small intensity current pulses (small Q)
the system returns quickly to the rest state V*, but overshooting to values smaller than V* due
to the spiral trajectories near the fixed point. If the intensity of the current pulse is increased
to a point where V reaches the values —0.64 the system will move away from the left-hand
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Figure 1.11 A) A current pulse with intensity / = Q6(¢) stimulates the FitzHugh-Nagumo system,
moving it away from its stationary state along the dashed horizontal line, increasing the value of V.
B) and C) show the time evolution of the variables V and W. If the initial change in V caused by the
current pulse causes it to reaches values up to —0.65 the system responds with a small depolarization
and it returns quickly to the rest state. If, however, the change takes V to values above —0.64 a spike is
generated. faster than W. (Extracted from Christof Koch (1999) [11]).

branch V = 0, with V growing rapidly and W remaining approximately constant until the right-
hand branch of the nullcline V = 0 is reached at the maximum V value. This takes place due
to the small value of ¢. Then, the phase space trajectory follows upwards slowly along the
V = 0 nullcline up until its local maximum. The system, then goes through a new fast moving
phase, reaching V values below that of the rest state, and then finally follows slowly downwards
along the left-hand V = 0 nullcline until it reaches its rest state again (Fig. 1.11A). While the
system is hyperpolarized, i.e. close to the left-hand branch of the V = 0 nullcline, it is required
that the recovery variable W returns to its rest state W* = —0.625 before the system can make
another trajectory like the one just described. Figures 1.11B and C show, respectively, the spike
generated by the FitzHugh-Nagumo model and the recovery variable W.
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Figure 1.12 Response of the FitzHugh-Nagumo model to constant current stimulation. The system is
submitted to a constant current of intensity /. For I < 0.32 the new fixed point is stable and the system
remains below the excitation threshold. A) For greater values (here / = 1) the new fixed point is located
in the central branch of the V = 0 nullcline a is unstable. In view of the limit cycle that appear in this
case, a spike train is generated (B). (Extracted from Christof Koch (1999) [11]).

Although the all or none response is observed in the FitzHugh-Nagumo model, it does not
have a well defined excitation threshold. From a numerical point of view, the intensity of the
current pulse /(¢) = Q6(¢) could be varied continuously from —0.65 to —0.64, creating all the
intermediate trajectories in phase space between an small depolarization and a spike. This is
known computationally as well as experimentally for the case of the squid giant axon, where
there is only a separatrix region from which the possible responses diverge quickly to spikes
or small depolarization. The size of this region in typical physiologic regimes, however, is so
small that a all or none behavior is observed. For the FitzZHugh-Nagumo model the constant ¢
controls the size of this separatrix region, with smaller ¢ rendering the region smaller [12].

If the system is stimulated with a constant depolarizing current, the V = 0 nullcline will be
shifted up in the phase space, while the W = 0 will remain in the same position. This causes
the position of the fixed point to change which may changes its stability. If the positive parts
of the eigenvalues of the jacobian matrix become positive the fixed point will become unstable
and small perturbations around the rest state will result in trajectories that tend to move away
from the fixed point. According to Eq. (1.29), the real part of the eigenvalues changes sign for
to values of V*:

Vi=41-09, (1.30)

therefore the fixed point is stable when the nullclines meet at the right hand and left hand
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Figure 1.13 A) Rest state of the activation variable V as a function of the current /. For I < I_ the fixed
point is stable and V adjusts itself to a new rest state. If / > I_ the fixed point loses its stability and the
system jumps to the stable limit cycle. B) Oscillation frequency as a function of the current /. Note that
the minimum oscillation frequency is non-zero, which is indicative of a Hopf bifurcation. (Extracted
from Christof Koch (1999) [11]).

branches of the V = 0 nullcline. In the central branch of the V = 0 nullcline |V*| < /1 —b¢
which makes the real part of the eigenvalues positive, making the fixed point unstable.

If the system is at its rest state 7* and is stimulated with a constant depolarizing current of
low intensity, the real part of the eigenvalues remains negative and the new fixed point continue
to be stable. If the current is between two critical values /- = 0.33 and I, = 1.42, the nullclines
meet at the central branch of the V = 0 nullcline and fixed point becomes unstable. As shown
in Fig. 1.12A the system goes on a trajectory that is similar to that of the spike generated by a
strong enough current pulse. The key difference is that the system does not return to the new
unstable fixed point 7. In fact, the system remains on that oscillatory trajectory generating a
infinite spike train (Fig. 1.12B). Since the oscillations are stable, the system is said to be on a
stable limit cycle and trajectories starting in any point in the phase space, excluding the fixed
point, will converge to the limit cycle.

The frequency of oscillations of the trajectories in the limit cycle is determined by the
imaginary part of the eigenvalues of the jacobian matrix. The stability loss suffered by the
fixed point when the constant current has values between /_ = 0.33 and I, = 1.42 makes the
system oscillate with a non-zero starting frequency since the imaginary parts of the eigenvalues



1.5 NEURONS MODELED BY ELECTRONIC CIRCUITS 33

a) o b)
! F(v)
R
c= W] Loy
T 0 v

O

Figure 1.14 Circuit proposed by Nagumo et al. (a) and response curve of a tunnel diode (b). (Adapted
from Nagumo et al. (1962) [10])

are also non-zero. This kind of dynamical phenomenon where high amplitude oscillations
appear with non-zero frequency as a result of the continuous change of a parameter is known
as subcritical Hopf bifurcation. This phenomenon is notorious in the Hodgkin-Huxley model,
where the minimum firing frequency of the spike trains is about 50 Hz. Experimentally this is
also true for most axon membranes as well as for the generation of spike trains in the soma of
certain kinds of neurons [13]. In the FitzHugh-Nagumo model the minimum firing frequency is
about 23 Hz when I = I,.. Figure 1.13A shows the rest state value of the excitation variable V as
a function of the bifurcation parameter /. Figure 1.13B shows the oscillation frequency of the
limit cycle as a function of the current /. The results are similar to those of the Hodgkin-Huxley
model.
This last section was based on the textbook by Christof Koch (1999) [11].

1.5 Neurons modeled by electronic circuits

There are several electronic circuits reported in the literature which have been designed
to present a neuron-like dynamical response. Here we present a collection of some of those
circuits that have served different purposes, from simple reproduction of excitable behavior to
interaction with real biological neurons.

The work of FitzHugh and Nagumo to obtain a simplified version of the Hodgkin-Huxley
model was inspired in a non-linear oscillator model known as Bonhoeffer-van der Pol model,
from which the FitzHugh-Nagumo model is a particular case. The analogical circuit proposed
by Nagumo et al. [10] (Fig. 1.14a) replicates the cubic non-linearity of Eq. (1.22)a using the
interesting property of a tunnel diode. Figure 1.14b shows that for the tunnel diode there is
a region where it operates with negative resistance, i.e. the current through it decreases with
increasing applied voltage.

From Kirchoff’s laws, it is easy to note that the circuit in Fig 1.14a leads to the following
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Figure 1.15 Three transistors excitable circuit proposed by Lancaster and Helen. a) The dynamics of
the region delimited by the dashed line is modeled by a resistance with value depending on the voltage
V at the capacitor C. b) Numerical simulation of the circuit phase space showing the nullclines of the
variables V eV}, and the system trajectory during a spike. c¢) Experimental spike train (dashed line) and
numerical simulations (solid lines). (Adapted from Lancaster and Helen (2010) [14])

set of equations: ‘
CV=I-F{V)-W

LW =E—RW+V,

where [ is the injected current in the circuit and W is the current through the inductance L. The
function F (V) that describes the behavior of the tunnel diode was modeled by Nagumo with a
cubic curve. This approximation and an appropriate change of variables reduces the Eqgs. (1.31)
to the Egs. (1.22) of the FitzHugh-Nagumo model.

Other circuits were also proposed to reproduce electronically the behavior of the FitzZHugh-
Nagumo model. One of the most intuitive ones was designed by Lancaster and Helen [14]
using voltage multipliers integrated circuits to create the cubic non-linearity required by the
model. Lancaster and Helen also contributed with an electronic circuit design that, although
does not relate to the FitzHugh-Nagumo equations, presents an excitable behavior as expected
from a neuron membrane. From measurements on the circuit shown in Fig. 1.15a they derived

(1.31)
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the following set of equations:

_ 5=V 5=V V. V-V,
Rras(V) '~ Ry 100 Ry

cv
(1.32)
V-V,

sl

CyVp =

_137

where /. and Ip are the currents in the collector and emitter terminals of the npn transistor and
Ryq 1s a resistance with value depending on the voltage V' at the capacitor C. This resistance
is determined by the dynamics of the region delimited by the dashed line in Fig. 1.15a. The
currents on the transistor terminals are calculated be the Ebers-Moll model [15]. Figure 1.15b
shows a numerical simulation of the circuit phase space. The nullclines of the variables V e V},
as well as the trajectory of the system during a spike. Figure 1.15 shows an experimental spike
train (dashed line) and the data from the numerical simulation of the Egs. (1.32) (solid line).

Electronic circuit models can also be made to reproduce with great precision most of the
biological characteristics of neuron. One such circuit with strong physiological basis was pro-
posed by Mahowald and Douglas [16] with the aim of mimicking the pyramidal neurons of the
neocortical region of the brain. The so caller silicon neuron is able to emulate the ionic currents
that generate electrical membrane activity.

Some of the electronic circuit designed to reproduce neuron-like behavior were thought
aiming dynamic interaction with biological neurons rather than stimulating them using re-
sponse independent current commands. In this way, electronic circuits which analogically
integrated the Hindmarsh and Rose equations [17] were coupled to the neurons of a prepara-
tion of lobster pyloric CPG neurons. This allowed to show that regularity could emerge as a
collective dynamical property of units which individually presented complex dynamics. In an-
other set of experiments, electronic neurons interacting with a biological preparation were used
to unveil which dynamical properties of a neuron network depend on the bifurcation leading to
excitation for the units, rather than on the details of the neuronal dynamics. To carry out this
program, a standard form for type-I excitable dynamics [13], where there is a clear threshold
for excitation rather than just a separatrix region as presented by both Hodgkin-Huxley and
FitzHugh-Nagumo models, was analogically integrated with a circuit, which was used to re-
place a neuron in a midbody ganglion of the leech Hirudo medicinalis [18]. The responses
under the stimulation of both the natural preparation and the one with a replaced neuron were
found to be similar. Beyond the possibility of interacting with neurons through a dynamically
sensible way, these efforts provide empirical support to the program of studying neuronal pro-
cesses through simple and relatively low dimensional dynamical systems. Depending on the
question under study, it might be desirable to be able to establish a closer link between the
device and a neuron. In this spirit, a device implementing a conductance model was recently
proposed [19].

These circuits, however, have two limitations for our purposes. First, they are still too
complex to be replicated in large scale. Second, they do not have a controllable noise source
to produce stochastic spike trains, a feature that is common to the both models [20] and real
neurons [1, 21, 22]. The present work is a first step in this direction. We propose an excitable
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Figure 1.16 Electronic Excitable Circuit. V, and V}, = —V,, are the operational amplifier supply voltages,
Vi 1s the input voltage corresponding to any combination of external stimuli. The circuit is mathemati-
cally described as two-dimensional dynamic system on the variables V_ and V,,; (see Eq. (1.39)).

electronic circuit which can serve as a building block of an electronic sensor. The advantages
of its extreme simplicity are twofold: it allows for scalability and, at the same time, simple
mathematical modeling.

1.6 A simple electronic neuron model

Here we present our own model of an electronic sensory neuron [23]. Since this is the
object of our study throughout most of this work, the description of the characteristics of this
circuit is more detailed than that presented previously for other electronic neuron models. Our
aim with the circuit shown in Fig. 1.16 was to create a design simple enough to be easily
reproduced and to have a straightforward mathematical modeling. These two characteristics
allow for scalability, i.e. the circuit model can be used as building block for the construction
of large networks. The circuit consists only of a few resistors, a capacitor and an operational
amplifier. The input voltage V;, corresponds to any sort of external stimuli arriving at the
neuron (i.e. a combination of excitatory and inhibitory post-synaptic potentials, a constant
stimulus resulting from a DC voltage or noise). The voltages V, and V, are the external energy
supply for the operational amplifier, which, as per usual in applications involving operational
amplifiers, were made symmetric (V;, = —V,;), while V_ and V.. are, respectively, the voltages
of the inverter and non-inverter terminals of the amplifier.

The mathematical modeling of the circuits is based on the dynamic of the operational am-
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Figure 1.17 Experimental measure of a comparator circuit response. a) The difference between the
non-inverter and inverter terminal is V. — V_ (blue crosses) and the output voltage is V,,, (red dots). b)
The time derivative of the output voltage dV,, /dt as a function of V,,,. The horizontal solid line shows
the value of the slew rate S,.

plifier, which in this cases behaves as a comparator circuit':
Vour = Vg, itV >V_
out a 1 + (133)
Vour = Vp, if Vo <V_ .

Equation (1.33), however, does not account for the finite time it takes for the operational am-
plifier to change between the two voltages V, and V},. This time depends on the amplifier and
it is related to the slew rate S,, which can be easily measured from a pure comparator circuit
(see Fig. A.1 in Appendix A). Figure 1.17A shows the response V,,,; of such circuit when the
difference between the two terminal voltages V_ and V is controlled.

The slew rate S, corresponds to the rate of change of the output voltage V,,,,. In Fig. 1.17B
we show how this rate varies as V,,,; changes and how to obtain the value of S, from the graph.
For most operational amplifiers, the slew rate is measured by the manufacturer and its value is
given in the product datasheet. The amplifiers used in the circuits throughout this work (TLO71
and TLO74) have a mean slew rate S of 16 V/us.

Below, we propose a model for comparator circuits that includes the effect of the slew rate
S, on its temporal dynamics:

dVout
dt

where O is the Heaviside function. The function sign(x) returns the sign of its argument x or
zero if the argument is also zero:

= S,sign [V, — Vour + (V, — V) O(V4 — V)], (1.34)

1, ifx>0
sign(x) =< —1, ifx<0 (1.35)
0, ifx=0,

'see Appendix A for more details on comparator circuits and other basic operational amplifier circuits that
appear on this work.
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Figure 1.18 Comparator model response. A) The difference between the non-inverter and inverter
terminal is V. — V_ (blue crosses) and the output voltage is V,,, (red dots). B) The time derivative of the
output voltage dV,, /dt as a function of V,.

Integrating Eq. (1.34) when the difference between the two terminal voltages V., — V_ is con-
trolled in the same as showed in Fig. 1.17A leads to same response observed experimentally
from the comparator circuit. The results are shown in Fig. 1.18.

Having defined the temporal dynamics for the output voltage V,,,,, we go back to the mathe-
matical description of the excitable electronic circuit presented in Fig. 1.16. Applying Kirchoff
laws we can show that:

Vi =aVou (1.36a)
Vi= ﬁvout + Y‘/lny (136b)
where R
0= (1.37a)
Ri+R;
Ry
= 1.37b
B Ri+Rs ( )
Rs
= . 1.37c
Y RitRs ( )

To obtain Eq. 1.36b we assume that R3 > R4, Rs, therefore rendering the current /3 ~ (. Com-
puting the current at the capacitor C gives:
dv_ - Vi—-V_
dt R3C '

(1.38)

Applying Eq. 1.36a to Eq. (1.34) and Eq. 1.36b to Eq. 1.38, we obtain a two-dimensional
dynamical system in the variables V,,,; and V_:

dv, Ve .
d;m = fmgn(Vb —Vour + (Va = V5)O(aVour = V-))
(1.39)
av_ 1

. T 5 A~ V{)u Vin_V—7
i R3C[ﬁ ¢ Y ]
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where V. is a characteristic voltage of the same order of magnitude of the supply voltages V,
and Vj, and we have defined € = V,./S, as a characteristic (short) time scale when compared with
the characteristic charge and discharge time R3C of the capacitor C. Throughout the remainder
of this work, unless otherwise stated, V, = —V, = 12 V and V,. was chosen to be equal to 10 V.

For purposes of mathematical analysis and numerical simulation of the system presented in
Eq. (1.39) we employ a change to the following dimensionless variables:

V()Ml‘

= 1.40
v V. (1.40a)
V_
= = 1.40b
w Vo ( )
leading to the new dimensionless system that describes the excitable circuit:
L (a—b)
v = sign (b—v+ Iy (1.41a)
wo o= ¢[Bv+yi—w], (1.41b)
where we defined the dimensionless groups:
t Va Vb E . ‘/ln
T=—sa=—;b=—;0=—;j=—, 1.42
e TV v R T, (1.42)
and replaced ® by the continuous function
O(x;x) = ! 1.43
X,XO)— 1+e—x/x0' ( . )

The () over the variables v and w means a derivative with respect to the dimensionless time 7.
Note that ® — @ as xo — 0. The constant ¢ < 1 sets the ratio between the fast and slow time
scale as in the FitzHugh-Nagumo model, so that R3C ultimately controls the overall time scale
of the problem.

The nullclines of the system are obtained by making v = 0 and w = 0. From Eq. (1.41a) we
can easily verify that v = 0 implies:

W:x01n< ;) +av, (1.44)

while from Eq. (1.41b) it follows that:
w=Bv+7j. (1.45)

We can now compare the similarities of our electronic excitable circuit model and the FitzHugh-
Nagumo model. In Figure 1.19 the nullclines for our model are shown. The v = 0 is non-linear,
resembling the cubic nullcline in the FitzHugh-Nagumo model while the w = 0 is linear, in the
same way the W = 0 (Eq. (1.24b)) is in the FitzHugh-Nagumo model. The fixed points of the
system are found numerically making Eq. (1.44) and Eq. (1.45) equal. To avoid the possibility
that the system has more than one fixed point, it is sufficient that B > « as can be inferred from
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Figure 1.19 a) Nullclines of the system presented in Eq. (1.41) with parameters o = 0.0909, = 0.5,
Y=0.5,¢ =0.01,a=1, and b = —1. The dashed lines correspond to the w = 0 nullcline with different
values of j (Vi,). The solid line corresponds to the v = 0 when xo = 0. The circles at the nullclines
intersections point the position of the single fixed point (for > o) for each value of j. b) Same as (a)
but with xg = 9 x 1073, The red dashed line is a trajectory in phase space starting at the initial condition
(IC) (—0.5,—0.075) and j = 1. c¢) Same as (b) but with j = 0. In this case the red dashed line is a stable
limit cycle and the fixed point is unstable.

Fig. 1.19a. The position of the nullcline w = 0 changes when the input parameter j, which
corresponds to the input voltage V;,, is varied.

Note that when xo — 0 the Eq. (1.43) becomes the Heaviside function: the v = 0 nullcline,
then, becomes a piece-wise linear function (as in Fig. 1.19a):

v=">b se v < w,

. x0—0

v=0% {v=a se oy > w, (1.46)
w= .

In Figures 1.19b and c the nullclines were plotted with xg = 9 x 1073, System trajectories in
the phase space are shown: a trajectory starting at an arbitrary initial condition and finishing at
the stable fixed point (Fig. 1.19a) and a stable limit cycle when the single fixed point is unstable
(Fig. 1.19b).

