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An extremely simple method for stabilizing unstable steady states in an array of coupled neuronal FitzHugh—
Nagumo type oscillators is described. A two-terminal electronic feedback controller has been developed. The feed-
back circuit, when coupled to an array of oscillators, damps the spiking neurons, thus does away with the effect
of synchronization. Both, numerical simulations and hardware experiments with the electronic circuits have been
performed. The results for an array of three mean-field coupled FitzHugh—Nagumo oscillators are presented.
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1. Introduction

Synchronization of coupled oscillators is a common ob-
servation in a variety of fields in nature, science and en-
gineering [1]. The phenomenon has been widely inves-
tigated in physical, electronic, chemical, and biological
systems, where it has been found to occasionally can give
rise to rather surprising effects. For example, too strong
synchronization of neurons in the brain can end up in
the Parkinson disease symptoms. The standard therapy
for patients is electrical deep brain stimulation (DBS)
with strong relatively high repetition rate (=100 Hz)
pulse trains, which damp the spiking neurons. Unfor-
tunately, this treatment is often accompanied with side
effects. A large number of more sophisticated feedback
and non-feedback techniques to avoid synchronization of
interacting oscillators in general, and more specifically
with the possible application to neuronal arrays, have
been described in literature [2-9].

The main purpose of the present research is to de-
velop an alternative control method and to present its
electronic implementation for damping the FitzHugh—
Nagumo (FHN) type neuronal oscillators, more specif-
ically for stabilizing their unstable steady states.

2. Array of coupled oscillators
and feedback controller

The general setup for damping the oscillations in a
neuronal array is sketched in Fig. la. Here we consider
a small array, composed of only three oscillators O1, 02,
and O3. However, the analysis can be extended to larger
arrays as well. The CN is a coupling node, in general,
not accessible from the outside directly, but via some
series resistor Zg. The DN is an accessible damping node.
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The FC is the electronic feedback controller. The circuit
diagram of the electronic feedback controller FC is shown
in Fig. 1b.
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Fig. 1. (a) Block diagram of coupled oscillators with a
feedback controller, (b) circuit diagram of the feedback
controller.

We emphasize that the controller FC is an essentially
two-terminal device. OA is a general-purpose operational
amplifier, e.g. NE5534 type device. Cj is an adjustable
value of the capacitor; should be selected to ensure R x
Co > T/27 (here T is the spike period). Rg; = Rp2 =
1 k2, Rps is an adjustable resistor to fit approximately
the Rg.

The individual oscillators O; (i = 1, 2, 3) are very sim-
ilar to the electrical circuit, described in [10]. Our mod-
ified circuit is sketched in Fig. 2. The OA is a general-
purpose operational amplifier. The diodes D1 and D2 are
the Schottky devices with the forward voltage drop V* of
about 0.2 V at 1 mA. Other circuit element values are the
following: L = 100 mH, C = 22 nF, Ry = Ry = 1 kQ,
Rs = 560 Q, Ry = 30 2, Ry = 470 Q, Rg = 220 Q,
R =47 k0, R =49 k0, R =52 kQ, R* = 470 Q,
Vo = —15 V. We note that the resistors Rgl’Q’?’) are in-
tentionally set slightly different in each individual oscil-
lator to make them non-identical units. The main differ-
ence between the circuit in [10] and in the present circuit
(Fig. 2) is, that in the LC tank the inductance L is de-
creased from 1 H to 100 mH and the capacitance C' is
reduced from 330 nF to 22 nF in order to move the oper-
ating frequency of the oscillators into the kHz range and
to make the recording of the signals more convenient.
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Fig. 2. Circuit diagram of the FHN type oscillator.

3. Differential equations

Using the Kirchhoff laws and introducing the following
set of dimensionless variables and parameters
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also an asymmetric nonlinear function (different from the
common FHN cubic function z3 [11]):

dy(z+1), x < -1,
f(z) = 0, -1<z<1, (2)
da(z — 1), x>1,

where the slope parameters are essentially different
(d1 > dg), we arrive to the two sets of differential equa-
tions, convenient for numerical integration. The first set
of 2N differential equations

&y = ax; — f(x5) — yi + ¢i + k((xi) — x3),

yi = T; 7by1', 1= 1,27N (3)
is valid in the case of an uncontrolled array, whereas the
set of 2N + 1 differential equations
f(zi) —yi + i + k(2 — ),

IL = ar; —

yi:xi_byi? i:1,27...N,

z-skz T, — 2 —5k<2x2 Nz), (4)

describes the controlled array. Formally, for the uncon-
trolled array Cy — 0, then ¢ — oo and z — (x;). Con-
sequently, (4) coincides with (3), as expected.

4. Numerical results

Equations (4) have been integrated using the MATHE-
MATICA 9 software. The results are presented in Fig. 3.
Typical neuronal spiking (Fig. 3a) is observed until the
controller is applied to the array at ¢ = 100. Then, after
short transient process the system becomes stabilized to
some non-zero (negative) steady state. Note that the con-
trol signal (Fig. 3b) after the transient process vanishes,

i.e. stabilization is maintained with zero force. However,
this does not mean that the controller can be switched
off. Actually, the control force is within the noise level.
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Fig. 3. Stabilizing unstable steady state in the array

of three coupled FHN oscillators.
able (z;), (b) control signal z — (z;). Controller is
switched on at t = 100 N = 3, a = 4, b = 0.1,
C1 = —3.4, C2 = —3.2, C3 = —3.0, d1 = 70, d247 k= 5,
e =0.04.
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5. Experimental results

Experiments have been performed using an array, com-
posed of three mean-field coupled electronic FHN type os-
cillators, as shown in Fig. 1. The snapshots of the exper-
imental signals are presented in Fig. 4. The stabilization
experiments, shown in Fig. 4b, are in a very good agree-
ment with the numerical simulations, presented in Fig. 3.

Fig. 4.

(a) Outputs (voltages across capacitors C) from
the synchronized oscillators O1, 02, O3 and mean-field
voltage (O) at the coupling node CN. Rx = 470 Q.
(b) Stabilization of steady state in the array of cou-
pled oscillators; mean-field voltage (O), and control sig-
nal Vpn — Von. Co = 2.2 uF, Ri = R = 1 k2, and
R3 =~ Ry =1 kQ. Spike height ~2 V, period ~0.7 ms.

6. Conclusions

Concerning practical application of the described con-
troller to real neuronal systems, we point out that the
same electrode setup, as in the conventional DBS for
the Parkinson disease treatment [12, 13|, can be used.
The electrodes implanted in either globus pallidus or sub-
thalamic nucleus of the brain can be readily exploited.
The pulse generator, used for the DBS, should be re-
placed with the feedback circuit FC. An important ad-
vantage of the proposed technique over the DBS is that
the control signals, sent into the brain from the FC, are
vanishing.
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In the recent papers [14, 15] detailed investigations,
both analytical and numerical, have been carried out to-
wards understanding of the mechanism of the existing
DBS therapy technique. We hope that search for alterna-
tive methods, in particular using experimental approach,
can contribute to the problem of the treatment of the
Parkinson disease.

In addition, investigation of the possibility to con-
trol larger neuronal arrays, e.g. with N = 30, described
in [16], would be important.
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