To analyze the stability of the fixed point of the system we linearize the Eqgs. (1.41). At first,
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we have:
LY av
=2 iad / 1.4
Y adv (v*7w*)v ow (v*7w*)w (1.472)
. dw aw
/= - ! 1.47b
v av (v*,w*)v ow (v*,w*)w7 ( )

where v/ =v—v* and w' = w —w*. The derivatives in (1.47a) and (1.47b) can be calculated in a
more simple way if we avoid the complication of dealing with the function sign(x) that has no
derivative at x = 0 and focus only on its argument?. This simplification leads to the linearized
form of the system in Egs. (1.41)3:

v (-1 + Y a—pO(1-0)
X0

(V*W)v' - (xio<a—b)®(1 _0)

/
(v*,w*))w
w = o[BV —w].

In the above equations the second order terms were ignored. Note that the second equation is

exact since w in Eq. (1.41b) is linear in v and w. To shorten the notation, we define the function

g= % O(1 — ®) which leads to:

\}’2<—1+Otg )v’—g w
(v*,w*) (v, W) (1.48)
\4'/'/ = d’ﬁvl - ¢W,7
which can be written as ¥ = AX, where:
= ("
=
and A is the jacobian matrix of the system:
—1+og —
A= (v, W) (vw*) ] . (1.49)
¢p ¢

From the sign of the real and imaginary parts eigenvalues of the jacobian matrix the stability
of the fixed point is determined. As we vary j, and therefore change the position where the
nullclines meet, we find 4 different kinds of behavior for the fixed point of the system which
are depicted in Fig. 1.20: stable node in the region where the both real parts are negative and
the imaginary parts are zero; stable spiral when the real parts are negative (and equal for the
eigenvalues are complex conjugates) and the imaginary parts are non-zero; unstable spiral when
the real parts become positive with non-zero imaginary parts; stable node when the real parts

2We could replace sign(x) for a continuous function with defined derivative in all points in the same way that
the ® function was replaced: sign(x) = tanh(kx) where k > 1.
3Note que ¢~ (#v=w)/x0 — % when xy < 1.
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Figure 1.20 Real (black lines) and imaginary (red lines) of the eigenvalues (A, e A_) of the jacobian
matrix A as a function of the parameter j (corresponding to Vj, in the circuit) for a = 0.0909, f = 0.5,
y=05,a=1,b=—1,¢ =63x10"*and xo = 1.18 x 1073, The vertical lines separate the regions
where the fixed point has different behaviors. Inset: Aj as a function of xo.

are positive with zero imaginary parts. When the fixed point sits at the outer branches of the v
nullcline it is stable and it loses stability when it crosses to its central region.

The parameter Aj measures the range of values of j where spirals can be observed. Aj
increases as xo increases, and since experimentally xq is expected to be small (xo ~ 1075 re-
sulting Aj ~ 10~* (AV}, ~ 1 mV)), the detection of spiral trajectories is very hard without high
precision voltage sources.

The change of stability of the fixed point, when the real parts of the eigenvalues change from
negative to positive with non-zero imaginary parts happens via a Hopf bifurcation. A limit cycle
becomes the only stable attractor and the trajectories in the region of unstable spirals will tend
to it. The trajectories close to the limit cycle follow two time scales: in the “horizontal regions”
of the cycle the trajectories are fast and the relevant time scale is €, which is determined by
the slew rate of the operational amplifier; in the “vertical regions” the trajectories are slow the
relevant time scale is R3C, the characteristic time of the capacitor. The onset of oscillations in
phase space along the limit cycle happens with a discontinuous change in frequency (from zero
to a finite non-zero value) as it is characteristic of Hopf bifurcations (Fig 1.21c). Below the
Hopf bifurcations the circuit is said to be type-II excitable [13].

There is good quantitative agreement between experimental data from the circuit and the
numerical integration, as can be seen in Fig. 1.21b, ¢, d and e. Note that through an analog
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Figure 1.21 Comparison between experimental data and numerical simulations of the excitable elec-
tronic circuit. a) Nullclines of system (1.41) fora=1,b=1, & =0.0909, B = 0.5, y=0.5, j =0,
¢ =0.01 and xp = 9 x 103: solid black line for the v = 0 nullcline and dashed black line for the
w = 0 nullcline. The fixed point is unstable and the trajectories are attracted to a limit cycle (red solid
line). b) Experimental limit cycle (black dots) and numerical integration of the model (red solid line)
forxg=1x10">,V,=10V,V,=—10V, V;, = —6 V and ¢=5x 10~ (other parameters are the same
as in (a)). c) Experimental frequency response f to the external DC stimulus Vj, (black dots) and the
same for the numerical integration of the model (red line). d) Comparison between experimental time
series of V,,; and V_ (black circles and triangles, respectively) with numerical integration of the model
(red and green lines, respectively). e) Experimental (black dots) and numerical (red line) spike trains
obtained from the analog subtraction V,,, = 1.5V_ — 0.67V,,; of the dynamical variables.

subtraction V,,, = 1.5V_ —0.67V,,,; (see Fig. 1.22b*) the circuit exhibits the spikes typical of
neuronal membrane potentials (Fig. 1.21e). We emphasize that in Fig. 1.21 experimental and
numerical data agree without any fitting parameter, as long as x is sufficiently small (< 10™%).

1.7 Noise addition

So far we have discussed the response of the excitable circuit under DC stimulation (Vj, =
Vpe). Biological neurons, however, can show highly variable responses, even when subjected
to a presumably constant stimulus. Examples range from highly variable responses olfactory
receptor neurons (ORNSs) to presentation of identical puffs of odorants [25], to cortical cells
stimulated with a constant current via an intracellular electrode [21]. In an attempt to endow

4See also Apendix A and B for more information about circuits and values of the electronic components used.



1.7 NOISE ADDITION 44

a) 10k—100k
10k

12v O—:)j 100nF TLO74CN
Il

] +

V Ik 0-50k
KN2222 1 R
b) A2
V
V 1 2 gut
DC 7] Analog Vin Excitable i Analog
vV addition - circuit _ 3 subtraction [©  Vm
noise O— v_ | Buffer’ |~ 1.5V_~ 0.67 Vg

Figure 1.22 a) An analog noise generator based on the amplification of transistors thermal noise. Noise
amplification is given by A = [(Ra1 +R42)/Ra1](Rasa/Ra3). b) Block diagram of the circuit used to verify
the excitability of the circuit presented in Fig. 1.16. Analog addition and subtraction are performed with
standard TLO74 op-amp operations [24].

our excitable circuits with the variability in the spike trains observed in biological neurons,
we propose the simple analog noise generator shown in Fig. 1.22a. Once more, its simplicity
allows one to attach independent noise generators to each excitable circuit when connecting
them in a network.

The circuit in Fig. 1.22a provides a two-stage amplification control via two operational
amplifiers to the thermal noise produced by the KN2222 transistors. The total amplification
factor A is given by:

A = [(Ra1 +Ra2)/Ra1](Ras/Ra3). (1.50)

Its output voltage V,,,ise, shown in Fig. 1.23a, is approximately a uncorrelated Gaussian white
noise voltage with zero mean and a cutoff frequency around 10 kHz, as shown in Fig. 1.23b by
its fast Fourier transform.

To obtain variable spike trains, the stimulus V;, consists in the analog addition of Vp¢ and
Viwise (see blocks 1 and 2 in Fig. 1.22b). In the model, this corresponds to replacing Eq. (1.41b)
with

W= 9[Bv+yj+DE(r) —wl, (1.51)

where D governs the amplitude of the noisy input & (¢) an it grows linearly with the gain in the
noise amplification A (which in turn is controlled by the variable resistors shown in Fig. 1.22).
The noise 1s assumed uncorrelated with zero mean, i.e.:

(§(1)) =0, (1.52a)
(EME()) =6(t—1). (1.52b)

As mentioned in the previous section, to obtain spikes from the circuit it is necessary to perform
an analog subtraction of the two dynamic variables V_ and V,,,; (block 4 in Fig. 1.22b) but to
avoid interference to the voltage V_ provided by the capacitor C in the electronic circuit a buffer
circuit (a circuit that creates a high impedance copy of the voltage at its input) is employed
before the subtraction of V_ (block 3).
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Figure 1.23 a) Voltage V,,yisc Obtained from the noise generator circuit shown in Fig. 1.22a. and (b) its

fast Fourier transform.
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Figure 1.24 Electronic circuit response when submitted to noise. a) Numerical phase plane trajectory
(red line) due to noise excitation. Without noise the system would stay in a resting state at the fixed point
(white dot). Experimental (b) and numerical (c) spike train series are shown when the system is in the
excitable state (stable fixed point as shown in (a)).

Setting Vpc below the Hopf bifurcation, the circuit sits at a stable fixed point at the right
branch of the v = 0 nullcline, from which it eventually departs owing to noise (Fig. 1.24a). This
generates spike trains with variable interspike intervals 7, as shown in Fig. 1.24b. Numerical
simulations of the circuit when it is subjected to a gaussian white noise input also reproduce
this behavior as shown in Fig. 1.24c. In our simulations, addition of noise was implemented
with the standard Euler-Maruyama method [26] with a dimensionless time step AT = 0.005.
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Figure 1.25 Experimental coherence resonance curve for the electronic circuit. a) R, as a function
of noise amplification (bottom x-axis) and standard noise deviation o(V) (top x-axis). C = 1 nF and
Vpbe = —7.826 V (see Fig. 1.16). Each point corresponds to a 10 s time series. Three spike train
regimes are marked by the arrows A, B and C. b) Time series for the V_ variable corresponding to
the A arrow. Small noise amplitude causes low firing rate and low coherence. The interspike intervals
distribution resembles that of a poissonian distribution. c¢) Time series for V_ variable corresponding to
the B arrow. Moderate noise amplitude leads the system to optimum coherence. d) Time series for V_
variable corresponding to the C arrow. Large noise amplitudes causes high firing rate and low coherence.
Figures (e), (f), (g) and (h) are similar to (a), (b), (c), and (d), but with C = 50 pF and Vpc = —7.86 V.
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1.8 Coherence resonance

We now show that the interplay between noise and excitability behaves as expected in our
simple circuits. Pikovsky and Kurths [27] have shown that the coherence spike trains caused
by uncorrelated white gaussian noise with zero mean of a FitzHugh-Nagumo model neuron
in an excitable regime peaks at an intermediate noise value. This means that for small and
large noise amplitude the interspike interval ¢, in those spike trains is rather irregular, while
for moderate noise intensities coherent (regular) oscillations are observed. This phenomenon is
called “coherence resonance”. The coherence (or incoherence) of a spike train can be measured
by the normalized standard deviation of the interspike intervals:

(t73) — (tp)?
R,=YV " (1.53)

The parameter R, has value zero if the spike train is perfectly periodic and it tend to the value
1 as the interspike distribution becomes closer to a poissonian distribution. This parameter
should have a minimum as a function of the noise intensity applied to the system.

Figure 1.25a shows this exact behavior when our electronic neuron is in the excitable regime
and receives a noisy input (as shown in Fig. 1.24) with a controllable amplitude. The onset of
the Hopf bifurcation happens at Vi, r, = —7.82 V and the input voltage is set slightly below
that value Vpc = —7.826 V. It can be seen that for slow noise intensities (arrow A) the system
approaches R, = 1. The time series corresponding to that regime is shown in Fig. 1.25b. In this
case the dynamical variable V_, the counterpart to the dimensionless variable w, was chosen
to demonstrate the time series since it is the one directly affected by the noise and each of its
minimums corresponds to spike. This choice was also made in the original work of Pikovsky
and Kurths. Regularity of the time series is attained at an intermediate noise value (arrow
B) near the minimum of R, (time series shown in Fig. 1.25¢). Further increasing the noise
intensity cause the spike train to lose coherence (arrow C, time series in Fig. 1.25d). This
set of measurements was made when the electronic circuit capacitor had the value C = 1 nF.
This set the ratio between the time scales of the fast (V,,; or v) and slow (V_ or w) variables
at ¢ =5 x 10~ meaning that the characteristic charge time R3C = 1 ms is much slower then
the time scale set by the slew rate of operational amplifier €. Since the spike duration and
refractory period is determined by the capacitor C, this electronic circuit is called a “millisecond
neuron”. Another set of measurement was made with a faster capacitor (C = 50 pF, same
voltage value for the Hopf bifurcation and Vpc = —7.86 V). The results shown in Fig. 1.25e,
f,g and h are similar regarding the presence of a coherence minimum. Nonetheless, due to the
faster response of the circuit to noise oscillations, coherence is not as strong as in the previous
case (the minimum in the first case is closer to zero than in the second case). The fast response
also allows the phenomenon to occur even when the DC voltage is not as close Vi, ¢. In this
case the rate between the time scales of the fast and slow variables is ¢ = 0.01 and the excitable
circuit is called “microsecond neuron”.

For small noise amplitudes (Vyise ~ 50 mV, or A ~ &(1) in Fig. 1.25a and e), spikes are
sparse and R, approaches unity. This suggests a Poisson process in which the interspike interval
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Figure 1.26 Spike train statistics of a 100 s duration series from the circuit of Fig. 1.22b. a) Interspike
interval (isi) accumulated distribution in log-linear scale. Inset: corresponding histogram of isi. The
dashed line corresponds to an exponential fit of a Poisson distribution with mean firing rate r = 10.0(3)
s~!. The deviation from the Poisson distribution for small isi is due to the refractoriness of the excitable
circuit. In the following graphs we have divided the series in time windows of duration 7. The mean
number of spikes (n) (b) and the variance o2 (c) are shown as functions of 7. In (d) we have o2 as a
function of (n). The dashed lines are fits of 6> = (n) = rT according to the Poisson distribution.

distribution approaches an exponential
P(tp) =re"™, (1.54)

where r is time rate constant. This Poisson limit is interesting because it is observed in different
neuronal preparations [1, 22], so we performed a detailed statistical analysis of the small V.,
regime.

In Fig. 1.26a the statistics of a 100 s experimental time series was compared to the accumu-
lated distribution

D(t) = / re”"rdt, = e ", (1.55)
t

showing good agreement for a fitted rate r ~ 10.0(3) s~!. To check for consistency, we divided
the time series in small time windows of size T and sampled the number n of of spikes per
window. In a Poisson process one has the linear relationships (n) = rT, 6> = (n?) — (n)> = rT
which are confirmed in Fig. 1.26b and c. The unit slope in the 6> versus (n) plot is also verified
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Figure 1.27 Comparison between the Stevens’ Law F(S) = CS” and the Hill function F(S) =
FnaxS™/(S™ + Si'), with parameters m = 0.5, C = 10, Fux = 10 e So = 1 in logarithmic scale. The
inset shows the same functions in a log-linear scale.

(see Fig. 1.26d). These results show that our circuit can be used to mimic not only deterministic
dynamics, but also simple statistical properties which appear in biological neurons.

1.9 The dynamic range problem

The human sensibility to external stimuli is subject to study since the nineteenth century.
The Psychology field that studies the perception of subjects to physical stimuli such as heat,
brightness, pressure and others is called Psychophysics. Ernst Heinrich Weber was one of
the first to study the human response to physcal stimuli in a quantitative way. Later, Gustav
Theodor Fechner worked on a theory based on the finding of Weber, resulting in the Weber-
Fechner law. Their results suggest that the psychophysical response F is a logarithmic function
of the external stimulus S: F(S) = Clog(S). By the 1960’s the psychophysicist Stanley Smith
Stevens [28] published a series of psychophysical data suggesting that the relationship between
the response and the stimulus is a power law: F(S) = CS™, which is known as Stevens’ law.
Other functions were proposed to adjust data with a greater range of stimulus intensities, taking
into account the saturation in the perceived response, in particular the Hill function F(S) =
FnaxS™ /(8™ + S§') where Fpqy is the saturation response and Sy is the value of the stimulus
corresponding to Fj,,y/2. Figure 1.26 shows a comparison between the Stevens’ Law and the
Hill function. In the region of low intensity stimuli, they coincide.

In general, psychophysical laws show that subjects perceive with great distinction stimuli of
different orders of magnitude. Recent studies [29] suggest that the ability to respond differently
to a large range of stimulus intensities or, in other words, large dynamic range, arises as a
collective phenomena of excitable elements with small dynamic range connected in a network.
The appeal of such systems goes beyond basic research in neuroscience. The idea could be
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Figure 1.28 Experimental response curves F (Vpc) measured at different values of the noise amplifica-
tionA.a)C=1nF (¢ =5x 10~*and 7,, = 10 s). b) C =50 pF (¢ =0.01 and 7,,, = 0.2 s). ¢) Response
curve for C = 1 nF (A=1000), and relevant parameter for calculating the dynamic range. d) Dynamic
range as function of noise amplification for C = 50 pF (black squares) and C = 1 nF (white circles).

reversed, leading to biologically inspired artificial sensors, which have been used in a variety
of scenarios (see e.g. [30]).

In this section we study the response of our electronic excitable system to varying input
voltage Vpc, considering the noise amplitude V), constant. Although in real neurons the
background noise may have a dependence on the stimulus, it is a fair approximation to treat the
noise amplitude as constant and focus on the dependence on input signal as a control parameter
of the dynamics. In what follows, the response of the circuit is defined as the mean firing rate
F measured over a fixed time interval 7;,. This so-called “rate coding” is also a longstanding
approximation [31], which seems to fit data in several cases [11, 32].

For fixed T,,, and noise amplification A, the response F of our circuit is an increasing func-
tion of the stimulus Vp¢ because larger values of Vpc amounts to increased excitability, lower-
ing the “effective threshold” to noise-induced spike generation (as mentioned before, there is
no real threshold in type-II excitable neurons [12]). Conversely, for fixed Vpc, the response F
also increases with increasing noise intensity A. These results are shown in Fig. 1.28a, where
we plot (for different noise intensities) the responses F' (Vpc¢) of our excitable circuit with a 1 nF
capacitor. This choice sets the time scale of the neuron in the millisecond range (i.e. that of bi-
ological neurons). Note that in the absence of noise (A = 0) the response is null up to the Hopf
bifurcation (so the lowest curve in Fig. 1.28a is similar to Fig. 1.21c). Results in Fig. 1.28b
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Figure 1.29 Numerical response curves measured at different values of the noise amplification D. a)
Dynamic range as function of D for both values of ¢. b) Response of the FitzHugh-Nagumo model with
¢ =0.01 and c¢) when ¢ = 5 x 10~*. The response is measured counting the number of spikes in a time
series of 2000 time units.

correspond to a circuit with a 50 pF capacitor. This single change renders a much faster circuit,
now operating in the microsecond range, but with its dynamical features otherwise preserved.
This has potential applications, because a faster circuit requires shorter measurement intervals
T, (=0.2 s in our example) for a reliable estimation of the firing rate.

Given a response curve, we can calculate its dynamic range, which roughly speaking corre-
sponds to the range of stimulus intensity that the firing rate can “appropriately code”. Measured
in decibels, this is arbitrarily defined as [25, 33]

V*
A= 1010g10( (19) : (1.56)
0.1

where V' =V, — V| is measured relative to the voltage Vj at which the response becomes non-
zero, which we arbitrarily defined to happen when F = 0.01F;,,,, and

F(Vy) =xFpax  (0<x< 1), (1.57)

where F;,,x is the firing rate at the Hopf bifurcation. In words (see Fig. 1.28c), A measures the
range of stimulus Vpc which are neither too small (Vpe < Vp.1) to go undetected nor too close
(Ve > Vp.9) to the autonomous oscillations that emerge at Vi, 7.
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As shown in Fig. 1.28d, the dynamic range is a rather robust feature of our excitable circuit:
it changes little as the noise intensity is varied, regardless of the time scale at which it operates.
In both cases, A ~ 6 dB, which is closer to the values obtained experimentally (A ~ 10 dB
for olfactory sensory neurons [25], A ~ 14 dB for retinal ganglion cells [34, 35]) than results
obtained theoretically for discrete models of excitable elements (A ~ 14 dB in [35] and A ~
19 dB in [36]).

Numerical simulations of the above results were made using a slightly different version of
the FitzHugh-Nagumo model presented before. This version allows for easier integration of
the equations when noise is present:

d 3
¢d—: = v—%—w, (1.58a)
d
d—V: = v—{+DE). (1.58b)
The parameter { = —1.05 ensures that the model is in a excitable regime, since the Hopf
bifurcation occurs for { = —1.0. The results of the simulations are shown in Fig. 1.29 and

reproduces well the behavior of our electronic circuit for two values of ratio ¢ between the
time scale of the two dynamical variables.



CHAPTER 2

Electronic Synapse

In this chapter we tackle the mechanisms that allow neurons to connect and transmit electric
signals between each other. In the last chapter we discussed, from a physiological point of view,
how electric signals propagate within the neuron, in particular we focused on the description
of action potential generation within an axon. Synapses are the point at which communica-
tion between neurons happens and they are fundamental for many biological process such as
perception and learning. The term synapse was introduced at the beginning of the nineteenth
century by the neurophysiologist Charles Sherrington although the region had first been de-
scribed histologically (at the level of light microscopy) by Ramoén y Cajal.

With the aim of constructing an excitable medium by connecting electronic neurons each
with small dynamic range, we developed a model of electronic synapse inspired in their biologi-
cal counterparts. Here we are going to present a brief physiological description of synapses fol-
lowed by mathematical models and efforts to create electronic connections that mimic synapses.
Finally we will describe our model of electronic synapse that share the same characteristics of
our electronic neuron: it is simple, allowing it to be reproduced in scale and it has an straight-
forward mathematical characterization.

2.1 Review of basic synapse physiology

Synapses connect two cells that are involved in the transmission and reception of electri-
cal signals. This connection can be between two nerve cells or between a nerve cell and a
muscular cell. Synapses also come in two flavors: they are either electrical or chemical. This
fact was only verified after a considerable amount of debate from the community when better
physiological techniques were employed around the 1950’s and 60’s.

2.1.1 Electrical synapses

In electrical synapses the two cells interact through a specialized contact region known
as gap junction channel. For this reason this kind of synapses are also called gap junction
synapses. These channels are protein structures that physically connects the cytoplasms of
both cells and provide a low resistance (high conductance) pathway for transmission of electric
signals. At the point of contact, the two cells are separated by distances around 4 nm, which
is much closer than the usual separation between neurons (20 nm). The junction consists of
pair of hemichannels, one in each cell, called connexons. A connexon is made of six identical
protein subunits called connexin. In Figure 2.1a we show a schematic representation of a gap

53
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Figure 2.1 A) Schematic representation of electrical synapses showing the connexons and connexins
composing the gap junctions. B) Electric signal transmission by an electrical synapse suffers attenuation
from the membrane resistance of both pre and post-synaptic cells. (Adapted from Kandel (2000) [2]).

junction synapse.

The transmission of electric signals from one neuron, the pre-synaptic neuron, to another,
the post-synaptic neuron, in electrical synapses happens with little delay, i.e. the transmission
is almost instantaneous due to the direct connection between the membranes. Since the trans-
mission is mediated by the passive electrical properties of the ion channels, this comes at the
cost of attenuated post-synaptic response caused by the membrane resistance in both pre and
post-synaptic cells (Fig. 2.1b). The fast transmission, however, allows for easy synchronization
between groups of neurons connected with electrical synapses, which is important in biologi-
cal mechanisms that require fast responses, such as a defensive reflex. The electrical synapses
usually admit signal transmission in both ways, so that changes in the membrane potential in
any of the two neurons connected by a gap junction are transmitted to the other cell, with an
ionic current proportional to difference between the two membrane potentials. In this sense,
gap junctions admits both depolarizing and hyperpolarizing potentials to be transmitted with
no distinction. This kind of transmission is similar to the passive propagation of subthreshold
electric signals along axons. There are, however, electrical synapses that rectify, i.e. the current
flows preferably in one direction.

2.1.2 Chemical synapses

The mechanism involving electrical signaling through chemical synapses differs greatly
from electrical ones. First of all, there is no physical continuity of the cytoplasms of pre-
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Figure 2.2 Schematic representation of electrical synapses showing the neurotransmitter release by the
pre-synaptic cell due to the influx of Ca™, their diffusion through the synaptic cleft and their binding
with the receptors at the post-synaptic neuron. The delayed response, the post-synaptic potential is also
shown in comparison with the pre-synaptic action potential. (Extracted from Kandel (2000) [2]).

synaptic and post-synaptic cells. The region separating the two cells near the synapse is called
synaptic cleft and sometimes the separation is greater (20-40 nm) than the usual adjacent non-
synaptic intercellular space (20 nm). To cover that separation, the pre-synaptic cell relies on
the release of specific chemicals, called neurotransmitters, into the cleft by its pre-synaptic ter-
minals, usually located at the end of the axon of a neuron. The pre-synaptic terminals hold
synaptic vesicles, each containing specific neurotransmitters.

The neurotransmitter vesicles are stored in a specialized membrane region called active
zone. This region is sensitive to the arrival of pre-synaptic action potentials, by means of ac-
tivation of Ca™ voltage dependent ion channels. The influx of calcium triggers the release of
the vesicles, which then fuse with the membrane of the pre-synaptic neuron liberating the neu-
rotransmitter into the synaptic cleft. Once outside the pre-synaptic cell, the neurotransmitter
has to diffuse through the synaptic cleft and bind to an appropriate receptor at membrane of
the post-synaptic cell. The binding of the neurotransmitter activates the post-synaptic cell in
some way causing a variation in the flux of ions across its membrane and therefore generating
a post-synaptic potential. In Figure. 2.2 this sequence of events is illustrated. These complex
structures responsible for the release of neurotransmitter causes chemical synapses to be unidi-
rectional only, i.e. changes in the membrane potential of the post synaptic neuron do not trigger
any response in the pre-synaptic neuron. Also, since the release of vesicles by the active zone
depends on a large influx of calcium ions, only supra threshold stimuli (those that generate
an action potential) are transmitted to the post-synaptic cell. After the post-synaptic response,
a mechanism for the removal of the neurotransmitter from their binding place at the receptor
must take place, otherwise the cell would rapidly become unable to respond to new incom-
ing neurotransmitter as all the receptors become saturated. The blocking of neurotransmitter
receptors is how many drugs that affects the nervous system operate.
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The process of diffusion and binding of the neurotransmitter, followed by the activation of
the post-synaptic cell causes a significant delay in the creation of post-synaptic potentials when
compared to fast response of electrical synapses. Although there are reports of post-synaptic
response delays no longer than 0.3 ms, it is common to observer delays that last several mil-
liseconds or more. Nonetheless, chemical synapses can amplify the signal coming from the
pre-synaptic neuron since a single vesicle carries within itself several thousand neurotransmit-
ter molecules. Usually two neurotransmitter molecules are enough to induce the opening of
one ion channel in the post-synaptic cell, therefore a single vesicle has the power to open thou-
sands of ion channels, even considering that some neurotransmitter molecules are “lost” in the
diffusion through the synaptic cleft, never reaching an appropriate receptor.

The activation of the post-synaptic cell after the binding of the neurotransmitters in the re-
ceptors can be either direct or indirect. In a direct process, also called ionotropic, the receptors
open ion channels that are gated directly by the binding of the neurotransmitter. These are
called ligand-gated ion channels. The opening of such channels causes a direct influx of ions
that creates the post-synaptic potential. In an indirect processes, also known as metabotropic,
the receptors modulate the production of chemical messengers inside the post-synaptic cell,
also called second messengers, which in turn trigger metabolic reaction that causes the opening
of ion channels. Ionotropic activation usually is associated with short duration post-synaptic
potentials, during milliseconds. On the other hand, metabotropic activation causes long dura-
tion responses, lasting from seconds to minutes.

Depending on the nature of the neurotransmitter and the type of receptor, the post-synaptic
potential response can be either depolarizing or hyperpolarizing. An excitatory post-synaptic
potential (EPSP) happens when the post-synaptic neuron depolarizes and an inhibitory post-
synaptic potential takes place when the post-synaptic neuron hyperpolarizes or when they be-
come less susceptible to EPSPs (as in the case of shunting inhibition). The same neurotransmit-
ter can act in both fashions, excitatory and inhibitory, depending on the type of post-synaptic
receptor they are bound to.

Neurotransmitters come in a variety of types of molecules and there are many ways to
classify them, although the division in amino acids, peptides and monoamines is common.
Glutamate and GABA (y-aminobutyric acid), both amino acids, are the most common exci-
tatory and inhibitory neurotransmitters in the brain, respectively, both being able to act either
ionotropically or metabotropically. For glutamate, the principal types of receptor are called
AMPA (a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid) and NMDA (N-methyl-D-
aspartate)

AMPA receptors are the typical mediators for fast excitatory currents in the brain, often
with submillisecond rise and decay time constants, but also found with decay time constants
of couples of milliseconds. The ion currents, most commonly composed of sodium and potas-
sium ions, produced in the post-synaptic membrane by this type of receptor have reversal (or
equilibrium) potential around 0 mV. The NMDA receptors are also excitatory current medi-
ators but with considerably slower rising and decay constants, reaching around 20 ms. The
slow kinetics of opening is due to the requirement that two neurotransmitter molecules must
bind for the channel to start conducting. Their reversal potentials are also around 0 mV and
are mediated by sodium, calcium and potassium ion currents. Additionally, NMDA receptors
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Figure 2.3 Post-synaptic currents for the AMPA (A), NMDA (B), GABA4 (C) and GABAjp (D) recep-
tors. A negative current (AMPA and NMDA receptors) means a net flow of positive charges to interior
of the neuron which causes membrane depolarization, while a positive current ( GABA4 and GABAp
receptors) means a net flow of positive charges to the extra-cellular medium, causing membrane hy-

perpolarization. Time scales and current amplitudes are also shown. (Extracted from Koch & Segev
(1998) [37]).

have a unique property of being blocked by physiological concentrations of the Mg?* ion. The
blocking is voltage dependent, happening only when the post-synaptic cell is hyperpolarized,
i.e. the NMDA receptor channels conduct ions only when the pre-synaptic cell is depolarized
and neurotransmitters are bound to it, thus making it a molecular coincidence detector.

The GABA neurotransmitter activates two important receptors. In the central nervous sys-
tem most fast inhibitory post-synaptic potentials are mediated by GABA4 receptors, with rever-
sal potential —70 mV controlled by chloride ion currents. Upon activation, GABA4 receptors
conduct CI™ reducing the chances of the occurrence of a successful action. GABAp recep-
tors are also responsible for inhibitory post-synaptic potentials, although in a much slower
time scale than the GABA4 receptors. GABAp is a metabotropic type receptor (while AMPA,
NMDA and GABA, are all ionotropic) that upon activation opens K™ ion channels which then
hyperpolarizes the membrane preventing the opening of sodium ion channels and therefore the
occurrence of spikes. The reversal potential of GABAp receptors, around —100 mV, is me-
diated by second messengers that are associated with the opening of potassium ion channels,
causing IPSPs to be much more hyperpolarized then the ones due to GABA,4 receptors.

Figure 2.3 shows the post-synaptic currents caused by each of the four receptors mentioned
here. The negative currents of the AMPA and NMDA receptors means that a net flow of positive
charges is directed to the interior of the neuron, thus causing the membrane to depolarize,
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while the positive currents of GABA, and GABAp means that a net flow of positive charges
is directed to the extra-cellular medium, therefore hyperpolarizing the cell. The time scale and
the amplitude of the currents for each receptor can be compared.

Neurons in the nervous system are connected to several thousand others through synapses.
Usually, each neuron receives a combination of excitatory and inhibitory synapses and the
combination of the arriving EPSPs and IPSPs determines whether the post-synaptic neuron will
fire or not. EPSPs and IPSPs arriving at different parts of the post-synaptic neuron travel down
to the cellular body where they are added together. In this fashion, the soma acts as a computer,
passing the “result” of its calculation to the axon hillock: if the net potential is greater than the
firing threshold, an action potential will be generated and conducted by the axon. The origin
point of a post-synaptic potential in the post-synaptic neuron has great influence in the result,
for an EPSP or IPSP coming from a dendrite far away from the soma suffers more with passive
membrane attenuation than a potential that is generated near the soma. A temporal summation
can also occur, where potentials arriving in quick succession overlap and summate with each
other, but it is necessary that the potential last longer than the interval between pre-synaptic
spikes. In Figure 2.4 we show how a single pre-synaptic neuron firing fast enough can induce
an action potential in a post-synaptic neuron. One spike alone does not produce an EPSP strong
enough to create a spike, but adding the overlapping EPSPs caused by three successive spikes
causes a suprathreshold stimulation.

2.1.3 Mathematical models of synapses

In the same way that the neuronal dynamics and its excitation mechanisms can be described
by mathematical equations, so does the generation of post-synaptic potentials in the synapses.
Here we are going to focus only on mathematical models for chemical synapses, since in gen-
eral their dynamics are more complex than electrical synapses.

Modeling chemical synapses is a two part effort: firstly, the concentration of neurotrans-
mitter released in the synaptic cleft by the pre-synaptic neuron must be known and secondly
how this concentration induces the ionic currents once the neurotransmitters are bound to their
receptors. Models for both phases of post-synaptic potentials generation usually involve ki-
netic considerations, taking into account transition rates between states of ionic channels or
receptors. These models are similar to the model describing transition to open or close states of
activation particles in the Hodgkin-Huxley model (Eq. (1.14)). For example, a proposed kinetic
model [39, 40] for the release of neurotransmitters contemplate many states:
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Figure 2.4 Excitatory post-synaptic potentials arriving from a single pre-synaptic neuron may or may
not induce a spike. A EPSP from one spike does not reach the post-synaptic soma with enough amplitude
to create spike. Three spikes fired in quick succession however make the EPSPs overlap, adding to a
suprathreshold stimulation. (Image under Creative Commons License, adapted from the original work
of Curtis Neveu [38]).

where V). is the pre-synaptic neuron potential, X and X* are the non-activated and activated
state of the calcium protein that releases the neurotransmitter vesicles, V, and V,* are the non-
activated and activated states of the neurotransmitter vesicles, 7 is the neurotransmitter released
in the synaptic cleft and n is the number of neurotransmitter inside the vesicle. Although
this model does not capture all the details of the neurotransmitter release process, it is still
too complex if used for computations that involve a large number of synapses. A simpler
representation can be made taking into account that the concentration of neurotransmitter [7']
follows V), closely [39]:

Tmax

T YA 22)
where Tjy,x, V), and K), are parameters that can be fit to experimental data. Further simplification
of this model can be made if it is assumed that [T'] in the synaptic cleft rises extremely fast after
vesicle release, remaining at a high value 7j,,, for a period 7 and then falls rapidly to zero,

therefore making [T] a step function of the time.
With a model for the neurotransmitter concentration in the synaptic cleft we can now look at
post-synaptic response models that aim for the determination of currents associated with each
receptor type. For fast response receptors (AMPA and GABA,) this current can be obtained
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from a simple first order kinetic reaction:
(04
C+T ? o, (2.3)

where C is the closed state and O is the open state of the ionic channel associated with the
receptor and 7 is a neurotransmitter molecule. From Equation 2.3 follows that:

= o[r](1-5) s @4
dt
where s is the fraction of channels in the open state and [T'] is the concentration of neurotrans-
mitter in the synaptic cleft. The fast synaptic currents follow a standard model for a current
through an ionic channel: .

Lo = gs(vposl - E,‘), (2.5)

syn
where 7 corresponds to the appropriate receptor type (AMPA or GABA,), g; is the maximum
channel conductance, V), is the post-synaptic membrane potential and E; is the reversal po-
tential of the receptor. The change in V), due to the synaptic current then is:

av .
cpost g (2.6)

dt - om

where C is the membrane capacitance (see Eq. (1.10)).
The final step to obtain V), as a response to the synaptic current is to solve Eq. (2.4) consid-

ering the model for the neurotransmitter concentration [7']. If we admit the simple assumption

of [T] as a step function of time (as mentioned before) then the fraction of open channels s can

be solved exactly resulting:

() = Soo+ (5(0) — 500 )e 1/ %f [T] = Thnax, 07

s(0)e= P! if [T] =0,

where seo = QT gy /(AT pax + B), and 73 = 1/ (0T pax + B)-

Although the slow response of NMDA and GABAp receptors can be modeled in a similar
way, a more complex functional dependency is needed in Eq. (2.5). Another way to describe
both the rise and fall of the conductance is to express s as a so-called alpha function. For an
isolated pre-synaptic action potential occurring at t = 0 the synaptic conductance is written as:

s(r) = Smad (p(1=t/%)y 2.8)
Ts

where s,,4, 1S the maximum conductance, achieved at time 7, followed by a decay with time

constant T
A more detailed review of the well-established subjects covered in the past section can be
found in the following references, from which this text was based on: the textbooks by Pe-
ter Dayan and L. F. Abbott (2001) [1], E. R. Kandel (2000) [2], Christof Koch (1999) [11]),
Christof Koch and Idan Segev (1998) [37] and the lecture notes by Sue A. Campbell (2010) [41].
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Figure 2.5 Aliaga et al. electronic chemical synapse. a) The first circuit block implements the ®
function while the second performs the integration of Eq. (2.9)a. b) This circuit outputs a voltage goVu
where V,, corresponds to the term inside the second parenthesis of Eq. 2.9b. ¢) This circuit performs the
evaluation of the difference between the post-synaptic potential V, ,,s and the constant V., and multiplies
it with the output of the circuit shown in (b). (Adapted from Aliaga et al. (2003) [18]).

2.2 Electronic models of synapse

There are many artificial synapses reported in the literature. Their construction methods
and purpose vary greatly from author to author, but the basic principle behind those devices is
to mimic the behavior of either electrical or chemical synapses. Here we discuss a few selected
models that fulfill this basic idea.

In the work of Ciszak et al. [42], where two electronic neurons obeying the FitzHugh-
Nagumo model equations were coupled together in a master-slave setting, i.e. the connection is
unidirectional, to observe anticipating behavior from the slave neuron. The connection between
the two neurons was made by a single resistor, that due it its passive electric properties, mimics
an electrical synapse.

Szics et al. [17] used a electronic circuit modeled by three dimensional differential equa-
tions to interact with real neurons of the stomatogastric ganglion of crustaceans. In order to do
that, an electronic circuit simulating an electrical synapse was employed, allowing the experi-
menter to set its conductance. In this circuit the sign of the resulting current flowing from the
electronic neuron to the real neuron depends on the actual potential difference of between the
two neurons.

Pinto et al. [43] used computer simulated synaptic currents to transmit signals to real neu-
rons. They employed complex circuits to convert digital signal from the computer to analog
signals with great physiological precision. This also allowed them to simulate neurons with
equal precision. The complexity of the circuit allowed them to change synaptic parameters in
real time, even while they are connected to real neurons.

Aliaga et al. [18] designed an electronic neuron replacement for a midbody ganglion neuron
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Figure 2.6 Circuit that mimics the behavior of a chemical synapse. V). is the pre-synaptic input, while
the takes into account only positive values of V). The resistances R, Rg and the capacitor C = 10 nF
control the time scale 7T of the synapse. The equivalent of the synaptic conductance g can be set by a
standard amplifier (see Appendix A), which yields the post-synaptic potential V; = gV.

of the leech Hirudo medicinalis. To integrate their electronic neuron with the tissue of the
ganglion they employed an electronic synapse modeled by a set of equations derived from
a first order kinetic reaction that also incorporates neurotransmitter concentrations, therefore
mimicking the behavior of chemical ionotropic synapses. Their model is as follows:

dn
dt

1 1
J = gO(Vv,pos _Vrev) <1+e—y(n—no) - 1+elno> ) (2.9b)

= ®(Vv,pre - Vthr) —n, (2.9a)

where 0 is the Heaviside function, » is the neurotransmitter concentration, J is the synaptic cur-
rent, Y is the neurotransmitter loss rate, V), ,. and V,, ,, are the pre and post-synaptic potentials,
Vinr 1s the voltage above which the pre-synaptic cell releases neurotransmitters and V,,, is the
reversal potential while go, A and n( are parameters that characterize the saturation nature of
the current. Figure 2.5 shows the circuits designed by Aliaga ef al. to implement the synaptic
Equations (2.9).

2.3 A simple electronic model for fast chemical synapses

To move forward towards our goal of creating networks of electronic excitable elements
we need a model of electronic synapse to connect such elements. Here we differentiate from
the previously presented models of artificial synapses in the aspect of simplicity. Again, we
prioritize simple devices which have a straightforward mathematical description and also allow
to be easily reproduced. With that in mind, it is also desirable that such device offers some
freedom of choice regarding its parameters, such as rise and decay time constants and conduc-
tance values. Therefore we opt for a chemical-synapse-inspired device, for chemical synapses
in general have a richer dynamics when compared to electrical ones.

The circuit of our electronic synapse is presented in Fig. 2.6. At its input voltage V), it
receives signal coming from one of our electronic excitable circuit presented in Fig. 1.16 after
the two dynamic variables have been analogically subtracted (as in Fig. 1.22a). In this way, the
electronic excitable circuit works as a pre-synaptic neuron. Due to the diode at its input, it is
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activated whenever the output V), of the pre-synaptic neuron becomes positive ( pre) which
happens only during a spike (shown in Fig. 1.21e, for example.) The capacitor C and the two
resistances Ry and Ry are responsible for setting the rise and decay time scales 7 of the output
of our electronic synapse. The block labeled g sets the value of the synaptic conductance
and also determines if the circuit will produce EPSPs our IPSPs, i.e. if the synapse will be
excitatory or inhibitory. The electronic analog V; of the excitatory or inhibitory post-synaptic
potential is obtained by multiplying the voltage V. at the capacitor C by a controllable gain g
with a standard operational amplifier circuit [24] which effectively controls the strength of the
coupling between pre and post-synaptic electronic neurons:

Vs :ch; (2.10)

with the sign of g determining the if V; corresponds to an EPSP or IPSP.

The mathematical description of the electronic synapse circuit follows directly from the
application of Kirchoff’ laws. If I =ij + i is the current flowing through the resistance Ry and
i1 is the current through the capacitor C, we can write:

dV,
dt

i = =1—i. @2.11)

Since the current / and i» can also be written in terms of V. as:

V*V

pre
pre © 2.12
R, (2.122)
V.
= -2 (2.12b)
Rg
Hence the differential equation governing the voltage at the capacitor C is:
dVC 1 + VC
- —V.)— ) 2.13
dt RaC< pre ) RgC 2.13)
Equation (2.13) can be rewritten in the form:
dv. 1
= — [Vol(t) = V| , 2.14
= [Valr) Vi) .14
e RoRgC . .
where the characteristic rise time is T = T, = RatRs and the asymptotic value is V(1) =

< Rﬁf@) Vve(t). Equation (2.14) is only valid when V,,, > 0. If, however, V,7..() = 0 (when

the pre-synaptic output V), is zero or negative) the characteristic decay time reduces to T =
Taown = RpC since the diode does not allow the capacitor to discharge through the resistor Rq.
In this model we disregard the voltage drop caused by the diode at the voltage V;;e since it is
small when compared to the amplitude of the spike of the electronic excitable circuit.

First order kinetics such as that of Eqgs. (2.13) and (2.14) describing the behavior of elec-

tronic synapse have close similarity with the Eq. (2.4), thus making our circuit a reasonable
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Figure 2.7 Output V; of the electronic synapse when subjected to a pre-synaptic spike. (A) Black
line corresponds to the pre-synaptic spike (scale on the right). The rise time of Vs is governed by Ry
(Rg = 10 kQ, R, = 2 kQ), while (B) changes in Rg influence the decay time of Vy (when V7, (1) =0 V;
Rq =5kQ, R, =2kQ). (C) The gain g is proportional to the amplifier resistance R,, which affects only
the maximum amplitude S of Vs (Rq =5 k€, Rg = 20 kQ). The synaptic time scales in each figure,
calculated from the capacitance and resistance values are (A) 7,, = 0.33 ms (blue line), 7,, = 0.5 ms
(green line), 7,, = 0.66 ms (yellow line) and 7y,y,, = 0.1 ms; (B) 7,, = 0.4 ms and 74, = 0.2 ms (blue
line), 7,, = 0.33 ms and 745, = 0.1 ms (green line), 7,, = 0.25 ms and 74,,,, = 0.05 ms (yellow line);
(©) tup = 0.4 ms and T4,y = 0.2 ms.

approximation for the dynamics of chemical synapses with fast responses such as those medi-
ated by AMPA (excitatory) or GABA,4 (inhibitory) receptors. This is achieved with minimum
use of electronic components of extremely low complexity.

As shown in Fig. 2.7, this setup allows us to control several interesting features of the elec-
tronic synaptic output, here behaving as an EPSP: R, controls the rise time of Vi (Fig. 2.7A),
Rg controls the decay time of Vj, while both have influence on its maximal value S, (Fig. 2.7B),
which can also be independently controlled by the gain g (Fig. 2.7C). The gain g is propor-
tional to control resistance R, in the amplifier circuits of the block g shown in Fig. 2.6 (see
Appendix A for details on basic op-amp circuits). From hereon the maximum value S of the
synaptic output Vs will be referred as synaptic strength or synaptic amplitude.

To couple two electronic excitable circuits using the electronic synapse the synaptic output
Vs is added to the input voltage of the post-synaptic circuit together with the constant DC signal
Vpc and the noisy input from the circuit shown in Fig. 1.22a:

Vin = VDC + Vnoise +gVC . (215)

If the noisy input is set to zero and the two excitable circuits are in the tonic regime, i.e. with
Vpc above the Hopf bifuracation and both circuits are firing regular spike trains, it is possible to
observe a regime where both circuits fire together, with a fixed time difference between pre and
post-synaptic spikes. This time difference can be characterized as a function of the synaptic
parameters. We focus on the synaptic amplitude S and the decay time constant (controlled
by Rg) which have more pronounced influence on the post-synaptic response. It is important
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Figure 2.8 (A) Time difference 8¢ between pre and post-synaptic spikes as a function of the synaptic
amplitude S when the electronic excitable circuits are in a tonic regime. For values of S below a crit-
ical value the phase between pre and post-synaptic spikes is not defined as the circuits fire at different
frequencies. After that point the phase becomes constant for any given value of S and increasing val-
ues of S decreases 6¢. (B) The spike trains of pre-synaptic (black lines) and post-synaptic (red lines)
excitable circuits are shown for different values of S. From top to bottom: uncoupled circuits showing
their natural frequencies (S = 0 V); increase in the mean firing rate of the post-synaptic circuit before
the phase-locking; circuits in the phase-locking regime; decrease in 6¢. Parameters are Ry, = 5 kQ,
Rg =20kQ Vy,pr(pre) = =770 V, Vigops(post) = —7.40 V, Vpc = —7.00 V. (C) Same as (A) but with
S fixed and Rg varying. In this case 6t responds to changes in the decay time constant in similar way to
what we observe for the response to changes in the synaptic amplitude, the only difference being that for
large enough values of Rg phase-locking is lost due to the increase in the period in which the synaptic
response is active. (D) Same as (C) but values of Rg are shown instead of S. Parameters are equal except
for R, =2 kQ.

to remember that the coupling provided by the electronic synapse is unidirectional, i.e. the
post-synaptic excitable circuit has no influence on the post-synaptic one.

2.3.1 Coupling in the absence of noise

To test our electronic synapse, we couple two electronic excitable circuits with the simplest
configuration: a pre-synaptic electronic neuron connected to a pos-synaptic neuron with a sin-
gle excitatory synapse. Here we aim to reproduce known results regarding phase differences
between pre- and post-synaptic spikes that emerge from this simple configuration [44].

Figure 2.8a shows the time difference 8¢ between the pre-synaptic and post-synaptic ex-
citable circuits when the synaptic amplitude S is varied. The two presumed identical electronic
neurons are subject to the same DC input Vpc setting both in the tonic regime, but due to dif-
ferences in the electronic components (within factory tolerance) they have different voltage
values for their Hopf bifurcations, therefore causing the pre-synaptic excitable circuit to fire at
a slightly greater frequency than the post-synaptic excitable circuit when they are disconnected,
i.e. when § = 0. For small values of the synaptic amplitude S the phase between the spikes of
both neurons is not constant, therefore the system is said to be in a phase-drifting regime. There
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Figure 2.9 Post-synaptic spike probability measured when noise is introduced only in the pre-synaptic
input and both pre- and post-synaptic circuits are in the excitable regime as a function of the synaptic
amplitude S. As the DC input is increased, becoming less negative, the synaptic amplitude required to
induce a post-synaptic spike becomes smaller. The qualitative behavior of the probability, characterized
by the small region where the probability of a post-synaptic spike is greater than zero and smaller than
one, is the same for different values of the DC input and noise amplitude (VE.

is, however, a value of S from which this phase, and consequently &¢, becomes constant, with
their values becoming smaller as S is increased. The system is said to be in a phase-locking
regime.

Figure 2.8b shows the time difference 6t as a function of the resistance Rg which con-
trols the decay time 7y, of the synaptic input. Again, for a weak coupling between the two
excitable circuits the system stays in a phase-drifting regime and, above a critical value, increas-
ing values of Rz makes the system go into a phase-locking regime. The difference from the
previous case is that for a large enough value of the decay time constant phase-locking is lost
due to the increased duration of the synaptic response to the input spike. In that regime, each
pre-synaptic spike generates, on average, more than one spike in the post-synaptic circuit. This
kind of measurement might be relevant for future studies involving more than two excitable
elements where synchronous firing is important, such as anticipated synchronization [42, 45]
and spike-timing dependent synaptic plasticity [46].

2.3.2 Coupling in the presence of noise

To study how noise affects the generation of spikes in the post-synaptic circuit, we first
introduce noise only in the pre-synaptic excitable circuit while keeping both elements in an
excitable regime, 1.e. the DC input (equal for both elements) is such that no spikes are generated
by any of the excitable circuits in the absence of noise. The post-synaptic spike probability
given the recent occurrence of a pre-synaptic spike is obtained by measuring the mean number
of spikes generated at the post-synaptic excitable circuit per spike generated at the pre-synaptic
excitable circuit as a function of the synaptic amplitude S. Using this approach we can isolate
the effect of the synapse in the generation of spikes in the post-synaptic circuit. As shown in
Fig. 2.9, the region where the post-synaptic spike probability is between zero and one is very
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Figure 2.10 (A) Spike train of a pre-synaptic neuron (black line) excited by noise (Vi ~ 1.2 V) and
the resulting Vs with S1, >~ 1.3 V (red line). (B) Spike train of a post-synaptic neuron (blue line) excited
by Vs and a lower noise intensity input (Vir' ~ 1.0 V). (C) Post-synaptic spike probability as a function
of S for two values of Vo' . In both cases, the pre-synaptic neuron is subjected to Vi ~ 1.2 V.

small (only of order 50 mV, while S can easily reach 2 V). The qualitative response of the post-
synaptic circuit does not change with different values of noise amplitude, here expressed as its
root mean square value:

Vims =4/ (V2. ). (2.16)

noise

Increasing the DC voltage, i.e. making it less negative, therefore causing the electronic neu-
rons to be more “excitable”, reduces the synaptic amplitude necessary to induce post-synaptic
spikes, but otherwise has little influence on the general form of the post-synaptic spike proba-
bility.

Now, if noise is introduced in the post-synaptic circuit as well as in the pre-synaptic one the
post-synaptic spike probability change its behavior greatly. The noisy input for each excitable
circuit is generated independently by two different noise generator circuits (Fig. 1.22a), there-
fore the noisy inputs are expected to have no correlation with each other. Figure 2.10 shows
a time series of a pre-synaptic electronic neuron (labeled 1) with noise intensity Vs ~ 1.2 V
and the corresponding EPSPs it generates whenever it spikes. A post-synaptic electronic neu-
ron (labeled 2), also in its excitable regime, receives those EPSPs as well as noise from another
noise generator circuit, but with lower intensity Ve ~ 1.0 V. Driven by this lower-intensity
noise alone, the post-synaptic neuron is extremely unlikely to fire, which it eventually does
upon receiving an EPSP with peak voltage S; = 1.3 V (Figs. 2.10A and B). In Fig. 2.10C
the region where the post-synaptic spike probability is different from zero or one is increased
significantly. The probability increases monotonically with the synaptic amplitude S, with a
sensitivity threshold that decreases with increasing noise intensity Vi . Although chemical
synapses sometimes show great efficiency in generating post-synaptic action potentials (for ex-
ample in nerve-muscle synapses every spike in the motor neuron causes a spike in the muscle
fiber [2]), in the central nervous system neurons usually require the arrival of multiple EPSPs
for a post-synaptic spike to be generated, giving the process a more probabilistic character. The
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noise also helps our model of electronic synapse to simulate the random diffusion of neurotrans-
mitters through the synaptic cleft, as not every neurotransmitter actually reaches a receptor in
the post-synaptic neuron.



CHAPTER 3

Symmetry and coherence effects in two-neuron
systems with excitatory coupling

As discussed in the introductory chapter, neurons are highly nonlinear dynamical systems
which are typically connected to tens of thousands of other neurons, the whole system be-
ing subjected to fluctuations whose stochasticity cannot be dismissed. This interplay between
nonlinearity, high dimensionality and noise is what renders the brain a difficult and interest-
ing system to study [1, 37]. More generally, the last decades witnessed a surge in theoretical
studies of collective phenomena of interacting nonlinear units. Since the seminal work of Ku-
ramoto [47], for example, several aspects of synchronization have been addressed [48]. With
the emergence of complex networks becoming a research topic in itself [49], the effects of
topology on synchronization have been thoroughly investigated (see e.g. [50, 51, 52] for re-
cent examples, or [53] for a review). Recently, even the notion of networks of networks have
emerged in the context of climate studies [54].

Even single neurons, however, can reveal surprises. As mentioned before, in 1997, Pikovsky
and Kurths unveiled the phenomenon of coherence resonance (CR), whereby an excitable sys-
tem driven by white noise produces a spike train whose regularity (or coherence) attains a
maximum at some finite value of the noise intensity [27]. In the low-noise regime, the spike
train approaches a Poissonian incoherent behavior with small firing rate, whereas in the high-
noise regime incoherence coexists with a large firing rate. At the resonance, the spike train
looks almost periodic, despite the fact that the system is in an excitable regime, not tonic.

The collective effects of coupling on CR were subsequently investigated. It was shown that
global coupling, either by square pulses [55] or via electrical synapses (gap junctions) [56],
can lead to network synchronization with strong coherence. It was also shown that a network
of excitable elements can exhibit system size CR, where increasing the number of elements
in system leads, at first, to an increase in global coherence, while very large networks have
reduced global coherence [56, 57]. In addition, chemical synapses were shown to be better
at increasing global coherence than gap junctions, even when the analyzed network contained
only two neurons [57]. This highlights the importance of the characteristic times introduced by
the chemical coupling in the post-synaptic response.

Our aim in this chapter is twofold. First and foremost, we depart from previous studies
on CR in networks of model neurons in that all of them have focussed on the effects of some
coupling among the units which was uniform across the network: Wang et al. have employed
the same uniform coupling intensity among all pairs of Hodgkin-Huxley neurons [55]; Toral
and Mirasso had a single variable to parameterize the gap junction conductance among their
FitzHugh-Nagumo elements [56]; and Balenzuela and Garcia-Ojalvo simulated Morris-Lecar

69
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Figure 3.1 (A) Noise generator circuit presented in Fig. 1.22a, here with all electronic component
values specified. The resistance R,;,;;. controls the amplitude of the voltage V,,pise. (B) V,s as a function
of R,,ise showing an approximately linear dependence for both noise generator circuits used.

systems with chemical and electrical synapses: in either case, the same coupling intensity
that connected neuron i to neuron j was also applied from j to i. In other words, previous
analyses of collective effects have dramatically reduced the dimensionality of coupling space
by focusing on the single-axis projection of uniform coupling. This is a convenient choice to
render parameter space scanning feasible, but not very realistic. In nature, mutually connected
neurons most probably are not symmetrically coupled.

Here we set forth to investigate what happens to the coherence of spike trains when the
coupling among the units is not necessarily uniform. Specifically, we fully explore the space
of coupling intensities by focusing on the analysis of the simplest network, namely, a pair of
neurons. We will show that: 1) synaptic asymmetry can deteriorate the coherence of a pair
of neurons that were previously uncoupled; 2) synaptic symmetry leads the system to a more
coherent state, compared with the uncoupled case; 3) the effects of synaptic symmetry on the
system coherence is strongly dependent on the characterstic time scale of the synapses.

Second, we go beyond the numerical simulations of previous models by employing our
type-Il-excitable [13] electronic circuits which are connected via our model of electronic synapse
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that mimics the behavior of fast chemical synapses. These electronic neurons are set at the edge
of their Hopf bifurcation, as previously described in Section 1.8 (see also [23, 58]). The use of
such electronic circuits gives our results an additional degree of robustness due to the variabil-
ity of the electronic components and influence of external effects (such as thermal noise), all of
which contribute to a more biologic-like scenario of noise and heterogeneities.

In what follows, experimental results were obtained with electronic neurons whose param-
eters were chosen to be as similar as possible (within the ~ 5% tolerance of the electronic
components). The value of the capacitance in Fig. 1.16 is chosen to be 1 nF to keep the time
scale of the electronic neurons in the millisecond range and DC voltage is set at Vpc = —7.30 V.
For the synapses (Fig. 2.6), the capacitance has value C = 10 nF. The noise intensity will be
denoted by the resistance Rj;s. controlling the gain of the noise amplifier, shown in detail in
the circuit of Fig. 3.1A, since the voltage V,,,s in Eq. 2.16 increases approximately linearly
with R,,isc as shown in Fig. 3.1B. Experimentally, the peak value (amplitude) S of the EPSP
Vs (see Fig. 2.7C) is easier to measure than the gain parameter g, and will therefore be used as
a measure of the synaptic strength, with S;; denoting the coupling from neuron i to neuron j
(with (i, j) € {(1,2),(2,1)}, in the present case). To measure the coherence (or incoherence) of
spike trains we use the parameter R, introduced earlier in Eq. (1.53), the normalized standard
deviation of the interspike intervals.

3.1 Coherence deteriorates with an incoming synapse, but is restored
with an outgoing synapse

To investigate the effects of symmetry in the synaptic coupling on the coherence of spike
trains, we started by the asymmetrical extreme of connecting two neurons unidirectionally. As
shown in Fig. 3.2A, the incoherence RII, of the pre-synaptic neuron 1 exhibits a minimum as a
function of the noise intensity, as is typical of CR. Due to the synapse from neuron 1 to neuron 2
(with synaptic amplitude S, = 1.0 V), the spike trains of neuron 2 are less coherent than those
of neuron 1 (Fig. 3.2A). This could be expected, since neuron 2 is receiving noise-induced
spikes from neuron 1 in addition to its own (independent) noise source. In this simple scenario,
the behavior of the pre-synaptic neuron is, as expected, unaffected by its outgoing synapse.

Keeping the synapse from neuron 1 to neuron 2, we added another synapse in the oppo-
site direction, with the same synaptic amplitude (S7; = 1.0 V). This reverted the effect of the
single synapse, causing neuron 2 to reattain a minimum in the Rf, VS Ryise CUrve, as shown in
Fig. 3.2B. This is perhaps counterintuitive, since one might expect that, by synaptically cou-
pling the less coherent neuron 2 spike train with neuron 1, R}D should increase. What happens,
however, is that not only the coherence of neuron 1 is weakly affected, but also neuron 2 recov-
ers its coherence. More importantly, it does so by means of an outgoing synapse.

We explored how the above phenomenon unfolds as we gradually change the synaptic
strengths. We started with initially uncoupled electronic neurons (S = S2; = 0 V) and noise
intensity near its resonance value (R,,ise = 10 k). This choice of noise intensity was made
in order to maximize the variation of the incoherence parameter R, as the coupling is varied
(see Fig. 3.2A and Fig. 3.2B). Increasing only the synaptic strength S;;, the incoherence RI% in
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Figure 3.2 Incoherence parameter R, as a function of the noise intensity and synaptic amplitudes.
(A) Neuron 1 (pre-synaptic) is connected to neuron 2 (post-synaptic) through a synaptic circuit with
parameters Ry = 5 kQ, Rg = 20 kQ and synaptic amplitude S;2 =1 V. R}, presents a minimum, as
expected, but neuron 2 has increased incoherence RIZ,. (B) Addition of an identical reciprocal connection
leads to a coherence recovery in neuron 2. (C) R}, and R%, as functions of the synaptic amplitude Sj»
when S>; = 0 V (unidirectional connection). (D) R}, and RIZ, as functions of the synaptic amplitude

S>1 with §12 = 1.4 V. In (C) and (D), noise is set at the coherence resonance value for a single neuron
(Rnoise =10 kQ)

the post-synaptic neuron is increased monotonically, while R}, remained essentially unchanged
(Fig. 3.2C). With S, = 1.4 V fixed, we then increased S»;, which led to a rapid increase in
the coherence of neuron 2. Neuron 1, on its turn, showed a small decrease of incoherence
(Fig. 3.2D), in a phenomenon similar to what has been reported in numerical simulations of
symmetrically coupled neurons [57].

3.2 Coherence depends weakly on synaptic symmetry for fast synapses

The above results suggest that symmetry between the synaptic strengths S1> and S plays an
important role in the spike train coherence of both neurons. To perform a thorough investigation
of this phenomenon, we looked into the dependency of both Rll7 and RIZ, on S and Sy in a large
region of the parameter space. In Fig. 3.3A we show the EPSP for both synapses with different
synaptic strengths and the corresponding spike times on both neurons when the synaptic time
scale are 7,, = 0.04 ms and 7y4,,,, = 0.2 ms (in what follows, Ry = 5 k€ is kept fixed and 7 is
controlled only by the resistance Rg). The dependency of the incoherence parameter Rf) on the
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Figure 3.3 Influence of symmetry on CR for fast synapses. Noise intensities are set at the coherence
resonance value (Rpyise = 10 kQ) for each neuron. Synaptic parameters are Rg =20 kQ and 7,, =
0.04 ms and 7,4,,, = 0.2 ms. (A) Time series showing spike times for neuron 1 (black dots) and neuron
2 (blue dots) as well as the EPSP of the synapse connecting neuron 1 to neuron 2 with S15 = 0.4 V and
the reverse synapse with S = 0.2 V. (B) Incoherence Rf, of neuron 2 as a function of both synaptic
strengths. (C) Firing rate of neuron 2 as a function of the synaptic strengths. In (B) and (C) Rll, and F}
behave similarly if the indexes 1 and 2 are reversed. (D) Mean network incoherence (R,) vs Si» and
S>1. The symmetry and asymmetry axes are drawn on the horizontal plane. (E) (R,) vs the asymmetry
parameter a. (F) (R,) vs the symmetry parameter s.
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synaptic strengths is shown in Fig. 3.3B (of which Figs. 3.2C and 3.2D are cross-sections). The
firing rate of neuron 2 was also measured as a function of the synaptic strengths and is shown
on Fig. 3.3C. Note that in this case an increase in the excitatory synapse (with strength S71)
from neuron 2 induces a decrease in its own firing rate, which leads to an increase in the spike
train coherence. The parameters Rll, and F) for neuron 1 behave in the same way if the indexes
1 and 2 are exchanged.
The total effect of the synaptic coupling on the system can be measured if we define the
mean incoherence parameter:
(Rp) = (R, +R>)/2. (3.1)

We show its dependence on Sy, and S»; in Fig. 3.3D. This graph suggests that the incoherence
parameter can be described as a function of symmetry and asymmetry parameters, s and a
respectively, defined as:

s = Sp+S, (3.2a)
a = 812—521. (3.2b)

The s and a axes are also shown in Fig. 3.3D. Although for large values of |a| an increase in
(Rp) is observed, there is a large flat region in which no significant change in coherence is
observed. The larger the symmetry s, the larger the flat region along the a axis (Fig. 3.3E). For
fixed asymmetry a, increasing s causes an increase in the system coherence, as shown Figure
3.3F.

3.3 Coherence depends strongly on synaptic symmetry for slow synapses

The flat region in Fig. 3.3D might suggest that synaptic symmetry is not so relevant for
coherence, after all. This scenario changes significantly, however, when the synaptic time scale
increases. Figure 3.4 shows similar results to those of Fig. 3.3, but with 7,, ~ 0.048 ms and
Tdown = 1.0 ms (Rg = 100 kQ). This increase in the value of the synaptic characteristic time,
as compared with the previous value, leads to a significant qualitative change in the EPSPs, as
shown in Fig. 3.4A.

For these slower synapses, Rlz, now displays a narrow valley of local minima as a function
of S17 and Sy (Fig. 3.4B). If one revisits the situation in which S, # 0 V and S5 is increased
from zero, once more an increase in coherence is observed in neuron 2 owing to an outgoing
synapse (Fig. 3.4B). Differently from the scenario of the fast synapses (Figs. 3.3B and 3.3C),
however, now the increase in the coherence of neuron 2 occurs with an increase in its firing
rate, as shown in Fig. 3.4C.

The effect of synaptic symmetry on the overall coherence is much more pronounced for
slower synapses, as shown in Fig. 3.4D. A much sharper minimum of (R,) emerges near a = 0,
regardless of the value of s (Fig. 3.4E). Furthermore, for fixed a = 0, an increase in symmetry
s (which amounts to an increase in overall synaptic strength) leads to an increase in coherence,
which attains values above those seen for uncoupled neurons (Fig. 3.4F).
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Figure 3.4 Influence of symmetry on CR for slow synapses. Same as Fig. 3.3, except that synaptic
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Figure 3.5 Influence of symmetry on CR for numerical simulations of synaptically coupled FitzHugh-
Nagumo models. We have employed ¢ = 0.001, { = —1.05 and D = 0.03 in all simulations. For 7= 0.1
(fast synapses): (A) Mean network incoherence (R,,) vs g1 and g»;. The symmetry and asymmetry axes
are drawn on the horizontal plane. (B) (R,) vs the asymmetry parameter a. (C) (R),) vs the symmetry
parameter s. (D), (E) and (F) are the same as (A), (B) and (C), except that synapses are slower: T = 1.0.

3.4 Comparison with computer simulations

We attempted to reproduce the above results in numerical simulations using the version of
the known FitzHugh-Nagumo model we employed before, as described in Eqgs. (1.58). This
model was chosen due to its simplicity and close similarity with our model for the electronic
neuron dynamics. This time, however, to include the coupling between the two model neurons
we add to the second equation the effect of the excitatory synapse:

dv »

E = V- ? —w, (333)
d

d—v: = v—C+DE(r)+gve, (3.3b)

where ¢ =0.001 is set to reproduce the ratio of the time scales governing the dynamic variables
of the excitable electronic circuits and & is an assumed delta-correlated Gaussian noise with
zero mean whose intensity is controlled by the parameter D. It is important to emphasize that
the noisy input £ is generated independently for each model neuron so that &; for neuron 1
can be assumed uncorrelated with &, for neuron 2. Similarly to Eq. (2.15), the strength of
the synaptic coupling between the two model neurons is controlled by the gain constant g.
The parameter { = —1.05 ensures that each FitzHugh-Nagumo model is in a excitable regime
but very close to its Hopf bifurcation, which happens at { = —1.0, so that the system can
fire under the influence of the Gaussian noise input. Coupling between the two FitzHugh-
Nagumo systems is achieved using a synaptic model similar to that of the electronic synapse,
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as previously described in Eq. 2.14, but instead of two different time scales 7,, and T;,,,,, only
one relevant time scale T governs the dynamics of the synapse:

dv. 1
d_vt = (010 (vpre()) vpret) = ve] (3.4)

where again v, integrates pre-synaptic activity v, only when it is positive. We will employ
the gain g;; as a measure of the coupling strength from model neuron i to model neuron .

As in the experiments made with the electronic circuits, the resulting EPSP gvc generated
by a pre-synaptic spike is then added (alongside with the noise) to the variable { of the post-
synaptic model neuron. We find the noise intensity that yields the minimum of the incoherence
parameter R), for the uncoupled case (D = 0.03) and then vary the synaptic strengths g1, (from
the model neuron 1 to model neuron 2) and g»; (from 2 to 1) measuring the mean incoherence
parameter (Rp) for each value of the pair (g2, g21) as we did with the electronic circuits. Note
that the approach here is to measure the synaptic strength directly from the amplification factors
g12 and g instead of measuring the amplitude of the EPSPs. The simulations were performed
for two different values of the synaptic time scale 7, first for T = 0.1 (fast synapse) and then
for 7 = 1.0 (slow synapse). To provide a comparison between these time scales and the time
scale that governs the dynamics of both model neurons, the spikes produced have an average
duration of 0.5 time units.

The results of the numerical simulations are shown in Fig. 3.5. Comparing first Fig. 3.5A
with Fig. 3.3D, we observe that the numerical model corroborates the results of the electronic
circuits: with fast synapses, the dependence of the incoherence on the synaptic symmetry
is weak. The mean incoherence parameter as a function of the symmetry parameter s and
asymmetry parameter a is shown in Fig. 3.5B and Fig. 3.5C and there is good agreement
with Fig.3.3E and Fig. 3.3F. Note that in the case of the computer simulations, we employ
a=gpp—g and s =g+ ga1-

Next we increase the synaptic time scale of the model (Fig. 3.5D) and compare the results
with those of Fig. 3.4D. Although the shape of the surface obtained through the simulations
does not exactly reproduce the one obtained experimentally with the electronic circuits, the
dependence of the mean incoherence parameter on a and s keeps its main features for the
case of slow synapses: the (Rp) dependency on a is sharper than in the case of fast synapses
(Fig. 3.5E). It also reaches smaller values when s increases, as compared to faster synapses
(Fig. 3.5F).



CHAPTER 4

Symmetry and coherence effects in two-neuron
systems with inhibitory coupling

In the last chapter we have shown that the symmetry in the synaptic strengths in a pair
of mutually connected neurons plays an important role on the system coherence. Asymmet-
ric excitatory connections leads to a decrease in the pair coherence while symmetric excitatory
connections leads to an increase in coherence, even beyond the point achieved by the uncoupled
neurons. Alongside with other mechanisms such as low spacial noise correlations and inhomo-
geneity across the parameters of the individual network elements [59], excitatory connections
have been shown to strengthen system coherence in a number of cases [55, 56, 57, 58, 60].

In the realm of single excitable elements, it was also shown that noise can maximize the
spike train incoherence depending on relevant system time scales such as the main activation
time and refractory period [61]. In particular, the spike trains in this regime of maximum
incoherence can present a intermittent behavior, alternating between a firing and non-firing
regime.

Although the subject of coherence resonance had been extensively discussed, the role of
inhibitory synapses in network coherence has not, to the best of our knowledge, been addressed.
Here we set forth to investigate that role in the simplest case of a pair of mutually connected
FitzHugh-Nagumo neuron models. Our main contribution is to show how the interplay between
synaptic strength and synaptic characteristic time may lead a system from a state of coherence
resonance to another of incoherence resonance. More over, we show that symmetry between
the synaptic strengths can reinforce either coherence or incoherence of the coupled neurons
depending on the synaptic characteristic time.

We follow the same approach of the last chapter, running computer simulations of a pair of
FitzHugh-Nagumo model neurons with dynamics described in Eqgs. (3.3) with ¢ = 0.001 and
with independent noisy inputs. These model neurons are coupled in the same way employed
in the computer simulations of last chapter, using the output gv. as the post-synaptic potential
induced by spikes in the pre-synaptic model neuron. The dynamics of v, follows from Eq. (3.4).
The difference from the previous case is the coupling parameter g, here chosen to assume only
negative values. Despite that fact, we will refer to |g| as synaptic strength. Again, the gain
gij will denote the strength of the coupling strength from model neuron i to model neuron ;.
The use of inhibitory synapses induces very interesting firing patterns in the mutually coupled
model neurons, as will be discussed below.

78
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Figure 4.1 Spike trains of a pair of FN model neurons coupled together with equal strength inhibitory
synapses (as described in Eq. 3.4). The noise intensity is D = 0.03. (A) Spike train for neuron 1
(black line) and neuron two (blue line) and the inhibitory post-synaptic potentials (IPSP) they impinge
on the other neuron, respectively (red lines). The synapses have equal strengths g;» = go; = —0.2 and
characteristic time T = 0.1. (B) Same as (A), but with g;» = g1 = —0.1 and characteristic time 7 = 1.0.
For the sake of better visibility of the data, in both graphs the time series of each model neuron and its
corresponding IPSP has been shifted vertically 2 units up, for neuron 1, or 2 units down, for neuron 2.
Switching off the noisy input (independently for each neuron) leads the system to a rest state regardless
of the synaptic coupling strength between the neurons or the synaptic characteristic time.

4.1 Inhibitory synapses causes anti-phase or intermittency patterns in
the spike trains

The two model neurons are again set near the edge of their Hopf bifurcations with the
parameter { = —1.05 causing them to have high excitability, i.e. small perturbations around
the rest state can easily induce spikes.

In Fig. 4.1A we show the time series of the variable v(¢) of two FN model neurons in an
excitable regime under the influence of independent noise inputs, both with the same intensity
D = 0.03. As shown in Fig. 4.2A and C this noise intensity corresponds to the coherence res-
onance value for an uncoupled FN model neuron, which then would fire in a quasi-periodic
fashion with moderate firing rate. The neurons are mutually connected with equal strength
synapses (g12 = g21 = —0.2) with same time scale T = 0.1. The respective inhibitory post-
synaptic potentials (IPSPs) produced by each neuron are also shown in Fig. 4.1A. As discussed
in Section 3.4, for this value of 7 the synaptic response to the neuronal input is fast: v, ap-
proaches quickly its asymptotic value making the duration of the IPSP comparable to the spike
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duration (approximately 0.5 time units). With this setup we observe that the two neurons tends
to fire in an approximately alternating way, one after the other. As neuron 1 fires, it inhibits
neuron 2. Since neuron 2 would fire at approximately regular rates, his next spike gets delayed
for a short time while the IPSP is active. When it finally manages to fire again, it then de-
lays the next spike of neuron 1. The process then repeats itself. This regime is similar to the
well known anti-phase synchronization behavior found in the swimming control mechanism of
Clione mollusks where a pair of neurons mutually connected with inhibitory synapses gener-
ate ongoing periodic oscillations in response to a brief stimulus [44, 62]. Differently from our
2-neuron system, these oscillations are caused by post-inhibitory rebounds, where a hyperpo-
larization caused by an IPSP induces a spike in the post-synaptic neuron, whereas in our system
all spikes are ultimately driven by noise.

If, however, the time scale of the synapses is increased, the two mutually coupled neurons
behave in a different way. In Fig. 4.1B, the synaptic time scale of both synapses is now 7= 1.0
(slow synapse) and their strength is g;» = g1 = —0.1. In this case the synapses approach their
equilibrium values in a slower fashion, remaining active for periods longer than the spike dura-
tion, effectively creating a stronger inhibition even though the value of the coupling strengths
is lower than it was in the previous case. This creates an intermittency of the spike trains,
where the firing activity in one of the neurons almost inhibits the other completely. This kind
of behavior was reported in single excitable elements driven by noise [63, 64]. The transitions
from the firing state to the non-firing state within each neuron are due to large noise fluctuations
capable of overcoming the influence of the arriving IPSPs.

For both values or 7, i.e. for fast and slow synapses, switching off the noise input in both
neurons ceases the system activity regardless of the synaptic coupling strength, since each FN
neuron now rests at their respective stable fixed point. This is demonstrated near the end of the
time series pictured in Figs. 4.1A and B, and it shows that the two-neuron system is not in a
self-sustained activity state.

4.2 Inhibitory synapses can improve or deteriorate coherence

To understand how the transition from anti-phase synchronization-like to intermittent be-
havior occurs we go one step back to the simpler case of a two-neuron system where there is
only one inhibitory synapse. Figure 4.2A shows the incoherence parameter R, as defined by
Eq. (1.53), as a function of the noise intensity D for each of the two FN neuron models, labeled
1 and 2. Since neuron 1 acts as the pre-synaptic neuron and is effectively isolated from neuron
2 (g21 = 0, meaning no incoming connections), R[l) presents a minimum as a function of the
noise intensity, in a way that is characteristic of CR. The fast inhibitory synapse from neuron 1
to neuron 2 (g12 = —0.5, T = 0.1) causes the spike trains of neuron 2 to be, for a given value of
D, less coherent than those of neuron 1 (R127 is in general greater than R},). That is to be expected
since the noise-induced IPSPs from neuron 1 prevent some of the also noise-induced spikes of
neuron 2 from happening, contributing to a more irregular spike train on neuron 2.

If the inhibitory loop is then closed with a synapse of same strength and time scale (g1 =
—0.5, T =0.1) as shown in Fig. 4.2B, the loss of coherence in neuron 2 is partially reverted,
rendering the spike trains of neuron 2 almost as coherent as it would be if it was uncoupled. We
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Figure 4.2 Incoherence parameter Rp for a pair of FN model as a function of noise intensity and synap-
tic strengths. (A) Neuron 1 is connected unidirectionally to neuron 1 with a fast inhibitory synapse
(t =0.1) with coupling strength g12 = —0.5. Neuron 1 is unaffected by neuron 2 and displays a co-
herence resonance curve as expected. Neuron 2 spike trains, however, for any given noise intensity D,
become less coherent. (B) Adding inhibitory synapse of same strength and characteristic time in the
reverse direction (from neuron 2 to neuron 1) while keeping the previous connection partially reverts the
decrease in coherence suffered by neuron 2, but also induces a decrease in coherence in neuron 1. (C)
Same as (A) but neuron 1 is connected to neuron 2 with a slow synapse (7 = 1.0) with synaptic strength
g12 = —0.2. The incoherence increase in the spike trains of neuron 2 is more pronounced with a slow
synapse. (D) Same as (B). Adding a slow synapse in the reverse direction with same strength leads to
very incoherent spike trains for both neurons, and effectively to an incoherence resonance behavior.

also note that there is a slight overall increase in the incoherence parameter for neuron 1 (around
10%). In this set up, the neurons tend to fire in a regime that approaches that of Fig. 4.1A as
the noise intensity becomes closer to the coherence resonance value (D ~ 0.03) for uncoupled
neurons. For smaller noise intensities the spike trains of both neurons have small firing rates
and Poisson-like interspike distribution, therefore the inhibitory synapses do not affect greatly
the firing patterns of both neurons. For noise intensities larger than the resonance value the
anti-phase synchronization-like behavior tends to break due to the increasingly frequent noise
induced spikes. This result is similar to what we presented in the last chapter for fast excitatory
synapses, although the coherence recovery achieved in that case was strong enough to leave the
spike trains of both neurons more coherent than they would be if they were uncoupled.

The coherence of the two-neuron system changes dramatically if the time scale T of the
synapses is increased. In Fig. 4.2C we show the R, vs D curve for both neurons, each receiving
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independent noise inputs of same intensity while only neuron 1 connects to neuron 2 via a
slow inhibitory synapse (g = —0.2, T = 1.0). With the increased IPSP duration, neuron 2 is
inhibited most of the time, firing only when the noise input is large enough to overcome such
inhibition. This causes the spike trains of neuron 2 to have approximately poissonian interspike
distributions, regardless of the intensity of the noise stimulus. The coherence curve of neuron
1 is, again, unaffected since it is effectively isolated from neuron 2 (g>; = 0). Adding an equal
inhibitory synapse in the reverse direction while keeping the first one causes the spike trains
of both neurons to become highly incoherent (Fig. 4.2D). They both present a maximum in
the incoherence parameter Rp as function of the noise intensity D at the same value of D that
produces coherence resonance in uncoupled neurons. In this regime, the neurons tend to fire
in the way presented in Fig. 4.1B when the D approaches the resonance value. While one of
the neurons is firing the other is almost completely inhibited due to the long period of action
of the arriving IPSP, allowing the firing neuron to act as if it was uncoupled. This happens
until a large noise fluctuation causes the inhibited neuron to fire once, which then proceeds
to cause a long standing inhibition in the previously firing neuron, sending it to a non-firing
state until another large noise induced spike happens, repeating the process. For small noise
intensities both neurons have small firing rates, therefore causing their spike trains to approach
a poissonian behavior since they are less affected by the lengthy inhibition periods. For larger
values of D the transitions between the firing and non-firing states are more frequent, so that
the non-firing states in each neuron do not last long, reducing the effect that the intermittent
behavior has on the incoherence parameter R,. From Figure 4.2D we see that high values of
the incoherence parameter R, might be considered as a signature of neuronal intermittent firing
behavior.

It is clear from the last figures that there are two important parameters to be considered
when trying to understand how the two model neurons undergo a transition from coherence to
incoherence resonance. One of them is the synaptic strengths g12 and g»; and the other is the
characteristic time 7 of the synapses. In what follows we study the interplay between these
two parameters, starting with the synaptic strengths. Unless otherwise stated along the text,
from hereon the input noise intensity for both neurons is fixed at the coherence resonance value
found for an uncoupled FN model neuron (D = 0.03). This choice was made to better illustrate
the changes in the two-neuron system behavior, as they are more pronounced at this value of
noise intensity.

4.3 Coherence dependence on synaptic symmetry for fast synapses

In Fig. 4.3A we show the spike timings for a pair of FN neurons coupled with inhibitory
synapses alongside with the corresponding IPSPs produced by fast synapses (7 =0.1). Here we
deviate from the case where the inhibitory synapses had equal strengths causing a weakening
in the tendency the neurons have to fire in succession, one after the other, as shown in Fig 4.1A.
In Fig. 4.3B, the full effect of the synaptic symmetry (i.e. how similar the strengths of both
synapses are) on the coherence of neuron 1 can be observed. Here we plot the incoherence
parameter R}, of neuron 1 as a function of g1, and g»;. The decrease in coherence induced by
the incoming connection from neuron 2 (with strength |g>1|) and then the coherence recovery
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Figure 4.3 Incoherence parameter as a function of the synaptic strengths for fast synapses (7 = 0.1).
Noise intensities for each neuron are set at the coherence resonance value for an uncoupled FN model
neuron (D = 0.03). (A) Time series showing spike times for neuron 1 (black dots) and neuron 2 (blue
dots) as well as the IPSPs of the synapses connecting neuron 1 to neuron 2 with g = —0.4 and the reverse
synapse connecting neuron 2 to neuron 1 with g = —0.2 (red lines). (B) Incoherence parameter Rp and
(C) Firing rate F; of neuron 1 as a function of the synaptic strengths. (D) Mean network incoherence
(Rp) vs g1 and g; with symmetry and asymmetry axes drawn on the horizontal plane. (E) (Rp) as
function of the asymmetry parameter a. (F) (Rp) vs the symmetry parameter s.
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due to the outgoing synapse from neuron 1 to neuron 2 (with strength |g;>|) that was displayed
in Figs. 4.2A and B is also depicted here as cross-sections of the surface shown. In Fig. 4.3C
the effect of the inhibitory connections on the firing rate F; of neuron 1 is shown. Firing rates
measures are done by simply counting the number of spikes in a time series and dividing by its
length. As expected, increasing the synaptic strength |g»| (from neuron 1 to neuron 2) while
keeping |g21| constant does not affect the how neuron 1 fires. On the other hand, increasing
|g21] induces a decrease in Fj, as expected from a neuron receiving increasing inhibition.

An evaluation of the total effect of the synaptic coupling on the system can be made in
terms of the mean incoherence parameter defined in Eq. (3.1). In Fig 4.3D we show how this
parameter depends on both synaptic strengths. The symmetrical nature of the surface with
respect to changes between the indices 1 and 2 of the synaptic strengths g2 and g1 is better
highlighted as a function of the symmetry and asymmetry parameters, s and a (axes also shown
in Fig 4.3D), defined in Eqgs. (3.2). We observe that for small values of a (synapses with similar
strengths) the system is more coherent state than it would be if the synapses had strengths that
lacked symmetry (Fig. 4.3E). This is similar to the result previously reported in Sections 3.2
and 3.4 for excitatory synapses with small characteristic time scales. On the other hand, for
a fixed asymmetry value a, decreasing s, which amounts to an increase in the overall synaptic
strength, slightly increases the system incoherence (Fig. 4.3F) in contrast with what is expected
from excitatory synapses.

4.4 Coherence dependence on synaptic symmetry for slow synapses

The same analysis can be performed for slower synapses, and, as hinted by Figs. 4.2C and
D, the behavior of the system is drastically different. In Fig. 4.4A we show the spike timings
for two neurons coupled with inhibitory synapses that have a long characteristic time (7 = 1.0)
alongside with the IPSPs each synapse generates. The behavior of the spike trains is similar to
that shown in Fig. 4.1B where there is an intermittent regime, alternating between a firing and
non-firing states with transitions between such states being induced by the (independent) noise
inputs each neuron receive.

In Fig. 4.4B the incoherence parameter R}, for neuron 1 is shown as a function of both
synaptic strengths. The increase in the incoherence parameter due to an incoming inhibitory
synapse with strength |g;| and the further increase in R}g caused by the outgoing synapse
with strength |g;»| shown in Fig. 4.2C and D is again shown here are as cross-sections of the
surface in Fig. 4.4B. In Fig. 4.4C we show the firing rate F; of neuron 1. Due to the long
synaptic duration, in contrast to what happens in the previous case with T = 0.1, F| increases
significantly if the outgoing synaptic strength |gj»| is increased. The inhibition caused by
neuron 1 on neuron 2 reduces the firing rate F;, of neuron 2 effectively reducing the number of
IPSPs neuron 1 receives from neuron 2, therefore increasing Fj.

Again, using the mean incoherence as defined in Eq. (3.1), we show in Fig. 4.4D that
the system is invariant if the subscripts 1 and 2 of each neuron or synapse strength are inter-
changed. Instead of a valley along the symmetry axis s as in the previous case, Figs. 4.4D and
F shows that the system is more incoherent for smaller values of the symmetry parameter s
(stronger synaptic strength). According to Fig. 4.4E, the mean system incoherence also shows
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Figure 4.4 Incoherence parameter as a function of the synaptic strengths for slow synapses. Same as
Fig.4.3 except that the synaptic characteristic time is 7 = 1.0.
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Figure 4.5 Firing rate Pearson correlation function as a function of the synaptic strengths. The firing
rates of each neuron are measured inside 40 time units windows in a 1200 time units long time series.
(A) Correlation between the firing rates of neuron 1 and 2 for fast synapses (7 = 0.1). (B) Heat map of
the surface shown in (A). (C) and (D) Same as (A) and (B) but for slow synapses (7 = 1.0).

a maximum as function of the asymmetry parameter a at the value a = 0 (synapses with equal
strengths) where in the previous case a minimum was observed (Fig. 4.3E). It is clear that the
system undergoes a transition controlled by the characteristic time 7 of the synapses, moving
from a coherent state near a = 0 to a very incoherent state.

4.5 Firing rate correlation and transition from coherence resonance to
incoherence resonance

To obtain more information about the influence of the characteristic times on the spike train
coherence we turn our attention to the correlation between the firing rates of both neurons,
measured as a function of the synaptic strengths. We employ the Pearson correlation coefficient

as defined below: N _ _
Yo (Fi—F)(FRi-F)

p = — — ;
\/2?1:1 (Fi— Fl)z\/):fy:l (B — F»)?

which is simply the covariance of the two firing rates divided by the their standard deviations.
The Pearson coefficient can assume values between (and including) —1 to 1. To calculate p
we divided a long time series of spike trains (12000 time units for each neuron) in N = 300
sub-intervals (40 time units each) and then evaluated the firing rates Fj; and F3; for neuron 1
and 2, respectively, in each of these sub-intervals. F; and F> corresponds to the mean firing rate
of neuron 1 and 2 over those sub-interval. In Figs. 4.5A and B we show p as function of both

.1
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Figure 4.6 Incoherence parameter of neuron 1 as function of noise intensity and the synaptic time
scale. The synaptic strengths were kept constant at the value g12 = g»; = —0.2. The neuron undergoes
a transition from coherence resonance to incoherence resonance as 7 is increased.

synaptic strengths for fast synapses (7 = 0.1). In this regime the firing rates of both neurons
tend to follow each other when the synapses have similar strengths (a ~ 0), corresponding to
the region of small positive correlation. As shown before, this leads to the anti-phase synchro-
nization like state. If the synapses, however, are highly non-symmetric, the firing rates become
negatively correlated, meaning that higher firing rates in one of the neurons forces the other
neuron to face more inhibition from the incoming IPSPs, which then reduces its firing rate.

For slow synapses, the firing rates of both neurons have a very strong tendency be negatively
correlated, as shown in Figs. 4.5C and D. Again, the interesting region is the one where the
synapses have similar strengths (a ~ 0), which presents stronger negative correlations with
values close to —1. This corresponds to strong mutual inhibition, leading to the intermittent
spiking behavior presented in Fig. 4.1B and Fig. 4.4A. Highly asymmetric synapses produce
small negative correlations between the firing rates, which corresponds to one of the model
neurons inducing very small firing rates on the other due to its strong and lasting inhibition.
For both characteristic times the correlation coefficient is close to zero when g1 >~ g>; >~ 0.

So far we have kept the input noise intensities constant at the value of the of coherence
resonance of an uncoupled FN model neuron (D = 0.03). To give a complete picture of the
effect of the change in the characteristic time 7 of the synapses, in Fig. 4.6 we allow the input
noise intensity in each neuron to vary in the same way presented in Fig. 4.2 while the synaptic
strengths are kept constant at the value gj» = go; = —0.2. This choice of symmetric synaptic
strengths highlights the transition from a state of high (maximum) to a state or low (minimum)
coherence as shown in Figs 4.3E and 4.4E. For small values of 7 (fast synapses) the system
presents coherence resonance, while for large enough values of 7 the system to gradually loses
coherence, resulting in incoherence resonance.



CHAPTER 5

Dynamic range of networks of electronic neurons

In this chapter we focus our attention on the problem of the dynamic range of networks con-
structed with the electronic circuits discussed in the previous chapters: the excitable electronic
circuit and the electronic synapse. Our motivation lies in the phenomenon where a large dy-
namic arises from coupled excitable elements, each of them with small dynamic range. Further-
more, this effect is maximized at a critical point, which is determined by the coupling strength
between the elements. The dynamic range increase has been discussed in a number of works
with the use of the simple n-state Greenberg-Hastings cellular automaton model [20, 33, 35],
although only more recently the mechanism governing the dynamic range maximization at a
critical point was explained [29]. Here we present a short description of this model, which
provided a guideline for the measurement methods used to obtain the dynamic range of our
electronic networks.

The n states of each cellular automaton of reference [29] were chosen in order to mimic
the behavior of excitable elements: the state n = O represents the rest state, n = 1 the excited
state (spike) and the following n — 2 states corresponding to the refractory period. A total
of N cellular automata were connected together in a Erdds-Rényi undirected random graph
with mean connectivity K and connection distribution given by an binomial distribution. The
network was subjected to an external excitatory stimulus with intensity given by the rate r of a
Poisson process. Also each element can receive an excitatory input from its neighbors.

An automaton i makes a transition from the rest state n = 0 to the excitable state n = 1
when either an external stimulus or an input from an neighbor in the excited state arrives, the
former with probability A = 1 — (=" per time step Ar = 1 ms, and the later with probability
pij randomly drawn from a uniform distribution in the interval [0, pqy]. The coupling strength
is effectively given by the probability p;;, which is symmetrical, i.e. p;; = pj;, therefore mak-
ing the connections similar to electrical synapses. Gap junctions have been shown to play an
important role in dynamic range enhancement of biologically detailed models of vertebrate
retina [65].

In the cellular automaton model the relevant control parameter of the network response is
the average branching ratio o = (0;), where o; = Zf" Ppji> the local branching ratio, measures the
mean number of excitations induced by the element i in its neighborhood K;. Since each local
branching ratio o; has an average value K;p,q,/2 and the K;s follow a binomial distribution
with mean equal to K, then 6 = Kpq/2. Therefore the mean branching ratio sets the maxi-
mum value p,,,, for the coupling strengths, which increases or decreases the overall network
excitability to excitatory stimuli generated by elements inside the network. Theoretical works
on this subject have shown that the average branching ratio is not the main control parame-
ter for networks of different topologies, which is then defined as the largest eigenvalue of the
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Figure 5.1 Dynamic range measurements of a cellular automaton Erd6s-Rényi network with N = 103
elements. (A) Instantaneous density of active network elements in the subcritical (black), critical (red)
and supercritical (blue) regimes when the network initially has 10% of its sites active. For each regime,
three “runs” of the system are shown. (B) Response curves showing F as a function of the external
stimulus intensity r for different values of the mean branching ratio, with increments of 0.2. (C) Relevant
parameters for the calculation of A from a response curve. Note that in the supercritical regime, the
system has a non-zero baseline activity Fy. (D) Dynamic range A as function of the mean branching
ratio 0. A is maximized at the critical value o, = 1. (Adapted from Kinouchi and Copelli (2006) [29]).

“weighted adjacency matrix” P;; of the network, with o being just a particular case for random
Erd6s-Rényi networks [66]. Regardless, this control parameter is still related to how strong the
network connections are.

The network activity F was measured by the mean density of active cellular automata,
1.e an average over time of the number of elements at the state n = 1 divided by the total
number of elements, which is equivalent to a mean network firing rate. The network response
to external stimuli depends on the coupling strength, with short-lived activity for small mean
branching ratio and self-sustained activity, even in the absence of external stimuli, for large
o. A transition between these two scenarios happens at the critical value o = o, = 1, that is,
when one spike generates, on average, only one spike in its entire neighborhood. The activity
duration at the critical point has a large variance, with the number of elements participating in
each activity burst, or avalanche, following a power law distribution. These three regimes are
shown in Fig. 5.1A when the network is set to have 10% of its elements starting at the excited
state (m = 1).

The dynamic range A of the network is measured from its response curves, i.e. from the
mean activity F' as a function of the external stimulus intensity r, shown in Fig. 5.1B for in-
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creasing values of the mean branching parameter, varying from the subcritical regime (o < o)
to the supercritical regime (¢ > o,). The dynamic range is defined in a similar way to what we
previously defined in Eq. (1.56) for the response curve of a single excitable electronic neuron:

A= 10logy, (%) : (5.1)

where the range [rg 1, 70.9] is chosen from the corresponding response interval [Fy 1, Fp 9] defined
by Eq. (5.2). Differently from Eq. (1.57), where Fy was always zero, here the supercritical
regime allows for self-sustained activity, therefore causing F to assume a non-zero value. The
response interval is given by:

Fx:FO+x(Fmax_F0> (OSXSI) (5.2)

These parameters are shown in Fig. 5.1C for a supercritical response curve (o = 1.2). The
system displays its critical behavior when the mean network connectivity is varied by changing
the control parameter ¢. As shown in Fig. 5.1D, the maximum dynamic range is attained
exactly at the point 6, = 1 where the network response changes from short-lived oscillations
to a self-sustained regime. The increased connectivity of networks close, but below, the critical
point allows for better perception of low intensity stimuli, while the onset of self-sustained
activity in the supercritical regime masks this kind of stimuli, therefore reducing the network
dynamic range. This result, which have been confirmed recently in a biological system, for
instance in rat cortex slice cultures [67], as pointed before could have a direct application in
the construction of biologically-inspired sensors with high sensibility and large dynamic range.
For the remainder of this chapter we put this hypothesis to test employing our electronic circuits
in the architecture of networks, aiming for a proof of concept version of such sensor.

5.1 Experimental setup and its differences from the cellular automaton
model

To measure dynamic ranges in networks of many excitable elements, we first took ad-
vantage of the simplicity of our electronic circuits and designed a single small printed circuit
module board containing all the elements from which the dynamics of an excitable element
is derived. For instance, the excitable electronic circuit shown in Fig. 1.16, a dedicated noise
generator circuit shown in Fig 3.1 and the synaptic circuit shown in Fig. 2.6. The module board
is shown in Fig. 5.2A with a pen for size comparison. Figure 5.2B shows the reverse side of
the board with all the welded electronic components. The region each individual board sub-
module, i.e. the excitable circuit, its noise generator and the electronic synapse, occupies on the
board is also shown. The use of surface-mounted devices (SMD) instead of standard electronic
components allows all three circuits to be compactly set on smaller dimensions. The module
board has built in an analog circuit for subtracting the dynamic variables of the excitable circuit,
resulting in an output voltage V)., and an analog circuit for adding up all the inputs coming to
the excitable circuit, e.g. the DC input Vp¢, the noisy input V,,is. and any number of synaptic
inputs Vs coming from other modules. It also allows setting the noise intensity (measured as
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Figure 5.2 Experimental setup for measurements of dynamic range of electronic neuron networks. (A)
Printed circuit module board used as a building block in the construction of networks of electronic
neurons (pen for size comparison). Jumper switches, transistors and trimpots are indicated. (B) Reverse
side of the module board, showing the individual sub-modules: 1) excitable electronic circuit, 2) noise
generator circuit and 3) electronic synapse. (C) Setup with all twenty module boards mounted on four
protoboards. The diodes at the output of the excitable circuits in one of the protoboards are shown.
(D) Running setup, showing the voltage source and the oscilloscope used in the measurements. 1) The
analog summator circuit used for the measurement of the mean network activity F is mounted on one of
the protoboards.

Vims). the outgoing synaptic strength S and the synaptic decay time scale 7 ,,,,, with the use of
trimpots, i.e. variable resistors. In particular, the electronic synapse sub-module produces two
different outputs for the same input voltage V,.: one act as an EPSP and the other as an IPSP.
The sub-modules within the board can easily be connected or disconnected from one another
with the use of standard jumper switches, for example making possible to turn off the noisy in-
put V,ise at the excitable circuit while sending its output voltage V). to the electronic synapse.
The trimpots and the jumper switches are shown in Fig. 5.2A. Altogether we have produced
twenty of these boards with the purpose of using them as building blocks in the construction of
networks.

We connect up to five of theses boards on a single protoboard, which distributes to all
modules the same supply voltages (+12 V and —12 V) for the operational amplifiers used in
the various circuits, the same DC input Vpc controlling the position of the fixed point of each
excitable circuit as well a common ground potential. The setup showing four protoboards with
all twenty of our module boards is shown in Fig. 5.2C, while the whole setup is shown in action
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Figure 5.3 Incoherence parameter R, as a function of the stimulus intensity Vpc for three noise inten-
sities Vj,vise, measured for a single excitable electronic circuit. For small Vp¢ the interspike interval dis-
tribution is approximately poissonian. However, as the value of the Hopf bifurcation (Vpc ~ —7.82 V)
is approached, the spike trains become more regular (coherent), therefore deviating from the Poisson
distribution. The insets show the incoherence parameter as a function of the mean firing rate F' of the
electronic neuron.

in Fig. 5.2D along with its power supply and the oscilloscope used in the measurements.

With only two oscilloscope measurement probes, we are unable to track the state of each
electronic neuron individually, therefore making it impossible to measure the density of active
sites as in the cellular automaton model. Instead, to measure network activity, we add together
the rectified outputs of all electronic excitable circuits. For that we employ an summator circuit
mounted in one of the protoboards (region inside the dashed line in Fig. 5.2D). To rectify the
outputs, i.e. to take into account only the positive part of incoming potentials, we include
one standard diode, also mounted on the protoboards, at the output of each electronic circuit
(as shown in Fig. 5.2C). This is done in the same fashion as what is done at the input of the
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synaptic circuit, therefore the summator circuit only adds the positive part of the incoming
spikes. The mean network firing rate F is obtained simply by counting the number of spikes in
a time series provided by the summator circuit and dividing it by the duration of the time series
and the total number of electronic neurons N in the network. Finally, due to the usually high
number of spikes being added, the summator circuit attenuates the spikes by a factor of about
30, thus making each spike correspond to peak of order 250 mV (see Fig. 5.4B).

The modular structure of our circuit boards allows the creation of networks of different
topologies. The connection between the modules is made in the following way: the electronic
excitable circuit receives at its input the noise voltage V,,,ise generated within the same module
board, the DC input Vp¢ distributed by the protoboard and the synaptic input Vs from its neigh-
bors, resulting in a voltage V). that is sent to the synaptic circuit within the module board,
which then is sent to the input of other excitable circuits with the use of small diameter copper
wires. By changing the position of these wires, different topologies are obtained.

For all chosen networks, F is measured as a function of the DC input Vp¢ (equal for all
modules), which operates as the network external stimuli. According to Fig. 1.25, fixing Vp¢
while keeping a small noise amplitude V,,,; makes an isolated excitable circuit produce spike
trains that have interspike interval distributions similar to the Poisson distribution. In Figure 5.3
we show that keeping Vs fixed while decreasing the external stimulus intensity Vp¢ in iso-
lated electronic neurons also induce Poissonian distributions as indicated by the unity value of
the incoherence parameter R),. In this regime, the noise input acts as a DC-Poisson converter,
turning a constant stimulus into a Poisson rate. However, as Vpc approaches the Hopf bifurca-
tion value of the excitable circuit, this approximation does not hold: the spike trains become
more and more coherent with increasing interspike interval regularity, therefore preventing the
mapping of a Poisson rate r into the external stimulus intensity Vpc. This is one of the main
differences between our experimental setup and the cellular automaton model.

Another important feature of our setup is that a saturation value for the network activity
F' is not observed as it is in the cellular automaton model. As explained before in Chapter 1,
if Vpc is increased beyond the Hopf bifurcation value, the electronic neuron enters the tonic
regime, firing repeatedly even without the noisy input. Consequently, we arbitrarily chose the
mean network value for the Hopf bifurcation voltage (V,,r) = —7.25 V as the superior limit
of the external stimulus. Despite the fact that each module is made with electronic components
of equal values, the factory tolerance of the components allied with the great number of com-
ponents used produce noticeable differences in the Vy,, s across the modules (see Table 5.1 for
details).

In order to verify the dependency of the dynamic range of the electronic networks with
the mean network connectivity, we chose as control parameter the mean value of the synaptic
strengths of each module. Instead of drawing values of S from a uniform distribution, as done
for the cellular automaton model, for simplicity sake all the synaptic strengths are set with equal
values for any given measurement. Therefore our control parameter is simply S, the value of
the synaptic strength of any of the synaptic circuits in the network. It is important to state that
S relates to the probability that a post-synaptic spike happens given the occurrence of a pre-
synaptic spike, as shown in Fig. 2.10C. Therefore both o (in the model) and § (in the circuit)
control the network connectivity increasing or decreasing the post-synaptic spike probability.
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Module number 1 2 3 4 5
Viopr (V) -7.26 | -7.30 | -7.36 | -7.10 | -7.24
Module number 6 7 8 9 10
Viopr (V) -7.13 | -7.19 | -7.22 | -7.11 | -7.27
Module number 11 12 13 14 15
Viopr (V) -7.42 | -7.24 | -7.30 | -7.19 | -7.30
Module number 16 17 18 19 20
Viopr (V) 734 | 746 | -7.27 | -1.33 | -7.24

Table 5.1 Hopf bifurcation voltage values for all twenty module boards. The mean value (Vg,pr) >~
—7.25 V is used as the upper limit for measuring dynamic ranges. The variation is due to the electronic
components factory tolerance of 5% and the large amount of components used.

Our choice of control parameter is similar to the one employed in the measurement of the
dynamic range of hypercubic deterministic lattices of coupled Morris-Lecar model neurons or
Greenberg-Hastings cellular automata [68].

The main parameter values used in the following dynamic range measurements, equal for all
modules, were the excitable circuit capacitance, fixed at 1 nF, therefore setting the spiking time
scale in the millisecond range, similar to biological neurons, the synaptic circuit capacitance,
set at 10 nF and the noise amplitude produced by each noise generator, set at V,,,,s = 3.0 V. The
other electronic components with fixed values can be found in Appendix B. The synaptic decay
time Ty,,,, was varied in some of the measurements. The time series captured by the oscillo-
scope at our disposal were limited, by the oscilloscope capabilities, to a maximum sampling of
10° points. All the spike trains were recorded over a duration of 10 s with a sampling rate of
10* points per second. This 10 s duration was chosen to maximize the length of the spike trains
recorded while keeping the sampling able to capture individual spikes.

With this setup we have the freedom of choosing different topologies for the measurement
of the dynamic ranges. Here we focus on linear lattices, a random network with neighborhood
size (or network degree) K = 2 and a Cayley tree with three “branching generations”.

5.2 Results

First of all, we measured the dynamic range A of a single excitable circuit to use it as a
comparison with the results obtained from the networks. The module number 5 was chosen
for that measure due to its Hopf bifurcation voltage value, which is very close to mean value
(VHopf) = —7.25 V (see Table 5.1). The dynamic range is determined as in Eq. (1.56):

_ Vo

A =10log; (V* > , (5.3)
0.1

where V' =V, —Vj is measured relative to the voltage Vj at which the response becomes

different from the base-line activity Fp, which is either zero for subcritical networks or nonzero

for supercritical ones. This time, to account for the possibility of a supercritical regime, a
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modification in way the voltages V9 and Vjy | are calculated has to be made. Equation (1.57)
has to be modified to assume a form similar to Eq. (5.2):

F(Vy) = Fy+x(Fpar—Fy)  (0<x<1). (5.4)

In this case, for a single electronic neuron, Fy = 0 and the result obtained was A = 8.92 dB.

In our measurement, V,, was determined using the same arbitrary approximation we used
when measuring A for one electronic neuron in Chapter 1, i.e. Vj corresponds to the voltage at
which F = 0.01F;,4,. This, however, is only valid for subcritical networks, where the baseline
activity is zero. If a network is in a supercritical regime, V| then corresponds to the voltage at
which F = 1.01F, where Fy is the network baseline activity.

5.2.1 Linear regular lattices

Dynamic range measurements in networks of cellular automaton models (as described in
this Chapter) have shown that the increase in A for regular lattices of any dimension has a log-
arithmic dependence on the number N of network elements, although for very large values of
N the dynamic range begins to saturate due to the refractory period of each cellular automa-
ton [33, 35]. Following this lead, we start our measurements in linear regular lattices for a few
values of N.

The first network used was a linear lattice with unidirectional connections and total number
of modules N = 5. The synaptic decay time scale in each connection is T;,,, = 0.2 ms (fast
synapses as in Chapter 3). The network diagram is shown if Fig. 5.4A. Two typical time series
from the output of the summator circuit, measuring the network activity, are shown in Fig. 5.4B,
one for uncoupled electronic neurons and the other for large synaptic strength, and both with
moderate external stimulus intensity. The spike counting in time series like the ones shown
in Fig. 5.4B and Fig. 5.5C is made by measuring the height of each maximum that reaches a
small threshold and divide them by the mean height of a single spike. The threshold is slightly
less than the height of a single spike, and big enough to avoid baseline fluctuations. The result
is rounded down and added to the current number of spikes. To obtain the network activity
F, we divide the total number of spikes by the time series duration (10 s) and N. Therefore
F measures the mean firing rate of the whole network. In Fig. 5.4C we show the response
curves. This procedure was made for every networked measured. In Fig. 5.4D we show the
dependency of the dynamic range with the mean network connectivity S, showing that for such
small network with few connections there is no perceivable increase in dynamic range. Also
there is no onset of self-sustained activity in the network.

Expecting a larger increase in the dynamic range, we increased the network connectivity
by considering linear lattices with bidirectional connections, with sizes N equal to 5, 10 and 20
elements. The network diagrams are shown in Fig. 5.5A and B, for N = 5 and N = 10 respec-
tively (we omit the network diagram for N = 20 since it is structurally equal to the previous
two). The network activity for the network with size N = 20 is shown in Fig. 5.5C for weak
and strong coupling and the same external stimulus intensity. For larger sizes networks, the
total number of spikes increases when compared to networks with smaller sizes. Furthermore,
with stronger coupling, more electronic neurons tend to fire together as the result of a chain
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Figure 5.4 Linear lattice network with N = 5 and unidirectional connections. (A) Diagram of the
network. Each red circle corresponds to a module board. The triangle at the end of each line connecting
two modules represents an unidirectional incoming excitatory synapse. (B) Time series measured at
the output of the summator circuit. Every spike coming from the network produces a peak in voltage
of about 250 mV due to the attenuation employed during the addition. Top graph: uncoupled network
(§=0V). Bottom graph: network coupled with synaptic strength S = 1.6 V. Note that when two or more
electronic neurons fire together, the result is a peak of value approximately equal to number of spikes
that fired together times 250 mV. In both cases the external stimulus is Vpc = —7.80 V. (C) Response
curves (mean firing rate F as function of the external stimulus Vp¢) for various network connectivity S.
(D) Dynamic range A as a function of S.

of EPSP’s propagating in the network, therefore larger peaks in the output of the summator
circuit are observed. Figures 5.5D, E and F shows the response curves (F as a function of Vp¢)
obtained for different synaptic strengths S in networks with size N =5, N = 10 and N = 20
respectively. Note that as NV increases the response curves for different couplings become more
distinguished from one another. Also, the largest increase of A happens for N = 20 with the
strongest synaptic coupling measured § = 2.0 V.

Figure 5.5G shows the dynamic range as function of our control parameter S. Although not
very pronounced, A presents a tendency of increasing with the network connectivity, particu-
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Figure 5.5 Dynamic range for linear lattice networks with bidirectional connections. Diagram of the
networks with size N =5 (A) and N = 10 (B). The diagram for N = 20 was omitted due to its similarity
to the previous two. Synaptic decay time is T o, = 0.2 ms. (C) Time series for the N = 20 network with
weak (S = 0.4 V) and strong synaptic strength (S = 1.6 V) both with Vpc = —7.80 V. Note that with
more elements and stronger coupling, more electronic neurons tend to fire together (see Fig. 5.4B for
comparison). Response curves for the networks with N =5 (D), N = 10 (E) and N = 20 (F) elements
for various synaptic strengths. (G) Dynamic range A as a function of the network synaptic strength S for
all three network sizes. (H) A as a function of the network size N for uncoupled (S = 0 V) and strongly
coupled (S = 2 V) networks. Inset: Relative dynamic range gain as a function of N. Ag and A, are the
dynamic ranges calculated with S =0V and S =2 V.
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Figure 5.6 Response curves and dynamic range for a linear lattice network with bidirectional connec-
tions, N = 20 elements and slow synapses. The synaptic characteristic decay time is Tjo,, = 1.0 ms. (A)
F as a function of V¢ for a few values of the synaptic strength S. (B) Dynamic range A as a function of
the of the synaptic strength S. Compared to the black curve in Fig. 5.5G, the dynamic range increase is
more pronounced for almost all values of S.

larly for larger N. We attribute the lack of “smoothness” of the measured curves to the overall
low number of elements present in the networks specially when compared to the number of el-
ements used in the cellular automaton model (10°). The dependency of the dynamic range with
the network size is shown in Fig. 5.5H for uncoupled networks (S = 0 V) and networks with the
strongest coupling (S =2 V). As expected, for coupled networks A increases when N increased,
but the dynamic range actually decreases when N increases in the uncoupled case. This can
be explained based on the definition used for the calculation of dynamic ranges (Eq. (5.3)).
Adding more elements to an uncoupled network increases its sensibility, making it more likely
to spike in response to low intensity stimuli during the measurement time of 10 s. This reduces
the value of Vj, the point at which the mean network firing rate is 1% of the maximum value
Finax, which increases the separation between Vjy and V) 1, therefore increasing the denominator
in Eq. (5.3). Since the mean network firing rate F' is normalized by N, the increase in the differ-
ence between V{9 and V) in the numerator of Eq. (5.3) is not as large, particularly because 10 s
is more than enough to measure large firing rates. This has an overall result of reducing A as
we increase N. This measurement artifact can be removed by measuring the spike trains for a
longer duration in smaller networks, causing a reduction of their dynamic range in low external
stimuli regime, but this could not be done due to the limitations of our oscilloscope. The inset
of Fig. 5.5H shows the effective dynamic range increase as a function of N. We define A, /Ay
as the ratio of the dynamic ranges measured when the network has synaptic strength S =2 V
and S = 0 V. The increase is greater for larger values of N as expected, although we could not
verify the logarithmic dependence with such few points.

So far all measurements in this Chapter were made with synapses whose characteristic
decay time was Tj,,, = 0.2 ms, i.e. fast synapses that produce EPSPs with duration similar to
the duration of a spike. Here we proceed to investigate if increasing the characteristic decay
time further increases the dynamic range. This is expected since EPSPs with longer duration



5.2 RESULTS 99

500

400

300

F (1/s)

200 r

100

Vpe (V) S (V)

Figure 5.7 Dynamic range in a random network of degree 2 with N = 20 and synaptic decay time
Tiown = 1 ms. (A) Network diagram. (B) Response curves (F vs Vpc) for a few values of synaptic
strength S. (C) Dynamic range as a function of the synaptic strength.

are more likely to induce a spike in the neighborhood of the pre-synaptic electronic neuron
than a short one. Therefore, increasing 7;,,, should effectively increase the network coupling
strength.

Figure 5.6A shows the response curves of a linear lattice network with bidirectional con-
nections and synaptic decay time 7,,,,, = 1 ms (slow synapse as in Chapter 3). Although these
results look similar to response curves of the same network but with fast synapses (Fig. 5.5F),
the dynamic range, shown in Fig. 5.6B as a function of the synaptic strength S, for most val-
ues of S presents a larger increase than in the case where fast synapses are used. Considering
this result, from now on only slow synapses will be employed in the measurements. Despite
that, again, no self-sustained activity was observed regardless of the network size or synaptic
characteristic decay time.

5.2.2 Random network with degree 2

Moving away from linear lattices, we now investigate how the dynamic range depends on
the synaptic strength on a random network of electronic excitable elements. In our network,
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each element makes connections with two randomly chosen elements, avoiding the case where
two connections are made with same element and also avoiding self-connections. Another
restriction is that no element can receive more than two connections. This assures that each
element have two incoming synapses and two outgoing ones. Using the common jargon of
complex networks, we say that each element has both in-degree and out-degree equal to two.
The diagram for a network with N = 20 constructed in such way is shown in Fig. 5.7A. Since
our electronic synapses are chemical inspired, the connections are directed, differently from
the cellular automaton model discussed previously, where the Erd6s-Rényi random network
had undirected connections. Therefore a connection from module i to module j does not imply
a connection from module j to module i.

Figure 5.7B shows the response curves for the random network in Fig. 5.7A. Despite having
the same number of excitable circuits as the last linear lattice (N = 20), this network structure
allows the spikes to better propagate through the network, therefore the maximum mean net-
work firing rate F;,,, for each response curve is greater this time than in the previous case, but
even with the increased mean firing rates, there is no self-sustained regime in this case either.
Figure 5.7C shows the dynamic range as a function of the network synaptic strength S. The
maximum value of dynamic range attained in this network is the greatest so far, A= 11.08 dB
with a 1.83 increase factor compared to the uncoupled case, suggesting the increase in A is
more pronounced for random networks than for linear lattices.

5.2.3 Cayley tree network

The last network measured was a Cayley tree with size N = 15. Recently Cayley trees (also
known as Bethe lattices) were used to model the excitability of active neuronal dendritic trees.
Cellular automata were used again to model the excitability dynamics of the tree branches and
results show that large dynamic ranges arise in such networks as a consequence of large amount
of afferent connections, i.e. convergent connections that “point” to the neuron soma [69].
Similar results were obtained for morphologically and biophysically detailed models of retina
ganglion cells, showing that large and active dendritic trees enhance the dynamic range of the
cell [70]. It was also shown that an increasing number of tree bifurcations as well as introducing
inhomogeneity in the connections between branchlets in cellular automaton models leads to
critical behavior with maximization of the dynamic range [71].

The network used is shown in Fig. 5.8 A. The number of layers G is set to 3 and the network
“grows” from the initial layer g = 0, bifurcating at every new layer. The connections between
the layers are bidirectional, therefore allowing spikes to propagate to inner layers as well as to
outer layers. Back propagating spikes, i.e. spikes that propagate to the outer layers of the tree,
are supposed to play an important role in the determination of the dynamic range, since they
are able to block spikes coming in the forward direction due to the refractoriness wave they
leave behind [69].

Dynamic range measurements in cellular automaton models are made from the response
curve of the brachlet with a single element (labeled “1” in Fig. 5.8A) at the initial layer g = 0.
Here, we chose to repeat the procedure used in the previous networks and measure the activity
of the whole network. The mean firing rate F’ as a function of the external stimulus Vp¢ is shown
in Fig. 5.8B. Despite the overall smaller dynamic range presented by this network, the effective



5.2 RESULTS 101

A
B
450 ; . . :
S=00V A=485dB —=—
400 F  S=04VA=541dB —=—
350 | S=10VA=6.50dB —o—
S=1.6 VA=7.76 dB
300 |
@ 250
o 200 -
150 +
100 |
50 t
0 " B L L L 4 L L L
-84 -82 -8 78 76 74 72 0 05 1 15 2
Vpe (V) S (V)

Figure 5.8 Dynamic range in a Cayley tree network with N = 15 and synaptic decay time T, = 1 ms.
(A) Network diagram. The connections are all bidirectional. (Adapted from Gollo et al. (2013) [71]).
(B) Response curves (F vs Vpc) for a few values of synaptic strength S. (C) Dynamic range as a function
of the synaptic strength.

increase in A (Ay/Ag = 1.70) is of the same order of networks with size N = 20 while having
only 15 elements. Furthermore, A as a function of the synaptic strength S (Fig. 5.8C) shows a
very similar behavior, an approximately linear growth, to Cayley trees of cellular automata with
4 layers (g = 4) when the probability that controls the network connectivity is increased [71].
Again, no self-sustained regime was found for this network.

The lack of a critical regime in our electronic networks, and consequently the absence
of self-sustained network activity, is mainly due to the small number of network elements.
Small networks with few connections have, in general small connectivity. The solution to this
problem might lie in increasing even more the synaptic decay time, so that, in average, one
spike becomes able to produce more than one spike in its neighborhood, or by just adding more
network connections. Nevertheless, we were able to demonstrate the dynamic range increase
in a biologically-inspired physical system.



CHAPTER 6

Conclusion

In this work we have proposed two electronic circuit models, one with similar dynam-
ics to the FitzHugh-Nagumo model for neuronal excitability [23] and another that reproduces
the first-order kinetics that is characteristic of fast synapses such as AMPA and GABA,4 [58].
These circuits were designed to be as simple as possible, therefore allowing easy mathematical
description and scalability, while admitting freedom in the choice of relevant parameters for the
system dynamics, e.g. time scales either from the excitable circuit or the synapse and synaptic
conductances. This approach allows for the investigation of collective phenomena where ex-
citable elements are the main agents. Complementary circuits like noise generators and circuits
that implement analog addition and subtraction, for example, were also used to help achieve
this goal. In light of the many possible lines of investigation regarding excitable elements,
we focused our efforts on the study of synaptic symmetry effects that lead to coherence or
incoherence resonance and on the phenomena of dynamic range increase.

We have studied the effects of excitatory synaptic coupling between excitable electronic
neurons on the coherence of their spike trains [58]. We have shown that the coherence reso-
nance observed in uncoupled neurons deteriorates in the post-synaptic neuron when the synap-
tic connection is unidirectional. Furthermore, coherence resonance is restored and strengthened
when the synaptic loop is closed in a bidirectional coupling.

It is important to emphasize that, although this phenomenon may look similar to the syn-
chronization between excitatory bidirectionally coupled spiking neurons [48, 44], here neurons
are excitable and the only attractor of the system is a fixed point with both neurons quiescent.
In this sense, it is interesting that the interplay between noise and synaptic coupling leads a
post-synaptic neuron to regain its coherence by means of an outgoing synapse.

Furthermore, the mechanism by which this increase in coherence is attained depends on the
synaptic time scale. With faster synapses, moving from a unidirectional coupling to bidirec-
tional coupling by strengthening one of the synapses leads to an increase in coherence while
firing rates decrease (despite the fact that all synapses are excitatory). For slower synapses, the
same coherence increase is achieved with an increase in firing rates.

Overall, our results show that, for fast synapses, the average coherence of the spike trains
can be maintained in a broad region of synaptic-strength parameter space. However, as synapses
become slower, maximal coherence is achieved only in a much more restricted region, around
the symmetry axis S = S»21. Along this axis, strengthening synaptic connections lead to an
increase in coherence beyond the values attained by isolated neurons.

All the results above for electronic neurons were qualitatively reproduced with computer
simulations of synaptically coupled excitatory FitzHugh-Nagumo models, suggesting the phe-
nomenon is robust. It would be worth exploring whether it remains valid when neurons have
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a different excitability class, such as those near a saddle-node bifurcation [72]. Such type-I-
excitable neurons can often be further reduced to simpler descriptions [73] which then might
allow an analytical understanding of the results presented here.

Naturally, the ultimate test of our results would come from electrophysiological recordings
of real neurons in which the symmetry of the synaptic coupling could be controlled. Although
we are unaware of experiments in that direction, our results could also be useful to (or vali-
dated in) other systems not directly related to neuroscience, but where CR has been experimen-
tally observed. The experimental setups range from semiconductor lasers [74] to the famous
Belousov-Zabotinsky chemical reaction [75], recently also reaching nanoscopic scales in the
ionic transport through single-walled carbon nanotubes [76]. If, for instance, applications on
these setups depend on highly coherent states, then symmetry in the coupling may prove useful
to overcome coherence degradation due to external factors.

Taken together, our results point to the importance of allowing for inhomogeneity in CR
studies of coupled excitable elements. Our study of a coupled pair, where inhomogeneity is
reduced to the asymmetry of the synaptic connections, can be regarded as a first step towards
larger networks.

Still on the subject of synaptic symmetry, we have studied the effect of inhibitory chemical
coupling in the spike trains of a pair of excitable FitzHugh-Nagumo model neurons driven by
independent noise sources of equal intensities. We have shown that inhibitory synapses with
a fast synaptic time scale causes coherence deterioration in the post-synaptic neuron when the
coupling is unidirectional in a similar way to what we have shown for excitatory synapses.
The post-synaptic neuron, however, has its coherence partially restored (it does not reach the
coherence level exhibited by an uncoupled neuron) when it is coupled with another inhibitory
synapse to the pre-synaptic neuron in the reverse direction. This is slightly different than a
closed loop with excitatory synapses for in that case both become more coherent than they
would be if they were uncoupled. The mutually inhibitory coupled neurons tend to fire one
after the other, in a way similar to the anti-phase synchronization presented by coupled tonic
inhibitory neurons in the absence of noise [44].

We also studied the same system when the inhibitory coupling had a slow synaptic time
scale. Coupling two model neurons unidirectionally, as in the previous case, also causes the
post-synaptic neuron to have its coherence deteriorated, although in this case the effect is much
more pronounced. Closing the loop with another slow inhibitory synapse, however, makes both
model neurons transition to a very incoherent state, where, in general, only one of the neurons
fire while the other is suppressed by the long lasting IPSPs arriving from the first neuron which,
in turn, can become suppressed itself if a large enough noisy input causes the inhibited neuron
to fire.

Addressing the role of synaptic symmetry in the coherence of the spike trains, we have
shown that symmetric inhibitory synapses, cause the system to reach a state of maximum co-
herence, for fast synapses, or maximum incoherence, for slow synapses. Increasing the strength
of the synapses while keeping symmetry causes the spike trains to become more incoherent,
which shows that while inhibitory synapses can contribute to increase system coherence (in the
case of fast synapses), their general effect is to lead the system to more incoherent states.

We have shown that, for fast inhibitory synapses, the firing rates of both neurons have a
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weak positive correlation when the synapses are symmetric, meaning that as the firing rate of
one of the neurons increase, the other tends to follow, corresponding to the case of anti-phase
synchronization-like behaviour mentioned before. The contrary happens if the synapses are
asymmetric (weak negative correlations). For slow synapses, however, the firing rates tend to
be strongly negatively correlated in a large region around the symmetry axis, meaning that as
one of the firing rates increases, the other decreases approaching near-zero values.

Finally, we have shown that the model neurons undergo a continuous transition from coher-
ence resonance to incoherence resonance which is controlled by the time scale of the synapses.
From fast to slow synapses, the incoherence of the spike trains have either a minimum (fast
synapses) or maximum (slow synapses) at roughly the same noise input value.

Our work shows the importance of inhibitory synapses to the coherence of the system. In
larger networks, highly symmetric inhibitory connection between neurons can induce either
coherent or incoherent states depending on the synaptic time scale. Transition between such
states could also be achieved by changing the time scale of such connections.

Moving to the problem of dynamic range enhancement in networks with excitatory con-
nections, we have shown that networks whose basic composing elements were the excitable
electronic circuit and synaptic circuit described in this work, reach increased values of dynamic
range A for larger values of network coupling strength. Differently from purely computational
models where the coupling strength is determined by setting post-synaptic spike probabilities,
therefore making use of the average branching ratio ¢ as the control parameter, we use the
synaptic amplitude, equal for all connections in the network, as our control parameter for eval-
uating the dynamic range increase. In linear lattice networks, the increase is more noticeable
in networks that have bidirectional connections between the elements. Increasing the network
size, i.e. the number of elements present in the network, or the duration of the EPSP’s, mainly
controlled by the synaptic decay time, also directly increases the dynamic range. In random
network with connectivity degree two, the increase in dynamic range is also present when the
synaptic amplitudes are increased, and in general, due to better spike propagation through the
network, the increase is more pronounced when compared to linear lattices. Finally, we have
shown that for a Cayley tree of 15 elements the dynamic range increase is comparable to the
increase observed in random networks of size 20 and also that the dependence of A with the
synaptic amplitude is similar to that of models of cellular automaton networks for dendritic
excitability with a smaller number of elements.

The onset of self-sustained activity in cellular automaton network models as a result of
increasing network coupling strength happens at a phase transition, where the system is critical
and dynamic range is maximized [29]. Although this supercritical regime of self-sustained
activity has not been found in any of the networks of electronic elements we studied, which is
mostly due to small number of network elements, preliminary results suggest that increasing
the synaptic time constants beyond the values used throughout this work can throw a pair of
mutually connected excitable circuits in an self-sustained attractor, despite the fact that both
electronic neurons are individually in a excitable state. Similar effects have been observed in a
pair of electrically-coupled 6-neurons [73] and are likely to be important in an implementation
of a neuro-inspired artificial sensor with maximal dynamic range and sensitivity. Nevertheless,
our experiments provide a prototype, proof-of-concept version of such sensor.
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APPENDIX A

Simple electronic circuits

Throughout this work, we mentioned circuits that employ operational amplifiers as their
main component. Unlike passive electronic components, such as resistors and capacitors, op-
erational amplifiers are active components, which require a supply voltage for proper function.
A more detailed review of the circuits presented in this Appendix can be found in the textbook
by S. D. Senturia and B. D. Wedlock [24].

A.1 Comparator circuit

b) Vnul A
a) Va -
V,0
A ~ + / Gopen—]oop
> O Vou
+ V_
o V, -V
V, 0
=\A

Figure A.1 a) Comparator circuit (operational amplifier). b) Output voltage V,,,; as a function of V; —
V_.

The most simple use for an operational amplifier is a comparator circuit, with the only
component being the operational amplifier itself. Figure A.la shows the operational amplifier,
with its inverting (—) and non-inverting (+) terminals, the input voltages (V and V_), the
output voltage (V,,,) and the supply voltages (V, and V},). In this configuration, the output
voltage is a function the difference between the input voltages:

Vour = Gopen—loop(v+ - V—)a (A.1)

where Gopen—100p 18 @ constant with values near 10°%. Despite the big values reached by this
constant, V,,,, saturates at values equal to the supply voltages (Fig. A.1b), therefore making the
region where the output is not saturated very small. For most practical problems, the compara-
tor circuit output can be approximately given by:

{Vom —V,, ifV, >V_

: (A.2)
Vour = Vi, if Ve < V_ .
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A.2 Inverter amplifier

A more interesting usage of operational amplifiers happens when the inverting terminal
receives a feedback connection from the output V,,,. With this negative feedback, the input
voltages V. and V_ are kept close in value and V,,,; becomes dependent only on the way the
circuit connections are made: the constant Gopen—100p becomes unimportant.

Ry
Vin R in
O—AAN—
VOllt
Figure A.2 Inverter amplifier circuit. V,,, = —g—(‘Vm.

Two rules determine how operational amplifiers work under negative feedback conditions:
(1) the voltages at the inverting and non-inverting terminals are equal; (2) there is no current
flowing to these terminals. Rule (2) implies that both inverting and non-inverting terminals have
infinite impedance. Rules (1) and (2) are only valid if the output does not reach saturation.
The inverter amplifier circuit, shown in Fig. A.2, is an example of operational amplifiers
under negative-feedback conditions. The output voltage V,,, can be easily calculated from the
two rules. The non-inverting terminal has zero electric potential since it is grounded, therefore
from rule (1) we have:
Vi=0=V_. (A.3)

Since there is no current flowing to the inverting terminal, the current / flowing through the
resistance R;, is the same that flows through the resistance, Ry, thus:

Vour = Vin — (Rin —|—Rf)l. (A4)

With Eq. (A.3), we then find that I = Vj,/R;,. Using the value of I in Eq. (A.4) gives us the
final result:
Ry
Vour = _R_Vm (AS)
in
The circuit in Fig. A.2 is called inverter amplifier because the output voltage does not have the
same sign as the input voltage. The amplification factor can be controlled by the resistances
R, and Ry.

A.3 Non-inverter amplifier

The circuit shown in Figure A.3 is a non-inverter amplifier. It has the same purpose of the
inverter amplifier, but its output has the same sign of the input. From rule (1) we have:

Vi, =V_. (A.6)
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R,
R,
AE/\/\/\ Vout
V,,o—*
Figure A.3 Non-inverter amplifier circuit. V,,, =V, (1 + %).

Since, from rule (2), there is no current flowing to the inverting terminal, the current / flowing
through the resistance R; must be the same flowing through the resistance R;, therefore:
Vi

R
1= — V=R +R) =V [ 1+-2). (A.7)
R R

A.4 Buffer

The circuit shown in Figure A.4 is called buffer or voltage follower since its output voltage
repeats the input. A buffer provides high input impedance, which prevents circuit elements that
are connected to the buffer output from drawing current from elements connected to the buffer
input. It can be used, for example, to connect a low impedance resistor to a real voltage source
without change the voltage provided by it. The relation V,,; = V;, follows directly from the
rules (1) and (2).

Figure A.4 Buffer. V,,, = Vj,.

A.5 Subtractor circuit

V()Ul

Figure A.5 Subtractor circuit. V,,, = (Ry R+1 Rs) (RZRWVZ — %Vl.
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The circuit shown in Fig. A.5 was used to obtain spikes as the output of the excitable
electronic circuit. The relation between the voltages Vi, V, and V,,; is obtained from rules (1)
and (2). Since there is no current flowing to the inverting and non-inverting terminals of the
operational amplifier, the current I, through the resistances R, and R4 is given by:

L =Vy/(Ry+Ry). (A.8)
The non-inverter electric potential is given by:
R4
Ry +Ry

where we used rule (1) to obtain the last equality. The current /; through the resistances R; and
Rj is obtained from the result of Eq. (A.9):

Vi Ry, Vs

Vo =Vo—Ryl, = Ryl = Va=V_. (A.9)

[ = —— — (A.10)
Ri Ry+R4 Ry
Since Vyr = Vi — (R1 + R3)I1, replacing the value of I; in Eq. (A.10) finally leads to:
Ri+R R R
Vg = R1ER)_Re | Ry (A.11)

R (Rz +R4) R

Therefore, the output voltage of the subtractor circuit is a weighted subtraction of the input volt-
ages V»> and Vj. The weights can be controlled by adjusting the resistance values. In particular,
if Ry = Ry = R3 = R4 the result is a simple subtraction: V,,; = V> — V.

A.6 Summator circuit

VOL“

Figure A.6 Summator circuit. V,,, = — (%Vl + %VZ).

The circuit shown in Fig. A.6 was used to obtain input stimulus for the excitable electronic
circuit, adding the noisy input, the DC voltage and synaptic inputs and to add together their
outputs when measuring network activity. The relation between the voltages V,,;, V1 and V;
follows from the observation that I} = Vi /R, I, = V> /Ry, and V,,,; = — (I} + I,)R3:

Vour = — | By 4+ By, (A.12)
out — R, 1 R, 2 )- .

The output voltage of the summator circuit is a weighted sum of the voltages V, e Vi with
reverse sign. If R; = Ry = R3, then V,,, = —(V) +V5).



APPENDIX B

Electronic components and equipment used

We used a symmetrical voltage source made at our Physics Department to power all the
circuits used in this work. Table B.1 shows the values of the electronic components used in the
excitable electronic circuit (Fig. 1.16).

| Component | Value |  Additional information

Ry 1 kQ precision 5%; SMD

R 10 kQ precision 5%; SMD

R 1 MQ precision 5%; SMD

Ry 10 kQ precision 5%; SMD

Rs 10 kQ precision 5%; SMD

C I nF or 50 pF | ceramic; precision 5%; SMD
V., 12V —

Vi —12V —

Table B.1 Values of the electronic components used in the excitable electronic circuit.

Note that the approximation /3 ~ 0 assumed in page 38 is reasonable since:

&:&:0.01. (B.1)
R3  R3
’ Block H Component \ Value \ Additional information ‘
Ry 10 kQ precision 5%; SMD
Summator Ry 10 kQ precision 5%; SMD
R3 10kQ | precision 5%; SMD
Ry 1.5kQ | precision 5%; SMD
Subtractor R 100 Q precision 5%; SMD
R3 1 kQ precision 5%; SMD
R4 1 kQ precision 5%; SMD
Buffer | R | 1kQ [ precision 5%; SMD |
Supply votages Va 12V —
Vi —12V —

Table B.2 Values of the electronic components used in the auxiliary circuits. The resistances indices
are the same used in the Appendix A.
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The symmetrical voltage source also provided the DC voltage Vpc applied to the excitable
electronic circuits. The data was measured with an Agilent Technologies oscilloscope model
DSO-X 2002A.

In the block diagram of Fig. 1.22b we employed circuits that require operational amplifiers
(the excitable electronic circuit, the subtractor circuit, a buffer and the summator circuit. The
operational amplifiers are part of integrated SMD circuits TLO72 or TL0O74 with two or four
of them in each, respectively. The supply voltages are shared by operational amplifiers in the
same integrated circuit. The electronic components used in each of these circuits are shown in
Table B.2.

The diode used in the electronic synapses to rectify the input V), of the electronic excitable
circuits was SMD diode model 1N4148.

The summator circuit used to measure network activity (as described in Chapter 5) used
the same components except that all of them are regular component (not SMD, including the
operational amplifier) and the resistance R3 = 0.5 kQ. The diodes mounted at the output of
each excitable electronic circuit on the protoboards were 1N4148 standard diodes.
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